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We used first-principles calculations to conduct a comparative study of the structure and the electronic
and magnetic properties of SrTiO3 doped with a transition metal (TM), namely, Cr, Mn, Fe, Co, or Ni.
The calculated formation energies indicate that compared with Sr, Ti can be substituted more easily by
the TM ions. The band structures show that SrTig g75Crg.12503 and SrTig g75Cog.120503 are half metals,
SrTig.s75Feq.10503 is a metal, and SrTig.g75Mng 12503 is a semiconductor. The 3d TM-doped SrTiOg3
exhibits various magnetic properties, ranging from ferromagnetism (Cr-, Fe-, and Co-doped SrTiO3)
to antiferromagnetism (Mn-doped SrTiO3) and nonmagnetism (Ni-doped SrTiO3). The total magnetic
moments are 4.0#]3, 623,[1,]3, and QOMB for SrTio_75CI‘0_2503, SI‘Tio_75FCO.2503, and SrTiO_75C00‘2503,
respectively. Room-temperature ferromagnetism can be expected in Cr-, Fe-, and Co-doped SrTiOs,
which agrees with the experimental observations. The electronic structure calculations show that the
spin polarizations of the 3d states of the TM atoms are responsible for the ferromagnetism in these
compounds. The magnetism of TM-doped SrTiOj is explained by the hybridization between the TM-3d
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states and the O-2p states.
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1 Introduction

Perovskite oxides containing transition metal (TM) ions
are known to exhibit ferroelectric polarization, colossal
magneto-resistance, and high dielectric constants; hence,
they have great potential for use in oxide-based elec-
tronic devices [1-6]. Moreover, impurity doping may
profoundly affect the electronic structure, magnetism,
and ferroelectricity of SrTiOs [7, 8]. Hase et al. [9] per-
formed a systematic ab initio calculation of the electronic
structure of Srq_;_,Lag,Ti;_,Cr,O3 by changing the
doping concentrations x and y as 0 < =z < 0.2 and
—0.2 < y < 0.2; they found that the total magnetic mo-
ment was almost proportional to the Cr concentration,
whereas it was more strongly proportional to the La con-
centration. Meanwhile, within the framework of the local
spin-density approximation, Nakayama and Katayama-

Yoshida [10] performed ab initio calculations for BaTiOg
doped with a 3d TM (from Sc to Cu); their results indi-
cated that BaTiOs doped with Mn, Cr, or Fe would be
a promising candidate for ferromagnetism.

Recently, many experimental studies have reported
ferromagnetism in 3d TM-doped SrTiOgs. For example,
Lee et al. [11] reported that Co-Mn co-doped single-
crystal SrTiOs produced ferromagnetic (FM) behavior
over a broad range of TM concentrations, indicating
prominently the possibility of intrinsic ferromagnetism
with high Curie temperature and large magnetization.
Furthermore, Zhang et al. [12] prepared Mn and La co-
doped SrTiOs-based thin films and observed FM behav-
ior at room temperature, most likely due to the mag-
netic coupling between the induced free electrons and
Mn 3d spins. Kim also grew SrTi;_,Fe,O3 (x < 0.5)
films on (001) LaAlOj substrates, and their structural
and magnetic studies indicated that the ferromagnetism
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was intrinsic [13]. Conversely, SrTi;_,Fe,O3 films de-
posited in an oxygen atmosphere possess no ferromag-
netism at room temperature [14]. Meanwhile, several
studies have observed room-temperature ferromagnetism
(RTFM) in SrTi;—,Co,03 [15-17]. However, the theo-
retical knowledge about the magnetic properties of 3d
transition-metal-doped SrTiO3 is limited. The magnetic
properties and the corresponding interaction mechanism
of 3d TM-doped SrTiOg3 are still not fully understood.

2 Computational method

All calculations were performed with the framework of
density functional theory as implemented in the Vienna
ab initio simulation package [18, 19]. The electron-core
interaction was described by the projected augmented
wave [20, 21| pseudopotential with the general gradient
approximation (GGA) parameterized by Perdew, Burke,
and Ernzerhof (PBE) [22]. The electron wave function
was expanded in plane waves up to a cutoff energy of
450 eV, and a 5 x 5 x 5 Monkhorst—Pack k-grid [23] was
used to sample the Brillouin zone of the supercell. The
convergence criterion for the electronic energy was set to
107° eV. The Hellman-Feynman force was smaller than
0.01 eV /A in the optimized structure. To treat the effec-
tive on-site Coulomb interaction U and exchange inter-
action J, we also used the GGA + U method to better
describe the localized TM d electrons.

3 Results and discussion

In our calculations, we used a 40-atom 2 x 2 X 2 supercell,
as shown in Fig. 1, in which one Ti atom is replaced by
one TM atom, corresponding to a doping concentration
of 12.5%. The crystal structure of SrTiOj3 is cubic per-
ovskite with a space group of Pm3m, and a lattice con-
stant of 3.905 A at room temperature. Figure 1 shows
the structure of 3d TM-doped (Cr, Mn, Fe, Co, or Ni)
SrTiOg3, where the green, gray, blue, and red balls denote
the Sr, Ti, TM, and O atoms, respectively. The lattice
constant of the cubic SrTiOs structure is 3.941 A, which
agrees with that reported by earlier studies [24, 25]. The
calculated lattice constants are 3.930, 3.927, 3.935, 3.923,
and 3.924 A for Cr-, Mn-, Fe-, Co-, and Ni-doped Sr-
TiOg, respectively. The calculated TM—-O bond lengths
are 1.934, 1.928, 1.951, 1.926, and 1.927 A for Cr-O,
Mn—0, Fe-O, Co—-0O, and Ni—O, respectively, indicating
a slight contraction in comparison to the original Ti—O
bond length (1.970 A). This and the slight decrease in
the lattice constant are due to the radius of the TM atom
being smaller than that of the Ti atom.

To evaluate the relative stability of TM-doped SrTiOs,

we calculated the formation energy F; as
Ef = Edoped - Epure +E; — ETM» (1)

where Fgopeq and Ep,re are the total energies of the 2 x
2 x 2 SrTiOg supercell with and without TM doping,
respectively; F, is the energy of a Ti or Sr ion; Epjs
is the energy of the TM ion. As shown in Fig. 2, the
calculated results indicate that the TM atoms prefer to
substitute Ti rather than Sr. Furthermore, Cr-, Mn-, or
Fe-doped SrTiO3 may be easier to realize experimentally
compared with Co- or Ni-doped SrTiO3.

To understand the electronic structure and magnetic
properties of SrTi;_,TM,O3, we calculated its band
structure, total density of states (TDOS), and partial
density of states (PDOS). Figures 3, 4, and 5 show the
spin-resolved band structures, TDOS, and PDOS, re-
spectively, of Sr'TiO3 and SrTig.g75 TMg.12503. As shown
in Figs. 3(a1) and (ag), SrTiOs is an indirect bandgap
insulator with the top of its valence band at the R point

Fig. 1 Supercell used in the calculations. Green, gray,
blue, and red balls indicate Sr, Ti, transition metal (TM), and
O atoms, respectively. The positions of Ti atoms substituted
by TM atoms are denoted by 0-3.
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Fig. 2 Formation energies for metal-doped SrTiOs struc-
tures.
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Fig. 3 Band structures of SrTiO3 and SrTig.s75Mo.12503 (M = Cr, Mn, Fe, Co, or Ni). (ai—f1) represent the majority
spin channel; (az—f2) represent the minority spin channel. The Fermi level is set to zero.
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Fig. 4 Total DOS for (a) pure SrTiOs, (b) Cr-, (¢) Mn-, (d) Fe-, (e) Co-, and (f) Ni-doped SrTiOgs respectively. The
Fermi level is set to zero and indicated by the vertical dashed line.

and the bottom of its conduction band at the I' point.
The calculated bandgap of pure SrTiOj3 is 1.80 €V, close
to the value of 1.78 eV calculated by Zhang et al. [26],
which is much smaller than the experimental value due
to the well-known shortcomings of the GGA calcula-
tions. In our research, we neglected the bandgap error

between different systems because our focus is to deter-
mine the manner in which the energy levels of a given
system change. As shown in Fig. 6, the bandgaps of TM-
doped SrTiOg differ significantly from that of SrTiOs.
The calculated bandgaps are 0.75, 1.15, 0.445, 0.44, and
0.45 eV for Cr-, Mn-, Fe-, Co-, and Ni-doped SrTiOs3, re-
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Fig. 5 PDOS for (a) pure SrTiOs, (b) Cr-, (¢) Mn-, (d) Fe-, (e) Co-, and (f) Ni-doped SrTiO3 respectively. The Fermi

level is set to zero and indicated by the vertical dashed line.

spectively. The Mn- and Ni-doped SrTiO3z have smaller
bandgaps than that of SrTiOgs, which agrees with the
calculations of Yang et al. [27].

Figure 3 shows that pure SrTiO3 and Ni-doped SrTiOg
are nonmagnetic. For Cr-, Mn-, Fe-, and Co-doped Sr-
TiOg, the spin-up and spin-down states are asymmetrical
near the Fermi level, implying that these systems should
be magnetic. Figure 4 shows that TM doping changes
the density of states appreciably near the Fermi level and
results in the spin polarization of the valence band and
the conduction band. For Cr- or Fe-doped SrTiOgs, the
TDOS peaks shift to lower energies and spin splitting is
induced around the Fermi level. Consequently, Fe-doped
SrTiO3 is a magnetic metal, resulting from both the ma-

Band gap (eV)
(=)
P

0.0
Pure Cr Mn Fe Co Ni

Fig. 6 Bandgaps for metal-doped SrTiO3 structures.

jority and minority spin states crossing the Fermi level.
For Cr- and Co-doped SrTiOg, the majority spin band
crosses the Fermi level, whereas the minority spin band
possess a bandgap around the Fermi level. Therefore, Cr-
and Co-doped SrTiO3 are half-metals with 100% spin po-
larization, for which applications in spintronics are pos-
sible. The PDOS of the TM-doped SrTiO3 are shown in
Fig. 5, where it is shown that the spin splitting of Cr-,
Mn-, Fe-, and Co-doped SrTiOj3 originate from the O-
2p and TM-3d states. The peak across the Fermi level is
primarily due to the TM-3d state, with some contribu-
tion from the 2p-O state but little from the Ti-3d state.
Consequently, the localized states near the Fermi level
are primarily due to the 2p-O and TM-3d valence elec-
trons. This hybridization of the TM-3d and O-2p states
is critical in the induced magnetic moments.

Next, we investigated the magnetic properties of 3d
TM-doped SrTiOs. In Table 1, we noticed that Cr-,
Mn-, Fe-, and Co-doped SrTiOj3 favor spin-polarized
states; their total energies are 570, 1572.6, 741.5, and
30.5 meV, respectively, which are lower than those of
non-spin-polarized states. To determine the magnetic
ground state, we systematically investigate the substitu-
tion of two doped atoms for two Ti atoms in the 40-atom
supercell, corresponding to a dopant concentration of
25%. In Fig. 1, the replaced Ti atoms are marked with
numbers 0-3. Three possible structures are obtained by
replacing two Cr, Mn, Fe, or Co for the two Ti positions
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Table 1 Optimized lattice constants, X-O (X = Cr,
Mn, Fe, Co, or Ni) bond lengths. Total energy difference
AFE = Ensp — Esp between non-spin-polarized (Ensp) and
spin-polarized (Esp) states.

Models a (A) X-0 (A) AE (meV)
SrTiO3 3.941 1.970 /
SrTip.875Crp.12503 3.930 1.934 570
SrTig.875Mng.12503 3.927 1.928 1577.9
SrTig.g75Fep.12503 3.935 1.951 741.5
SrTig.875Co00.12503 3.923 1.926 30.5
SrTip.875Nip.12503 3.924 1.927 0

at (0,1), (0,2), and (0, 3), respectively. To determine the
magnetic stability of the doped systems, we performed
spin-polarized calculations for the parallel and the an-
tiparallel arrangement of spins of the TM atoms. Table
2 lists the energy difference between the FM and anti-
ferromagnetic (AFM) states (AEpy = Eary — Ern),
the relative ground-state energy of the FM state (Epar),
the TM-TM distance, and the total magnetic moment
of the TM—TM pair in the ground state for each config-
uration. We used the magnetization energy (AEpy =
Earnm — Ery) to indicate the stability of the FM state;
a positive value indicates that the FM state is more sta-
ble than the AFM state. According to our calculated
results, the AFEr,; values of Cr-, Fe-, and Co-doped Sr-
TiOg3 are all positive, indicating that the FM state is
the ground state. The calculated magnetic moments are
4.00up, 6.23up, and 2.0up for two Cr-, Fe-, and Co-
doped SrTiOg3 supercells, respectively. For the Cr-doped
SrTiOg3, the total magnetic moment (4.0up) arises pri-

Table

marily from the Cr atoms (1.85up per Cr atom); for the
Fe-doped SrTiOs, the total magnetic moment (6.23up)
arises primarily from the Fe atoms (2.61up per Fe atom);
for the Co-doped SrTiOgs, the total magnetic moment
(2.0up) arises primarily from the Co atoms (0.72up per
Co atom).

For the Mn-doped SrTiOg3, the AFM state is more sta-
ble than the FM state, indicating that RTFM should not
be expected in the Mn-doped SrTiOs. However, for the
Cr-doped SrTiOg3, the FM state is 218.8 meV lower than
that of the AFM state; therefore, RTFM should be ex-
pected in the Cr-doped SrTiOs. In addition, for the Fe-
doped SrTiOg, the energy of the FM state is 161 meV
lower than that of the corresponding AFM state; such
a large difference between the FM and AFM states im-
plies that RTFM should be expected. The results agree
with those of recent experimental research on Fe-doped
SrTiO3z [13]. For the Co-doped SrTiOs, the energy of
a state with FM coupling is 92.4 meV lower than that
of the corresponding state with AFM coupling, which
agrees with previous experimental observations of RTFM
[16, 17).

Finally, to verify how the on-site Coulomb interactions
with TM d electrons affect the magnetic properties, we
used GGA + U (U = 3.1 V) calculations to study the
FM stability of Cr-, Mn-, Fe-, and Co-doped SrTiOs.
The results are listed in Table 3. We found that the mag-
netic interactions between two Cr, Fe, and Co atoms are
still FM coupling; the energy of the FM state is 48.1,
162.6, and 113.97 meV lower, respectively, than that of
the AFM state. Meanwhile, for the Mn-doped SrTiOs,
the energy of the FM state is 15.1 meV higher than that
of the AFM state, which agrees with the GGA-calculated
result.

2  Summary of X-X distance (dx-x), relative ground-state energy of ferromagnetic (FM) state (Eras), relative

energy between FM and antiferromagnetic (AFM) states (AE = FEarym — Erum), average magnetic moment of X atom (Mx),
and magnetic coupling for each (0, ) structure of the two-X-atom-doped SrTiOs with GGA method.

Type (0,4) dx-x (A) Epn (meV) AE (meV) Miotar (1B) Mx (pB) Coupling
SrTio.75Cr0.2503 (0,1) 3.905 0 218.9 4.00 1.85 FM
(0,2) 5.523 52.8 38.7 4.00 1.85 FM
(0,3) 6.764 165.9 4.3 4.00 1.83 FM
SrTig.75 Mng 2503 (0,1) 3.905 289.5 —121.7 6.02 2.64 AFM
(0,2) 5.523 23.9 —45.7 6.00 2.625 AFM
(0,3) 6.764 0 —0.15 6.00 2.62 AFM
SrTig.75Feq.2503 (0,1) 3.905 0 161.25 6.23 2.61 FM
(0,2) 5.523 354 108.2 4.14 1.76 FM
(0,3) 6.764 436.7 5.4 5.41 2.8 FM
SrTig.75Co0.2503 (0,1) 3.905 10.1 341.5 3.20 1.25 FM
(0,2) 5.523 0 92.4 2.00 0.72 FM
(0,3) 6.764 123.5 9.2 2.00 0.72 FM

)

Xin-Long Dong, Kun-Hua Zhang and Ming-Xiang Xu, Front. Phys.

13(5), 137106 (2018) Lario6s

@
&
o
7
>
-
[~
i
(=)
w
o
*]
05
=
=)
St
=




»
9
o
7
>
=
="
[
=]
»
R
2]
.5
=
e
R
=

RESEARCH ARTICLE

Table 3 Summary of energy of FM state (Eras), energy of AFM state (Eara), relative energy between FM and AFM
states (AFE = Earm — Ern), average magnetic moment of X atom (Mx ), and magnetic coupling for each (0, ¢) structure of

two-X-atom-doped SrTiO3 with GGA + U method.

Type (0,4) Ernm Earm AE (meV) Mx (pB) Coupling
SrTig.75Crg.2503 (0, 1) —292.331902 —292.326542 5.36 2.11 FM
(0,2) —292.268703 —291.348247 92.04 2.11 FM
(0,3) —292.376126 —292.328027 48.1 2.10 FM
SrTig.75 Mng.2503 (0,1) —291.288062 —291.304171 —16.1 3.1 AFM
(0,2) —291.453931 —291.469071 —15.1 2.97 AFM
(0,3) —291.446864 —291.447067 —0.2 2.97 AFM
SrTig.75Feq.2503 (0,1) —287.228523 —287.065862 162.6 3.67 FM
(0,2) —285.895420 —287.009795 —1114.3 3.29 AFM
(0,3) —286.484204 —286.368232 115.97 3.83 FM
SrTig.75Co00.2503 (0,1) —281.184157 —281.070183 113.97 2.58 FM
(0,2) —280.971116 —280.898991 72.125 1.08 FM
(0,3) —281.130980 —280.617253 513.7 1.05 FM

4 Conclusions

We investigated the electronic structure and the
magnetic properties of 3d TM-doped SrTiOs us-
ing first-principles calculations. The density of states
shows that SI‘Tio,g75CI‘0‘12503 and SI"TiO‘g75COQ.12503
are half-metals, SrTigg75Fep 12503 is a metal, and
SrTig.875Mng 12503 is a semiconductor. Our results
show that RTFM can be predicted in SrTig.75Crg.2503,
SrTio‘75Fe0.2503, and SI‘TiO‘75COO.2503.
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