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Abstract: The magnetic and electronic properties of boron-doped SrTiO3 have been studied
by first-principles calculations. We found that the magnetic ground states of B-doped SrTiO3

strongly depended on the dopant-dopant separation distance. As the dopant–dopant distance
varied, the magnetic ground states of B-doped SrTiO3 can have nonmagnetic, ferromagnetic or
antiferromagnetic alignment. The structure with the smallest dopant-dopant separation exhibited the
lowest total energy among all configurations considered and was characterized by dimer pairs due to
strong attraction. Ferromagnetic coupling was observed to be stronger when the two adjacent B atoms
aligned linearly along the B-Ti-B axis, which could be associated with their local bonding structures.
Therefore, the symmetry of the local structure made an important contribution to the generation of a
magnetic moment. Our study also demonstrated that the O-Ti-O unit was easier than the Ti-B-Ti
unit to deform. The electronic properties of boron-doped SrTiO3 tended to show semiconducting or
insulating features when the dopant–dopant distance was less than 5 Å, which changed to metallic
properties when the dopant–dopant distance was beyond 5 Å. Our calculated results indicated that it
is possible to manipulate the magnetism and band gap via different dopant–dopant separations.

Keywords: strontium titanate; boron doping; magnetism; first-principles calculations

1. Introduction

Doping in nonmagnetic semiconductor systems is considered to be an effective approach
to attain magnetic properties. For example, ferromagnetic behavior near room temperature was
observed after doping transition metal elements into wide-gap oxides in Co/Ti/Mn-doped ZnO [1–3],
Mn-doped BaTiO3/SrTiO3/KTaO3 [4], Cr/Fe/Co-doped TiO2 [5–8], and Mn-doped SnO monolayers [9].
Further analysis indicated that nonmetallic dopants also played important roles in inducing
magnetism [10–14]. For instance, density functional theory (DFT) calculations demonstrated that
substitutional B anion and B cation doping produced total spin magnetic moments of 1.0 µB [15]
and 0.76 µB [16] for anatase TiO2 and a B-doped ZnO monolayer (Zn36O35B), respectively. Peng et al.
revealed that the calculated total magnetic moment per dopant in µB equaled the difference in the
atomic number between the foreign atoms and the host anion atoms in the non-transition-metal-doped
semiconductors AlN and ZnO modeled by a 3 × 3 × 2 wurtzite supercell with 72 atoms, where N was
substituted by Be, B or C and O was substituted by B, C or N, the calculated total magnetic moments
were 2 µB when B replaced N in AlN and 3 µB when B replaced O in ZnO [12].

As one of the most famous perovskite ceramic materials, strontium titanate (SrTiO3) has attracted a
great deal of attention and led to promising technological applications [17–20]. Great efforts have been
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made to modify the electronic structures of monodoped or codoped SrTiO3 [21–34], e.g., to enhance the
visible light photocatalytic activity or for applications in water splitting [35–47]. Some researchers have
been devoted to manipulating the magnetic properties by doping transition metals into SrTiO3 both
theoretically and experimentally [48–52]. For example, SrTiO3 remained paramagnetic down to low
temperatures when Mn was substituted for Ti [53,54], while ferromagnetic coupling behavior appeared
when Cr replaced Ti [55]. However, relatively limited studies have been devoted to making SrTiO3 a
magnetic material by replacing oxygen with anion dopants. Experiments confirmed that B and Fe
were effectively doped into the SrTiO3 matrix, where B substituted O anions, while Fe substituted Ti
cations [38]. In one study case, it was found by all-electron calculations with a 40-atom supercell that
SrTiO2.875B0.125, SrTiO2.875C0.125, and SrTiO2.875N0.125 exhibited magnetic moments of 3, 2 and 1 µB,
respectively [56]. Similar magnetic results were observed for the C-doped SrO-terminated SrTiO3 (001)
surface and in different SrTiO2.75N0.25 configurations [57–59]. In addition, spin-polarized calculations
within the framework of DFT+U demonstrated that the computed magnetic moment was 1.95 µB

in the mono-boron-doped SrTiO3 material with a 135-atom supercell [27]. However, to the best of
our knowledge, dopant–dopant magnetic coupling for boron in SrTiO3 is still poorly understood.
Therefore, establishing and providing a good understanding of boron–boron coupling in SrTiO3 is
essential. On the other hand, dimer pairs or clusters were reported due to the strong attraction in
boron-doped or carbon-doped systems when the two dopants were nearest neighbors, which seemed to
be a common phenomenon in some B-doped or C-doped systems. For instance, the boron–boron bond
length was very close to the typical bond length of a boron cluster (1.48–1.70 Å), which was widely
reported in TiO2 [15], silicon [60], and ZnO monolayers [16]. Similar results were also found in the case
of C-doped ZnO monolayer [16] and TiO2 [13]. Nevertheless, it was difficult to generate clusters in
N-N coupling configurations [58,59,61]. For the case of boron-doped SrTiO3, it would be interesting to
investigate whether and how the formation of boron clusters depends on the boron–boron separation.

To explore the magnetic properties in boron-doped SrTiO3, as well as to address the underlying
magnetic mechanism of boron–boron coupling, we employed DFT to simulate seven structures with
different dopant–dopant separations in SrTiO2.75B0.25. The study of boron coupling in SrTiO2.75B0.25

systems may provide some theoretical guidance for designing new magnetic materials.

2. Computational Details

In the present study, the Vienna ab initio Simulation Package (VASP) [62,63] based on DFT [64] with
projected augmented wave (PAW) potentials was employed to perform first-principles calculations [65].
The exchange-correlation functional was adopted with the generalized gradient approximation (GGA)
parameterized by Perdew-Burke-Ernzerhof (PBE). The corresponding PAW potentials for valence
electron sets were 4s24p65s2 for Sr, 3s23p63d24s2 for Ti, 2s22p4 for O and 2s22p1 for B. The cutoff energy
for the plane-wave basis set was 450 eV, and a 5 × 5 × 5 k-point grid centered at the Gamma (or Г) point
was used. The energy convergence criterion for self-consistent iteration was set to 10−5 eV, and all
the atomic positions were fully relaxed. The relaxation stopped if all components of the residual
forces were less than 0.01 eV/Å. Electronic structures were calculated for the corresponding optimized
crystal geometries. We adopted the tetrahedron method for the calculation of the electronic density of
states (DOS).

The calculated lattice constant of the bulk SrTiO3 is a0 = 3.935 Å, in good agreement with the
experimental value (3.905 Å). The supercell constructed by 2 × 2 × 2 SrTiO3 unit-cell containing 40
atoms was used for doped system. As shown in Figure 1, seven different doping configurations were
established, where two O atoms were substituted by two B atoms and separated by the nearest distance
of
√

2a0/2 to the farthest distance of
√

3a0 (i.e., 2.782 Å to 6.816 Å) before relaxation. The position of
one doped boron atom (indicated as the first dopant in the supercell) was fixed and labeled 0, while the
other boron atoms (e.g., second dopant in the supercell) were labeled 1–7 with increasing separation
from 0. For simplicity, these configurations were labeled as (0,j), i.e., (0,1), (0,2), (0,3), (0,4), (0,5), (0,6),
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and (0,7). The effects of the separation distance between dopants on the properties were investigated
in detail.
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Figure 1. The model of the corresponding different substitutional B anion structures of SrTiO3 is
provided. We label different configurations as (0,j), where the position of the first dopant is fixed and
labeled 0, while the other alternative doping positions are labeled j. Color codes: gray for Sr, red for O
atoms, cyan for Ti, and violet 0–7 for the possible positions of the B dopant. The x, y, and z axes refer to
the crystallographic a, b, and c directions, respectively.

3. Results and Discussion

3.1. Magnetic Property

To gain insight into the relative stability of the different dopant configurations shown in Figure 1,
under nonmagnetic (NM), ferromagnetic (FM), and antiferromagnetic (AFM) states, we performed
spin-polarized calculations and addressed the detailed distinctions in energy. The results of the relative
energy (eV) in different states versus different (0,j) structures are presented in Figure 2a, which is
important to evaluate the coupling strength of substitutional dopants. Rather higher energies are
observed under NM states compared to FM or AFM states, indicating that the latter are more favorable
alignments in all configurations except for the (0,1) structure. The initial magnetic FM and AFM states
of the (0,1) structure both converge to NM states, suggesting an NM nature of the ground magnetic
state (GMS). To further explore the relationship in energy between the FM and AFM alignments,
the relative energy (∆E, in units of eV/dopant) is employed, i.e., ∆E = E (0,j) − E (0,1) for each structure,
where E (0,j) is the smaller total energy between the FM and AFM states of each structure, and the
NM state of the (0,1) structure with the lowest energy among all configurations is set as a reference.
An overview of the relative energy ∆E is provided in Figure 2b, and the detailed data are summarized
in Table 1. Our calculated results indicate that the (0,1) structure is characterized by an approximately
2.3–2.6 eV lower energy (eV/dopant) than the other configurations, which implies that it is the most
stable one. Meanwhile, the highest total energy for the (0,7) structure demonstrates that it is the most
unstable one.

The distance between the two B dopants before relaxation varies from the nearest distance of
√

2a0/2 to the farthest distance of
√

3a0 (i.e., 2.782 Å to 6.816 Å), corresponding to configurations (0,1)
to (0,7), where a0 is the lattice constant of bulk SrTiO3. Among them, the (0,2) and (0,3) structures have
the same dopant-dopant separation distances of a0 (i.e., 3.935 Å), while the (0,5) and (0,6) structures
have the same dopant-dopant separation distances of

√
2a0 (i.e., 5.565 Å), respectively. As seen from

Table 1, the dopant–dopant distance (Rd) in the (0,1) structure significantly decreases to 1.513 Å after
relaxation, which implies that the strong attraction between boron atoms induces a dimer pair, as the
bond length of B-B is comparable to the typical bond length of a boron cluster (1.48–1.70 Å). For instance,
clustering of boron has been widely reported in TiO2 [15], silicon [60], and ZnO monolayers [16].
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Similar clustering of dopants was also found in the case of the C-doped ZnO monolayer [16] and
TiO2 [13], which indicated that it might be a general trend for dopants to form a cluster.Materials 2020, 13, x FOR PEER REVIEW 4 of 15 
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Figure 2. Panel (a): Calculated relative energy (eV/dopant) in nonmagnetic (NM), ferromagnetic (FM)
and antiferromagnetic (AFM) states. Panel (b): Relative energy (eV/dopant) of different (0,j) structures
for the B doped SrTiO3 system. The lowest energy is set as a reference, i.e., ∆E = E (0,j) − E (0,1) for
each structure.

However, although it is theoretically possible to form all kinds of clusters, when comparing a
variety of configurations with different dopant–dopant distance, usually it is those configurations with
lower relative energy that tends to form. It was found that the two B dopants in anatase TiO2 could
easily form an interstitial B-like structure [15], which was also verified by experiments [66]. The Similar
result was shown for two neighboring C or B atoms in a ZnO monolayer forming a dimer structure
with an NM ground state, and the formation energy was found to decrease as the two doped C or B
atoms became closer [16].

For B doped-SrTiO3, the doping structure with a nonmagnetic feature is most stable when the boron
dopants are nearest neighbors in structure (0,1) (as shown in Table 1), which could be responsible for the
formation of the B-B dimer pair. Stronger B-B interactions versus B-Ti hybridization in this structure are
verified by the band structures, which will be discussed in detail below. The energy differences between
the FM and AFM states (EMM, in units of eV/dopant) for each structure, i.e., EMM = EFM − EAFM,
the relevant nature of the ground magnetic state (GMS), are listed in Table 1. For the (0,2) structure,
the FM state is more stable than the AFM state by 0.021 eV, which demonstrates a preference for the
FM state. Although the FM state is energetically favored for the (0,7) structure, or AFM for the (0,3),
(0,5) and (0,6) configurations, their absolute values of EMM are relatively small, e.g., less than 25 meV,
and both FM and AFM are labeled as possible GMSs taking into account the temperature effects and
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numerical uncertainty. In addition, for the (0,4) magnetic coupling structure, the magnetic energy
difference becomes almost negligible. Therefore, as the dopant–dopant distance decreases, the GMSs
of different structures exhibits a variety of magnetic features, ranging from FM/AFM to NM alignment.

Table 1. Relaxed distance between two foreign B atoms (Rd (Å)), relative energy (∆E, in units of
eV/dopant), energy difference between FM and AFM states (EMM, in units of eV/dopant), total magnetic
moment (MMtot), localized magnetic moment on boron (MMB), and average contribution to the MM
for the Ti (MMTi) atom in units of µB for different (0,j) structures in B-doped SrTiO3 under FM and
AFM alignments. The lowest total energy of (0,1) structure is taken as a reference for the calculation of
relative energy ∆E. For each (0,j) structure, the energy of the FM state is given with respect to that of
the AFM state in units of eV/dopant, i.e., EMM = E (FM) − E (AFM). The data in bold font highlight
the nature of the ground magnetic state (GMS) for each configuration. (Note: If the energy difference
between the FM and AFM states is relatively small, e.g., less than the typical value of 25 meV, then both
the FM and AFM states are labeled as possible GMSs (to take into account the temperature effects and
numerical uncertainty)).

(0,j) GMS Rd ∆E EMM MMtot MMB MMTi

(0,1) NM 1.513 0 ~0 0 0 0

(0,2) FM 4.026 2.335 −0.021 3.94 0.51, 0.51 0.09
AFM 4.023 2.356 - 0 0.55, −0.55 0

(0,3) FM 3.896 2.467 0.002 1.61 0.24, 0.24 0.03
AFM 3.896 2.465 - 0 0.24, −0.24 0

(0,4) FM 4.791 2.379 ~0 2.00 0.28, 0.28 0.03
AFM 4.790 2.379 - 0 0.28, −0.28 0

(0,5) FM 5.650 2.383 0.022 2.64 0.37, 0.37 0.09
AFM 5.649 2.361 - 0 0.48, −0.48 0

(0,6) FM 5.571 2.547 0.015 2.64 0.38, 0.37 0.07
AFM 5.572 2.532 - 0.01 0.47, −0.47 0

(0,7) FM 6.895 2.630 −0.005 4.40 0.60, 0.60 0.16
AFM 6.895 2.635 - 0 0.60, 0.60 0

To further explore the magnetic coupling difference under FM and AFM alignments for different
(0,j) structures in B-doped SrTiO3, we provide the calculated total magnetic moment (MMtot),
localized magnetic moment on boron (MMB), and averaged contribution to the MM for the Ti
(MMTi) atom in units of µB, as shown in Table 1. Except for the (0,2) configuration, the total magnetic
moment in FM states increases from 0 to 4.40 µB with increasing dopant–dopant separation due to the
increasingly weaker interaction of the dopants. Therefore, the magnetic properties of B-doped SrTiO3

strongly depend on the distance between boron dopants. For the (0,2) case, the two boron atoms align
in a linear way along the B-Ti-B axis, and one can obtain a considerable magnetic moment of 3.94 µB.
Additionally, although the (0,2) and (0,3) structures are characterized by the same dopant–dopant
distance before relaxation, they exhibit completely different MMtot. Different magnetic moments have
also been reported in the literature, e.g., all configurations acquired almost equal magnetic moments of
approximately 2 µB for SrTiO2.75N0.25 [58], while MMtot remained at 0 µB or was approximately 2.0 µB

for all structures in two-B-atom-doped anatase TiO2 [15].
The calculated total magnetic moment of 4.40µB for the (0,7) structure is worth further investigation

in view of the relatively large distance between dopants. First, the calculated magnetic moment per
dopant in µB has been ascribed to the atomic number difference between the dopant and the host
anion atom based on theoretical calculations for AlN and ZnO semiconductors [12]. Generally, one N
replaces O, introducing one hole and generating a total magnetic moment of approximately 1 µB.
Similarly, one C(B)-substituted O will introduce two (three) holes and give rise to a total magnetic
moment of approximately 2 (3) µB. Therefore, the two-nitrogen-doped system replacing O introduces
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a magnetic moment of approximately 2 µB when the two dopants are far apart, accompanying
small N-N coupling, and the two-carbon (boron)-doped system generates a total magnetic moment of
approximately 4 (6)µB, as reported in SrTiO3, TiO2, ZnO and other systems. For example, Bannikov et al.
mentioned that the magnetic moment obtained for B-doped SrTiO3 was 3 µB [56]. However, the total
magnetic moment obtained by DFT+U calculations was 1.95 µB [27]. To explore this discrepancy,
as well as to understand why the magnetic moment in the (0,7) structure with the weakest B-B coupling
we calculated is approximately 4 µB rather than 6 µB, we performed single B/C/N doping in SrTiO3 to
repeat the previous work. We found that although we obtain the same total magnetic moment as that
of N(C)-doped SrTiO3 in the literature, the total moment of B-doped SrTiO3 is approximately 2 µB,
i.e., the total magnetic moment of SrTiO3 doped with N, C, and B is 0.98, 2.00, 2.08 µB, whereas the
magnetic moment obtained by Bannikov et al. was 1.00, 2.02, and 3.00 µB, respectively. We further
performed fixed-spin-moment calculations for boron-doped SrTiO3, which shows fixed magnetic
moments of 1, 2, and 3 µB versus relative energies of 73.1, 0, and 29.7 meV (the state of 2.08 µB MM
has a lower energy by approximately 4 meV than that of 2 µB MM), confirming the total MM of
2.08 µB with respect to the lowest energy. The partial density of states (PDOS) of the introduced B
ion (Supplemental Materials Figure S1) shows that most of the up-spin B 2px, 2py and 2pz orbitals
and approximately half of the down-spin B 2px orbital are occupied, while the other B 2p orbitals are
unoccupied, which illustrates that the doped B ion in SrTiO3 may have the electron configuration of
s2p3(B2−), thus leading to a net magnetic moment of 2.08 µB. Moreover, the result obtained for our
B-doped SrTiO3 is close to the result by Maldonado et al. [27]. In other words, each B dopant introduces
a magnetic moment of 2.08 µB, and a total magnetic moment of 4.40 µB is expected in the boron-doped
SrTiO3 system. In fact, a similar discrepancy also appeared in the B-B-coupled TiO2 system, in which
the authors found that the total magnetic moment was equal to approximately 1 µB, rather than 3 µB

per dopant, which was ascribed to the different symmetries [15]. Different local structures correspond
to different symmetries and produce different electronic occupied states, which in turn cause different
magnetic moments, e.g., BTi2(SrTiO3), BTi3(TiO2), and BZn4(ZnO) have total MMs of 2.08, 1, and 3 µB,
respectively. Therefore, in addition to the atomic number difference between the dopant and the host
anion, the symmetry of the local structure makes an important contribution to the generation of a
spin-polarized magnetic moment.

Table 1 shows that the resolved magnetic moment qualitatively originates mainly from the
impurity boron atoms, relatively small localized magnetic moments are detected at the Ti or O atoms
adjacent to the dopants, and no noticeable contribution to the magnetic moments is observed at the Sr
atoms (Supplemental Materials Table S1). We note that the total magnetic moment is less than the sum
of the magnetic moments of each atom, which is ascribed to the default radius set for integration of the
magnetic moment. This does not affect our conclusions, especially the trends we will discuss in the
following sections, with the aim of investigating the underlying coupling mechanisms of the observed
peculiarity with respect to different FM (0,j) alignments.

3.2. Structure

As discussed above, the optimized dopant–dopant distance ranges from 1.513 Å to 6.895 Å;
therefore, there is a remarkable displacement of dopant–dopant distance after relaxation compared to
un-doped SrTiO3 for the (0,1) structure, which can be attributed to the strong attraction between boron
atoms. Together with the considerable shift of B-Ti, the two remarkable variations in the structure of
configuration (0,1) render the energetically favored NM GMS feature. As shown in Table 2, the values
of ∆(Rd) and ∆(B-Ti) in all other configurations accompanying FM or AFM alignment are less than
0.2 Å, which demonstrates a weaker attraction or repulsion. Configurations (0,3) and (0,4) show a
tiny B-B attraction, while the other configurations except for the (0,1) arrangement exhibit repulsion
between the dopants. Ti atoms tend to move away from the nearest boron atom in all cases.
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Table 2. ∆(Rd) and ∆(B-Ti) represent the changes in distance of two boron dopants and B-Ti (the Ti
adjacent to B, in units of Å) compared to those of un-doped SrTiO3 with a 2× 2× 2 supercell, respectively.
Negative and positive values correspond to attraction and repulsion, respectively. Parameters ∆a, ∆b,
∆c, and the angles ∠Ti-B-Ti and ∠O-Ti-O (◦) represent the variation in lattice constants (Å) and angles for
different structures with respect to the lattice parameters of the un-doped SrTiO3 supercell. The charge
(e) denotes the charge transfer to the two doped boron atoms.

(0,j) ∆(Rd) ∆(B-Ti) ∆a ∆b ∆c ∠Ti-B-Ti ∠O-Ti-O Charge

(0,1) −1.269 0.235 0.093 0.093 0.045 137.884 170.935 (0.30, 1.34)

(0,2) FM 0.091 0.046 0.022 0.183 0.022 180.000 180.000 (0.63, 0.63)
AFM 0.088 0.044 0.022 0.177 0.022 180.000 180.000

(0,3) FM −0.039 0.142 −0.078 0.262 0.080 180.000 161.546
AFM −0.039 0.143 −0.078 0.262 0.080 180.000 161.641 (0.59, 0.59)

(0,4) FM −0.028 0.177 0.185 0.185 −0.032 175.211 178.560
AFM −0.029 0.179 0.184 0.184 −0.031 175.460 178.306 (0.67, 0.67)

(0,5) FM 0.085 0.170 −0.007 0.245 0.041 180.000 173.640
AFM 0.084 0.169 −0.006 0.241 0.041 180.000 173.661 (0.72, 0.72)

(0,6) FM 0.006 0.169 0.008 0.249 0.008 180.000 174.541
AFM 0.007 0.166 0.010 0.240 0.010 180.000 176.494 (0.74, 0.74)

(0,7) FM 0.079 0.149 0.020 0.234 0.020 180.000 176.235 (0.71, 0.71)
AFM 0.079 0.149 0.020 0.234 0.020 180.000 176.455

The positive values of ∆a, ∆b, and ∆c in most cases indicate a larger volume, which is partly
ascribed to the larger ionic radius of the B dopants compared to O ions. As seen from Table 2, even with
great changes in the relative distances of Rd and B-Ti (Å), a remarkable variation in the lattice constants
is not generated, e.g., in the (0,1) structure. Moreover, the replacement of the host O by the foreign
B atoms seems to easily break the original symmetry of the oxygen octahedron and induce crystal
field splitting. Therefore, a certain distortion or twist can also be observed. The produced distortion
or twist of the oxygen octahedron has a great influence on the magnetic properties of the material.
Thus, investigating the interactions between the angles and MM in different (0,j) alignments can
contribute to a better understanding of the underlying coupling mechanisms. Before relaxation,
the bond angles of Ti-B-Ti and O-Ti-O align linearly, i.e., ∠Ti-B-Ti = ∠O-Ti-O = 180◦. The interrelated
relaxation results for different (0,j) configurations are presented in Table 2. One can see that ∠Ti-B-Ti
and ∠O-i-O are equal to 137.884◦ and 170.935◦ in the (0,1) structure, respectively, i.e., distinct bending
of the Ti-B-Ti and O-Ti-O units occurs, which is relevant to an NM character. However, the relatively
large MM (3.94 µB) in the (0,2) configuration can correspond to or be responsible for the invariable
Ti-B-Ti and O-Ti-O units.

We provide the interactions among ∆(Ti-B-Ti), ∆(O-Ti-O), and ∆MM in different (0,j) arrangements
to explore the underlying coupling mechanisms, as shown in Figure 3. The values of 180◦ for the Ti-B-Ti
and O-Ti-O bond angles and 4.40 µB for the MM are employed as references. Figure 3 shows that
enormous angular changes ∆(Ti-B-Ti) and ∆(O-Ti-O) are observed for the (0,1) structure, especially the
greater bent Ti-B-Ti bond angle with respect to the O-Ti-O bond angle, i.e., approximately 42◦ versus
9◦. The structural changes are ascribed to the formation of the B-B dimer, as shown in Figure 4a,
which finally give rise to the most energetically favored state in all (0,j) configurations and converge to
NM alignment. The relatively large MM in the (0,2) configuration is associated with the invariable
Ti-B-Ti and O-Ti-O units. For the other configurations, except for a slight bending (4.5◦) in the (0,4)
structure, the Ti-B-Ti bond angle remains basically unchanged. However, the O-Ti-O bond angle is
variable in the five configurations from 3.8◦ to 18.5◦, which implies that the O-Ti-O unit is easier to
deform. For clarity, we magnified the MM in the FM state five times. As shown in Figure 3, we can
speculate that the bending of bond angles is basically positively correlated with ∆MM. For example,
for the invariable Ti-B-Ti unit in the (0,3) and (0,5) structures, a larger ∆(O-Ti-O) gives rise to a larger
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∆MM. Remarkable bending of the O-Ti-O bond angles and ∆MM are visible in the (0,3) configuration.
The slightly 4.5◦ bent Ti-B-Ti unit and 1.7◦ bent O-Ti-O unit in the (0,4) structure with respect to the
fixed Ti-B-Ti unit and the 18.5◦ bent O-Ti-O unit in the (0,3) structure trigger ∆MM values of 12.01 µB

and 13.97 µB for the two configurations respectively, which indicates that the magnetism in different
(0,j) configurations is theoretically associated with their structures, e.g., correlated with the bending of
Ti-B-Ti and O-Ti-O units.
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Figure 3. The relationship among bent Ti-B-Ti bond angle, O-Ti-O bond angle and change
in MM (in the FM state), i.e., ∆(Ti-B-Ti), ∆(O-Ti-O), and ∆MM, for different (0,j) structure,
where ∠Ti-B-Ti = ∠O-Ti-O = 180◦ and the maximum MM (4.40 µB) under FM alignment among all
configurations are taken as references. The values of ∆MM are amplified five times for clarity.
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Figure 4. Relaxed structures of configurations (0,1) and (0,7) in panels (a) and (b), respectively.
The gray, red, cyan, and violet spheres in panels (a,b) correspond to the Sr, O, Ti and B atoms,
respectively. The corresponding charge density differences are shown in (c) and (d). The yellow and
violet–red areas represent charge accumulation and charge depletion, respectively. Spin densities
under (e) FM alignment and (f) AFM alignment for structure (0,7). The blue and green areas represent
majority and minority spin densities, respectively. The isosurface level value is set as 0.005 e/Å3 for the
calculations of charge density differences and spin densities.
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Calculations of the charge density difference, Bader charge, and spin density were further
performed in this work. For comparison, we chose the most stable and unstable structures,
i.e., the (0,1) and (0,7) configurations. In accordance with the above discussion, as shown in Figure 4,
the two impurity boron atoms tend to strongly attract each other and form a B-B dimer pair in structure
(0,1). To understand the charge transformation and redistribution, the charge density differences around
B atoms of the (0,1) and (0,7) configurations are shown in Figure 4c,d, respectively. Herein, the isosurface
level value is set as 0.005 e/Å3, and the yellow areas represent charge accumulation, while violet–red
areas represent charge depletion. The variation in the electronic distribution with charge transfer to the
boron is rather obvious. The significant charge accumulation near the boron and small amount of charge
depletion around the titanium atoms closest to the boron in both the (0,1) and (0,7) structures give rise
to strong electrostatic interactions between the titanium and boron atoms. As shown in Supplemental
Materials Figure S2, other charge density differences are characterized by similar properties. Table 2
shows the charge transfer to the two doped boron atoms in all configurations based on Bader charge
analysis. In the (0,1) structure, the two Boron dopants acquire 0.30 e and 1.34 e charges, respectively,
while in the (0,7) structure, they acquire 0.71 e and 0.71 e charges, respectively; i.e., each B atom gains
an average of 0.82 e and 0.71 e charge for the two structures, respectively.

Next, we focus on the magnetic properties of the B dopants in SrTiO3. To understand the origin
of the magnetic moment, the spin densities under FM alignment (e) and AFM alignment (f) in
structure (0,7) are presented. The blue and green areas represent majority and minority spin densities,
respectively. We can clearly observe from Figure 4e that most of the MM under the FM state is
qualitatively attributable to the B atoms, relatively small localized MMs are visible at the Ti or O atoms,
and no noticeable contribution to the MM is related to the Sr atoms, in agreement with our previous
discussions. Moreover, the parallel orientation for all atoms under FM alignment in the (0,7) structure
gives rise to a remarkable MM.

3.3. Electronic Structure

Figure 5a,b shows the calculated band structure, total density of states (DOS) and partial density
of states (PDOS) for the Ti 3d t2g, Ti 3d eg and O 2p orbitals of un-doped SrTiO3. Our calculated band
gap is 1.69 eV, which is less than the experimental value of 3.20 eV due to the typical underestimated
calculation by local density approximation (LDA) or GGA [67,68]. The valence bands and conduction
bands of un-doped SrTiO3 are predominantly composed of O 2p orbitals and Ti 3d orbitals, respectively.
For the unoccupied conduction bands, three lower energy t2g orbitals (3dxy, 3dyz, 3dzx) and two higher
energy eg orbitals (3dz

2, 3dx
2
− y

2) are observed, which are ascribed to the splitting of the crystal
field in the TiO6 octahedral structure. The symmetric spin-up and spin-down channels presented in
Figure 5b demonstrate that un-doped SrTiO3 exhibits a nonmagnetic property. Based on the electronic
features, the (0,1), (0,2), and (0,4) structures exhibit a semiconductor or insulator character, while metal
properties are shown for the other four configurations. We choose to further explore the most stable and
unstable structures, i.e., the (0,1) and (0,7) configurations, to gain insights into the electronic properties.

The DOS and PDOS for the B 2p, Ti 3d and O 2p orbitals of the (0,1) structure are shown in
Figure 5d. The equal numbers of spin-up and spin-down electrons give rise to an NM ground state
character, consistent with our magnetic studies above. Moreover, it is obvious that both the spin-up and
spin-down channels do not cross the Fermi level, which suggests that the (0,1) configuration still retains
a semiconducting or insulating property. Figure 5c presents the electronic bands of configuration (0,1).
One can observe that three distinct isolated occupied states composed of the foremost B 2p, weak Ti 3d
and O 2p orbitals are localized above the top of the original valence band but below the Fermi level,
becoming the new valance band maximum (VBM). The stronger B-B interactions compared to the
C-Ti hybridization near the Fermi level in the SrTiO2.75B0.25 system correspond to the nonmagnetic
ground state feature. Two extra bands dominantly composed of the Ti 3d and B 2p orbitals become the
new conduction band minimum (CBM). The positions of the B orbitals localized between the original
VBM and CBM are ascribed to the higher orbital energies of the foreign B 2p orbitals than those of the
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host O 2p orbitals. In addition, the Sr atoms have almost no contribution to the electronic structure;
therefore, this contribution is not shown here.

1 
 

 
Figure 5. Calculated (a) band structure (spin-up channel), (b) total density of states (DOS) and
partial density of states (PDOS) for the Ti 3d t2g, Ti 3d eg, and O 2p orbitals of un-doped SrTiO3.
(c) Band structure (spin-up channel), (d) DOS and PDOS for the B 2p, Ti 3d and O 2p orbitals of the
(0,1) structure. (e) Band structure (spin-up channel), (f) DOS and PDOS for the B 2p, Ti 3d and O 2p
orbitals and (g) band structure (spin-down channel) of the (0,7) structure. The Fermi level is marked by
a dashed line. PDOS plots are all amplified five times for clarity.

In our calculations for the (0,1) structure, as shown in Figure 5c,d, the hybridization of the B
2p orbitals and Ti 3d orbitals pulls the CBM downward to the position of 0.44 eV above the Fermi
level, while compelling the original VBM to be located at approximately 1.47 eV below the Fermi level,
providing a band gap of 1.91 eV. Therefore, the bands originating from B 2p states lead to widening
instead of narrowing of the band gap. The energies from the three distinct isolated occupied states to
the CBM are 0.44, 0.66, and 1.07 eV, which are smaller than the energies of un-doped SrTiO3 by 1.25, 1.03,
and 0.62 eV, respectively. The induced isolated energy levels may contribute to the enhancement of the
photocatalytic activity under visible light, even though the uncompensated dopants play a significant
role as recombination centers and are detrimental to the separation and migration of photogenerated
electron-hole pairs.

The calculated band structures (spin-up and spin-down channels) and spin-polarized DOS of the
(0,7) structure are shown in Figure 5e,f,g, where the uncompensated spin-up and spin-down channels
illustrate the existence of a magnetic moment. Meanwhile, the Fermi level crosses both the spin-up
and spin-down channels, which indicates that the (0,7) configuration has a metallic nature. Figure 5f
shows that the asymmetric populations are generated from the valance band near the Fermi level,
as well as from the conduction band, i.e., the contributions to the MM come from both occupied and
unoccupied states. On the other hand, more hybridization between the B 2p and Ti 3d orbitals near
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the Fermi level is observed in the spin-up channel. These hybridized orbitals are separated by the
original VBM and CBM; thus, the in-gap states actually have almost no contribution to the narrowing
of the band gap. Therefore, for the spin-up channel, the hybridization leads to the CBM position of
0.36 eV above the Fermi level, while the original VBM is located at approximately 1.40 eV below the
Fermi level, giving rise to a band gap of 1.76 eV. For the spin-down channel of the (0,7) configuration,
more holes are induced compared to the spin-up channel. In addition, the orbitals of the dopants
overlap with the Ti 3d orbitals, which increases the width of the CB and reduces the band gap. In our
calculation, the CBM is downshifted to approximately 0.39 eV below the Fermi level, while the VBM is
localized at approximately 1.41 eV below the Fermi level, which finally gives rise to a band gap of
1.02 eV and produces a significant band narrowing of approximately 0.67 eV.

3.4. Conclusions

We performed DFT with the GGA method to explore the magnetic and electronic coupling
properties of boron-doped SrTiO3 within the framework of different dopant–dopant separations.
We found that the GMS of B-doped SrTiO3 strongly depends on the dopant–dopant separation distance,
i.e., the GMS of different structures transforms from FM/AFM and subsequently converges to NM
alignment as the distance of the two doped boron atoms decreases. When the two doped boron atoms
have the smallest dopant–dopant separation distance, the structure is characterized by the lowest
energy among all structures, and a dimer pair is visible. Strong FM coupling is observed when two
doped boron atoms align linearly along the B-Ti-B axis, which can be theoretically associated with the
structure, e.g., correlated with the bending of Ti-B-Ti and O-Ti-O units. Therefore, the symmetry of
the local structure makes an important contribution to the generation of a spin-polarized magnetic
moment. Our study also demonstrates that the O-Ti-O unit is easier to deform than the Ti-B-Ti unit.

When the dopant–dopant distance is less than 5 Å, a semiconductor or insulator electronic
structural character tends to be generated, while metal properties are present for the dopant–dopant
distances beyond 5 Å. The bands originating from B 2p states lead to widening instead of narrowing
of the band gap when the two doped boron atoms are nearest neighbors, even though the induced
isolated energy levels can somehow contribute to enhancement of the photocatalytic activity under
visible light. However, when the two doped boron atoms are the farthest, a significant band narrowing
of approximately 0.67 eV is triggered, introducing more holes for the spin-down channel than the
spin-up channel. Therefore, the calculated results indicate that we can theoretically manipulate the
magnetism and band gap via different B-B dopant distances.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/24/5686/s1,
Figure S1: The calculated partial density of states (PDOS) of the B 2px, 2py, and 2pz states in B-doped SrTiO3
(one boron in 40-atom supercell), Figure S2: (a)–(e): The charge density differences from structure (0,2) to (0,6).
The yellow and violet red areas represent charge accumulation and charge depletion, respectively. The isosurface
level value is set as 0.005 e/Å3, Table S1: Average contribution of MM for O (MMO) and Sr (MMSr) atom in units of
µB under FM and AFM alignments for different (0,j) structures in SrTiO2.75B0.25.
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