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1. Introduction

Oxygen-vacancy-induced magnetism in anti-
perovskite topological Dirac semimetal BazSnO

Javaria Batool,?® Syed Muhammad Alay-e-Abbas, (2 **© Gustav Johansson, (2 €
Wagqas Zulfigar,” Muhammad Arsam Danish,® Muhammad Bilal,?
J. Andreas Larsson 2 and Nasir Amin (2 ?

The thermodynamic, structural, magnetic and electronic properties of the pristine and intrinsic vacancy-
defect-containing topological Dirac semimetal BazSnO are studied using first-principles density
functional theory calculations. The thermodynamic stability of BazSnO has been evaluated with
reference to its competing binary phases Ba,Sn, BaSn and BaO. Subsequently, valid limits of the atomic
chemical potentials derived from the thermodynamic stability were used for assessing the formation of
Ba, Sn and O vacancy defects in BazSnO under different synthesis environments. Based on the
calculated defect-formation energies, we find that the charge-neutral oxygen vacancies are the most
favourable type of vacancy defect under most chemical environments. The calculated electronic
properties of pristine BazSnO show that inclusion of spin—orbit coupling in exchange—correlation poten-
tials computed using generalized gradient approximation yields a semimetallic band structure exhibiting
twin Dirac cones along the I'-X path of the Brillouin zone. The effect of spin—polarization and
spin—orbit coupling on the physical properties of intrinsic vacancy defects containing BazSnO has been
examined in detail. Using Bader charges, electron localization function (ELF), electronic density of states
(DOS) and spin density, we show that the isolated oxygen vacancy is a magnetic defect in anti-
perovskite BazSnO. Our results show that the origin of magnetism in BazSnO is the accumulation of
unpaired charges at the oxygen vacancy sites, which couple strongly with the 5d states of the Ba atom.
Owing to the metastability observed in earlier theoretically predicted magnetic topological semimetals,
the present study reveals the important role of intrinsic vacancy defects in giving rise to magnetism and
also provides opportunities for engineering the electronic structure of a Dirac semimetal.

but have also opened up new research avenues where device
applications for these materials can be realized.*> Depending on

Following the discovery of graphene, the Dirac equation has
become highly relevant in solid-state physics for understanding
the properties of materials that possess Dirac electrons in their
electronic structure."” These so-called quantum materials
exhibit nodal crossings in their electronic band structures,
which cannot be explained solely on the basis of Landau
theory.> Moreover, the non-trivial band topologies of these
quantum materials remain invariant under topological
transformations.>”® Thus, concepts from high-energy physics have
not only enabled a better understanding of the physical properties
such as magnetism and superconductivity of quantum materials
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the presence of an insulating or semimetallic nature of the
electronic structure in their bulk, we can classify these materials
as topological insulators or topological semimetals, respectively.
Although all topological materials have surface states, which are
topologically protected by the crystal symmetry, the low-energy
electrons in topological semimetals are quite interesting since they
show very high mobilities due to the linear dispersion character of
the corresponding electronic states.”"°

Since the competition between spin-orbit coupling (SOC)
and band overlap in the presence of band inversion decides the
classification of a topological material, inclusion of SOC in
ab initio calculations often causes a band gap to appear in the
electronic structure, giving us a topological crystalline insulator.""**
However, in some special cases the band overlap is much larger
than the SOC,"? such that a gapless band structure is obtained
while the Dirac nodes are still protected by crystal symmetry.
Realization of the robustness of the Dirac nodes against SOC leads
to a topological Dirac semimetal (TDS), which is an attractive class
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among a growing list of topological semimetals." This is exactly
the case in BazSnO (BSO), which is unique among the Sn- and
Pb-based A;BO anti-perovskite materials and has been termed a
prototypical example of a TDS."”> Importantly, the simple cubic
structure’® and the presence of twin Dirac cones below the Fermi
level in BSO'? are interesting when compared with other TDSs like
Cd;As, or NazBi'*™'° that adopt low-symmetry complex crystal
structures. Consequently, large opportunities for modulating the
electronic and magnetic properties of anti-perovskite BSO are
available that can be realized by altering the crystal symmetry or
chemical composition.

In recent years, interest in magnetic topological semimetals
has considerably increased since in addition to exotic proper-
ties such as large thermoelectric currents and the intrinsic
anomalous Hall effect, these materials also offer half-metallic
features, which are a prerequisite for their utilization in spin-
tronic devices." The significance of both spin and charge
degrees of freedom in phenomena such as the magneto-optic
Kerr effect'” and the magnon spin Nernst effect'® has seen
major discoveries made for low-dimensional materials where
electronic and transport properties are influenced by SOC.
For instance, transition metal trichalcogenides have gained
much theoretical and experimental attention where magnetism
in a 2D Dirac semimetal can be realized.'** Although a
number of magnetic Dirac semimetals have theoretically been
proposed in the past,”>* their experimental synthesis is not
generally viable owing to structural metastability and/or
complex magnetic ordering. In this context, recent studies on
anti-perovskites have clearly shown promising magnetic pro-
perties in their undoped forms, originating from the presence
of intrinsic vacancy defects.”®>° Magnetism arising from
vacancy defects and related structural distortion®*? in
undoped solids has become a focus of interest in recent years
since the magnetic properties of these materials, especially
oxides, can be easily tuned by varying the type and concen-
tration of the vacancy defect. As metastability has so far posed
serious challenges in the experimental realization of theoreti-
cally predicted magnetic topological semimetals,*>* in the
present study we use first-principles density functional theory
(DFT) calculations to show that charge-neutral intrinsic vacancy
defects can induce stable magnetism in a TDS.

2. Computational details

The DFT calculations reported in the present work were per-
formed using the all-electron augmented plane wave plus local
orbitals (APW+lo) method available in the WIEN2k*® computer
program. By separating the crystal space into an interstitial
region and non-overlapping muffin-tin spheres of radius 2.3 bohr,
2.0 bohr and 1.75 bohr for Ba, Sn and O, respectively, the wave
functions inside these muffin-tin spheres were expanded using
spherical harmonics where a maximum angular momentum
(Imax) value of 10 was used. In the interstitial region, on the other
hand, plane wave basis sets were utilized for which the charge
density expansion vector (Gm.x) and the plane wave cut-off
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(RoKmay) values of 18 bohr™' and 8, respectively, were used. For
all the calculations reported in this work, an energy minimum of
—7.0 Ry has been chosen to separate the core and valence states.
The exchange-correlation potentials were modeled using the
generalized gradient approximation (GGA) functional of Perdew,
Burke and Ernzerhof (PBE).>* The electron localization function was
computed using the method proposed by Becke and Edgecombe.*®

Since BSO is a topological material that contains heavy
elements, the relaxed electronic structure reported in this work
was computed using SOC that is included as a second varia-
tional method.*® For the calculations involving the electronic
structure of the bulk unit cell of BSO, an 11 x 11 x 11 k-mesh
was used, which corresponds to 56 k-points in the irreducible
wedge of the first Brillouin zone. On the other hand, the
electronic structures of the vacancy containing 2 x 2 x 2
supercells of BSO were simulated using a 5 x 5 x 5 k-mesh.
For the termination of the self-consistent field cycles the energy
and charge convergence criteria were set to 10 > Ry and 10 “ ¢,
respectively, while forces on atomic species appearing as a
result of introducing vacancy defects in the supercell were
minimized to a value below 1 mRy a.u.”'. To construct the
vacancy-containing supercells of BSO, we first optimized the
lattice parameter of the bulk unit cell of BSO by fitting the total
energy vs. the unit cell volume data to the Murnaghan equation
of state.*® The calculated lattice parameter of BSO (Table 1) is in
good agreement with the room-temperature lattice parameters
reported in experimental studies for BSO."**” Using the opti-
mized unit cell, we constructed a 2 x 2 x 2 supercell containing
40-atoms to simulate the charge-neutral Ba, Sn and O vacancies
in BSO. Introduction of the three intrinsic vacancies V2 (where
Z = Ba, Sn or O) in BSO using the 2 x 2 x 2 supercells yielded
chemical compositions of Ba,3SngOg, Ba,,Sn,Og and Ba,,SngOy,
corresponding to a 4.167% Ba vacancy concentration, a 12.5% Sn
vacancy concentration and a 12.5% O vacancy concentration. All
the vacancy-containing supercells of BSO were geometrically
optimized to eliminate residual atomic forces. Subsequently,
spin-polarized (SP) calculations with different magnetic ordering

Table1l GGA-calculated lattice parameters of BazSnO, Ba,Sn, BaSn, BaO,
Ba and Sn compared with experimental data and earlier theoretical studies

Lattice parameters (A)

System (space group) Present work Other theoretical Experimental

BasSnO (# 221: Pm3m)

a, 5.509 5.526"° 5.448"
Ba,Sn (# 62: Pnma)

ao 8.792 8.841%° 8.615%
bo 5.630 5.687%° 5.690*
Co 10.786 10.750%° 10.078*
BaSn (# 63: Cmcm)

ap 5.362 5.374%° 5.316**
bo 12.660 12.776*° 12.550%
Co 4.698 4.725% 4.657*
BaO (# 225: Fm3m)

a 5.593 5.615% 5.546*°
Ba (# 229: Im3m)

ap 5.017 5.030%° 5.020%¢
Sn (# 227: Fd3m)

aq 6.647 6.646"° 6.481%
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were performed to examine the stability of the magnetism intro-
duced by the presence of the intrinsic vacancies.

3. Results and discussion

3.1. Structural properties and thermodynamic stability of
pristine BazSnO

Table 1 presents the GGA-calculated lattice parameters of BSO
where one can see good agreement with previous theoretical
and experimental data. In the cubic anti-perovskite unit cell of
BSO, the Sn atoms occupy the corner Wyckoff position 2a
(i.e. (0, 0, 0)) of the Pm3m structure, while the Ba and O atoms
are located at the face-centered 6b (i.e. (1/2, 1/2, 0), (1/2, 0, 1/2)
and (0, 1/2, 1/2)) and body-centered 2a (i.e. (1/2, 1/2, 1/2))
Wyckoff positions, respectively.'® This is contrary to the case
of normal cubic ABO; perovskite oxides such as SrTiO; and
BaZrOs, where the A, B and O atoms occupy 2a corner, 2a body-
centered and 6b face-centered Wyckoff positions, respectively.>®
Consequently, in anti-perovskite BSO an O atom is coordinated
octahedrally with six Ba atoms to form a BasO octahedron,
while a Sn atom is coordinated cuboctahedrally with twelve Ba
atoms. For the GGA-optimized unit cell of BSO, we find that all
the Ba-O distances within the BagO octahedron are 2.754 A and
the cuboctahedrally coordinated Ba-Sn distances are 3.895 A.
Since the thermodynamic stability of BSO requires its enthalpy
of formation (i.e., AfHBassno) to be more negative than the cumu-
lative enthalpies of other Ba-based chemical systems,***°
also optimized the lattice parameters of relevant solid phases that
compete with the synthesis of BSO. Comparison of our calculated
structural properties for Ba,Sn, BaSn, BaO, Ba and Sn (Table 1)
with experimental data shows the usual overestimation by GGA
functionals. However, it is evident that our APW-+lo-based results
are in better agreement with experimental data compared with
previous DFT calculations performed using the projector
augmented-wave method.’® Using the ground-state lattice para-
meters of BSO, Ba,Sn, BaSn, BaO, Ba and Sn presented in Table 1,
the minimum total energies were computed, which are repre-
sented by Ej, 10, Eba,snr Phasny EBaos Fia and Esy, respectively.*’

we have

For the case of an oxygen molecule, on the other hand, the total
energy (EE)2> was computed by adding the ground-state energy of

an isolated oxygen atom"' to the GGA cohesive energy of the
oxygen molecule reported in ref. 42.

For the four Ba-based binary and ternary compounds listed
in Table 1, we can define the enthalpies of formation as the
differences in the DFT-calculated total energies of the com-
pounds and their constituent elemental species in their stan-
dard reference states.*® Using the formulas

1

ArHpaysno = E][3a3SnO - 3Ell3a - Eén B EEloz 1
At‘HBaZSn = E;;azsn - 2Elt3a - Eén (2)
AfI_IBaSn = E}ZaSn - EtBa - Eén (3)
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Table 2 Calculated enthalpies of formation (in eV f.u.™) for BasSnO,
Ba,Sn, BaSn and BaO along with available experimental and theoretical
data. For the sake of completeness, the calculated cohesive energies (in eV
per atom) of Ba and Sn are also provided

Enthalpy of formation (eV f.u.™")

Compounds Present work Other theoretical Experimental
Ba,SnO —7.448 —7.675% —

Ba,Sn —1.867 —1.824% —3.5149°° _3.88775¢
BaSn —1.425 —1.407*° —1.136°%2

BaO —5.387 —5.662%° —5.680°%

Cohesive energies (eV per atom)

Bulk elements Present work Other theoretical Experimental
Ba -1.814 —1.886" -1.897%
Sn —3.167 —3.171%° —3.140°*

“ Bay ;SN 33 alloy between 696 K and 948 K from ref. 50. b Ba,Sn at
843 K from ref. 51. © Bag 5¢Sng.44 at 1300 K from ref. 52.

and

AtHpao = Ep,o — Ep, — %Eéz (4)
we computed the enthalpies of formation of BSO, Ba,Sn, BaSn
and BaO, respectively, which are presented in Table 2. It is
evident from Table 2 that the calculated value of the enthalpy of
formation for BaO compares well with the experimental data.
On the other hand, the enthalpies of formation computed for
Ba,Sn and BaSn are found to be significantly different from the
high-temperature values reported in experiments.’*> The
deviation of the theoretically calculated enthalpies of formation
for Ba,Sn and BaSn from high-temperature experimental data
was also observed in previous DFT studies.’® Although our
calculated A¢Hg, sno compares well with previous theoretical
results,”® no experimental data for BSO are available in the
literature for comparison, to the best our knowledge. Because
our DFT enthalpy of formation for BaO and the cohesive
energies of Ba and Sn are in good agreement with experimental
values,>>* further experimental efforts for determining the
standard enthalpies of formation of Ba,Sn, BaSn and BSO at
lower temperatures are still needed. For the case of BSO it is
interesting to note that the large negative enthalpy of formation
(around —750 kJ mol ") indicates that this compound may be
obtained from pure elemental phases Ba, Sn and O, through
a one-step synthesis method.”> Moreover, the sum of our
calculated values A¢Hg, s, and A¢Hg,o is less negative than
A¢Hga snos suggesting that cubic BSO can also be synthesized
using a two-step synthesis method having a chemical equation
of Ba,Sn + BaO — Ba3SnO.

In order to establish the chemical stability of BSO, the
thermodynamic stability diagram of this compound was com-
puted in terms of the atomic chemical potentials of Ba, Sn and
0.29°%57 For this reason, we first define the atomic chemical
potentials of Ba, Sn and O in their stable reference states as
pE' = Bho, p3' = Esy and u§® = 1/2E} . Based on these
definitions, the atomic chemical potentials of Ba, Sn and O in

BSO should be written as pgy = (530 + Auga, fisn = #5259 + Apign
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and uo = u&® + Apo, where Apg,, Ausn and Apg are the allowed
variations in the chemical potentials of their stable reference
states. This, therefore, allows us to rewrite eqn (1) as

A¢Hpa,sno = 3Apsa + Altsn + Apio. (5)

It is important to note here that the allowed variations in the
atomic chemical potentials should satisfy Aug, < 0, Apign, < 0
and Auo < 0 in order to allow the thermodynamically stable
formation of BSO. Moreover, in order to eliminate the precipi-
tation of binary phases Ba,Sn, BaSn and BaO, Apg,, Aus, and
Auo used in eqn (5) must also satisfy®®

AfI_IBaZSn = 2A,“Ba + Al’LSn [6)
AfI_IBaSn > A.uBa + A:uSn (7)
A¢Hpao = Aupa + Ao (8)

From the above expressions, we can now identify two points,
A and F, in a two-dimensional Aug,—Aus, plane where

Point A: AfI_IBa35110 = SA,UBa + A:uSn + A:“Ov AfI_IBaO = A:uBa
+ Apo and Aug, = 0 9)

Point F: AtHga sno = 3Asa + Alisn + Aplo, AfHpao = Afipa
+ Auo and Apg, = 0 (10)

which correspond to the extreme values of valid variations in
the atomic chemical potentials where BSO can be synthesized
in competition with BaO, Ba and Sn. Similarly, points B and E
for BSO within the Aug,—Apus, plane can be defined as

Point B: AfI_IB;«1351'10 = BA.uBa + A:LLSn + A//LO) AfI_IBaZSn = ZA.uBa

+ Apgn and Apigy = 0 (11)
Point E: AfI_IB'azSnO = 3A.“Ba + A:uSn + A:“O)
AfI'IBaZSn = 2Aug, + Apsn and Apsn = 0 (12)

which restrict the formation of the competing Ba,Sn, Ba and Sn
phases. Although all values of Aug,, and Aug, within the region
enclosed by the points A, B, E and F satisfy eqn (5), it is evident
that eqn (7) is not satisfied at points E and F. Since this could
result in the precipitation of BaSn, restricting the synthesis of
BSO, we further define two points C and D as

Point C: A¢Hpa,sno = 3Apsa + Altsn + Apio,

Af}IBaZSn = ZAHBa + A.“Sn and A¢Hgasn > A.“Ba + A//‘Sn
(13)

Point D: AtHg, sno = 3Aea + Aisn + Apio,

AtHpao = Aupa + Apio and A¢Hgasn > Apipa + Autgp,
(14)

where BSO can exist stably with respect to all binary com-
pounds of barium as well as the elemental phases Ba and Sn.

The thermodynamic stability diagram of BSO within the
Auga—Aps, plane is shown in Fig. 1, where all the stability
points defined in eqn (9)-(14) are shown. In Fig. 1, the light
gray area enclosed by points A, B, C and D represents the
thermodynamic stability region of BSO where it can be formed

This journal is © the Owner Societies 2021
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Fig. 1 Calculated thermodynamic stability region of BazSnO (light gray
area) enclosed by the points A, B, C and D in terms of the atomic chemical
potentials of Ba and Sn. The inset at the top right corner shows the DFT-
calculated values of the chemical potential variation for the points shown
as red dots on the thermodynamic stability diagram, while the inset in the
lower left corner shows the compositional ternary plot for the compounds
competing with the synthesis of BazSnO.

with respect to the binary competing phases Ba,Sn, BaSn and
Ba0.”® An additional point X in the middle of the stability
diagram corresponds to the center of BSO’s stability region,
which gives us a nominal chemical environment where this
anti-perovskite can be obtained without the possibility of the
precipitation of any of the competing phases containing Ba or
Sn. It is clear from Fig. 1 that the inclusion of BaSn in the
thermodynamic stability diagram of BSO has significantly
reduced its stability region. As a result, the Aus, = 0 and
Apo = 0 chemical environments are not allowed during the
synthesis of BSO. This can be attributed to the larger propor-
tion of barium in BSO, which can be better understood from
the compositional triangular plot shown as the lower left inset
in Fig. 1. It is clear from the triangular inset in Fig. 1 that the
successful synthesis of BSO can be realized near the maximum
Ba composition point, which corresponds to the Ba-rich
(i.e., Apga = 0) chemical environment in the thermodynamic
stability diagram. At the same time, the inset in Fig. 1 also
indicates that the binary oxides of tin will not restrict the
stability region of BSO. In order to test this assumption,
we also computed the enthalpies of formation for SnO (space
group # 129: P4/nmm) and SnO, (space group # 136: P42/mnm)
using their structurally optimized unit cells, which are found to
be AHsno = —2.872 eV fu.”! and AtHgno, = —5.518 eV fu. ",
Similar to the case of BaO, the GGA-calculated enthalpies of
formation for SnO and SnO, are slightly underestimated com-
pared with the experimental values of —2.962 eV f.u.”"' and
—6.021 eV fu."',* respectively. However, since A¢Hgno >
Apsn + Apio and AtHgno, > Apgn + 2Apo for all the stability
points defined in eqn (9)-(14), it is evident that SnO and SnO,
do not have any influence on the stability region enclosed by
points A, B, C and D (Fig. 1). Fig. 1 also shows that BSO can be
obtained by varying Aug, from 0 eV (point A or point B) to

Phys. Chem. Chem. Phys., 2021, 23, 24878-24891 | 24881
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—0.622 eV (point D), while Aug, can be varied from —0.857 eV
(point D) to —2.101 eV (point A). Based on this situation we can
designate both point A and point B as the allowed Ba-rich
chemical environments for BSO, while point D can be desig-
nated as a Ba-poor chemical environment. Since the variation
of Auo within the stability region of BSO is from —4.767 eV to
—5.622 €V, point D and point B in Fig. 1 correspond to extreme
oxidation (O-rich) and reduction (O-poor) conditions allowed
for the stable synthesis of BSO, respectively.

3.2. Electronic properties of pristine Ba;SnO

Like other members of the tin- and lead-containing anti-
perovskite oxides, the electronic properties of BSO are sensitive
to SOC interactions.'>?*%%° Judging from the electron precise
octet rule for an oxide having a chemical composition of
Ba;>*Sn?~"0>", one would expect a band gap to appear between
the cation and anion states around the Fermi level. However,
this is not the case for topological materials since their electro-
nic structures are strongly influenced by competition between
the crystal symmetry, SOC and band overlap. Earlier DFT
studies based on GGA as well as hybrid DFT calculations have
shown that BSO has a significantly larger band overlap

View Article Online
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compared with Ca;SnO (CSO) and Sr;SnO (SSO);*> the Ba-5d
and Sn-5p states contribute significantly both above and below
the Fermi level even, with the inclusion of SOC. In order to
elucidate on the effect of SOC on BSO’s electronic properties, in
the present work we compare the electronic band structure
diagrams of BSO without (Fig. 2(a)) and with (Fig. 2(b)) the
inclusion of SOC. Since the semimetallic Dirac cones in BSO
emerge away from the I’ symmetry point, the band struc-
tures were computed for k-paths corresponding to the bulk
(R-I'-X-M-T') as well as their projection along the (001) surface
(M-I'-X) of the anti-perovskite structure.

When SOC is not taken into consideration, the electronic
properties of BSO computed using the GGA functional show a
semimetallic nature along with a single Dirac cone appearing
below the Fermi level along the I'-X path. From the fat-band
representation shown in Fig. 2(a), it is clear that the electronic
bands appearing just above the Fermi level in bulk BSO near
the I" point have a Sn-5p character that persists when this band
moves to negative energy values along the I'-X path. When
the SOC interactions are taken into account (Fig. 2(b)), the
electronic band along the I'-X path is split into two branches;
the Sn-5p character still persists and twin Dirac cones appear

Energy(eV)

w s
T

Energy(eV)

Energy(eV)

Fig. 2 Electronic band structure diagrams of BazSnO computed (a) without and (b) with the inclusion of SOC. The band structures are computed along
the (c) R—-I'-X-M-TI" and (d) M-I'-X k-paths to capture the behaviour of the electronic bands in the bulk Brillouin zones and their projection along the
(001) surface. For comparing the effect of SOC on bands along the M—I" and I'-X k-paths of the (001) surface, fat-band representation is used where the

size of symbol indicates the contribution of the Sn-5p states.
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below the Fermi level. This clearly shows the robustness of the
Dirac cones of BSO in the presence of SOC, which may provide
opportunities for band engineering this semimetal.®* It is also
interesting to note that a small splitting of the bands along the
R-TI' (M-T') path of the bulk (surface) Brillouin zone is also
achieved in both the conduction and valence bands. Our
calculated band structures are in good agreement with those
of recent studies carried out using the GGA parameterization
scheme;'* however, the magnitude of the band splitting along
the R-T" (as well as the M-T') k-path is slightly smaller than the
that computed using msBJLDA.®* It is worth pointing out here
that despite the variations in the size of the overlap obtained
using different DFT functionals,”® earlier DFT studies performed
using GGA,"* HSE,"” and mBJLDA® as well as a tight-binding
model® also showed twin Dirac cones for this semimetal appearing
along the I'-X k-path.%® Finally, comparison of the electronic band
structures shown in Fig. 2 with topological insulators like CSO*® and
CasPbO (CPO)' also confirms the twin Dirac cones and the TDS
nature of this compound.

To further explore the contribution of different electronic
states of Ba, Sn and O in the electronic band structure of BSO
around the Fermi level, we computed the total density of states
(TDOS) and projected density of states (PDOS) for BSO, which
are shown in Fig. 3. A comparison of the plots shown in Fig. 3
also confirms a weaker SOC in BSO, which results in only slight
changes in the overall DOS profiles. It is also evident that for
calculations performed both without and with the inclusion of
SOC, the TDOS at the Fermi level is non-zero, indicating a
mixing of the cation and anion states at the Fermi level that
results in a semimetallic band structure. Irrespective of the
inclusion of SOC, Fig. 3 reveals that the upper valence band of
BSO is mainly composed of Sn-5p states with a minor contribu-
tion coming from Ba-5d states. Within the —2 eV to —5 eV
energy range, on the other hand, the contribution of O-2p states
dominates the PDOS. It is interesting to note that within this
energy region, the Ba-5d states have a more pronounced con-
tribution compared with the Sn-5p states. From the conduction
band PDOS of BSO shown in Fig. 3, it is clear that the Ba-5d
states dominate the energy bands located above the Fermi level.
Interestingly, the second prominent contribution above the
Fermi level is due to Sn-5p states, while the contribution of
the Ba-6s states is negligible. Overall, in the vicinity of the
Fermi level an inverted contribution of the Ba-5d and Sn-5p
states in the valence and conduction bands, respectively, is
evident, confirming the band overlap observed in Fig. 2.

3.3. Metallic bonding and ionic binding properties of pristine
Ba;SnO

For the whole PDOS energy range shown in Fig. 3, one cannot
see any contribution of Ba-6s states in either the conduction or
valence band states of BSO. This clearly indicates the departure
of Ba from its usual electronic configuration (i.e., [Xe]5d°6s®)
according to the aufbau principle to become [Xe]5d*6s° in BSO
by both promoting electrons from Ba-6s to Ba-5d states and loss
of electrons due to the +2 oxidation state (see the computed
partial charges below). Since these electrons are subsequently
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window of —4 eV to 4 eV around the Fermi level. Results computed
without (black dashed lines) and with (red solid lines) the inclusion of SOC
are shown.

predominantly donated to the surrounding Sn*~ and 0>~
anions to form ionic binding, we can see the dominance of
the Ba-5d, Sn-5p and O-2p states around the Fermi level. In
order to obtain a quantitative assessment of the ionic nature
between the cations and anions in pristine BSO, we computed
the Bader charges® for Ba, Sn and O atoms, which are found to
be 1.146 e (1.149 €), —1.990 (—1.998 ¢) and —1.442 e (—1.442 e),
respectively, from calculations performed with (without) the
inclusion of SOC. It is clear that SOC brings about a small
change in the effective Bader charges of only Ba and Sn atoms,
which is in accordance with the small variation observed in the
DOS plots upon introducing SOC.

Earlier theoretical studies of anti-perovskites like CSO, SRO
and CPO'" have frequently shown that a smaller band overlap
of the A atom’s d states and the B atom’s p states is responsible
for their topological crystalline insulator classification'' com-
pared with the semimetallic BSO."> Although the electronic
properties presented in Fig. 2 and 3 confirm the semimetallic
nature of BSO, it is intuitive to compare the differences in the
bonding properties of A;BO anti-perovskites to elucidate
further the differences in their electronic structures. This is
particularly important in view of the fact that the polar layered
perovskite-like structures (made up of [AB]*~ and [A,0]*" layers
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in the A;BO anti-perovskite along, e.g., the [001] direction) give
rise to unusual physical and chemical properties.®>®® The
proximity of the calculated Bader charges to the charge states
of Ba®>", Sn*~ and O*>" already shows that the Ba- - -O binding is
more ionic in nature compared with the Ba---Sn binding.
On the other hand, comparison of the Bader charges for BSO
with the those reported for Ca (1.302 e), Sn (—2.380 e) and O
(—1.542 €) in CSO at the PBE GGA level®® clearly indicates the
difference in the binding character within the AB and A,O
layers of CSO and BSO. Therefore, the binding properties inside
and among the AB and A,O layers might be responsible for the
size of the band overlap that results in the insulating and
semimetallic character of the band structure. Since the binary
competing phases CaSn and BaSn of CSO and BSO, respec-
tively, are already known to be metallic in nature,’>®” it can
further be inferred that the degree of metallic bonding in the
AB layer of A;BO anti-perovskites should relate to the size of the
band overlap. In order to examine the role of metallic bonding
on the size of overlap within the AB and A,O layers of CSO and
BSO, we computed the electron localization functions (ELFs) for
these two compounds, which are presented in Fig. 4(a and b).
As the ELF values can be directly linked with the metallic
bonding,’®®® the ELF profiles of the metallic interaction
between the Sn atoms in CSO and BSO are also shown in
Fig. 4(c). It is clear from Fig. 4(a and b) that the A.--Sn and
A---O binding in both CSO and BSO is ionic (no chemical
bonding is present). Moreover, larger ELF values at the Ca and
O sites for CSO confirm a relatively stronger ionic binding
evident from the Bader charges. Although both the CaSn layer
of CSO and the BaSn layer of BSO show metallic bonding
(i.e., 0.7 < ELF value < 0.2) between the Sn atoms,®® it is
interesting to note from the ELF profiles (Fig. 4(c)) that midway
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between the two Sn atoms in an AB layer and two Ca/Ba atoms in an
A0 layer the metallic bonding between the Sn atoms in CSO is
slightly larger. This indicates that the smaller interaction between
the two Sn atoms in BSO results in a larger contribution of the Sn-5p
states above the Fermi level. As a consequence, a larger band overlap
is observed in BSO, which is responsible for giving this material a
semimetallic band structure.

3.4. Formation energies of vacancy defects in Baz;SnO

Vacancy defects play a crucial role in determining the physical
properties of solid-state materials. As mentioned earlier, non-
stoichiometric anti-perovskites show promising magnetic
properties in their undoped forms that originate from the
presence of intrinsic vacancy defects.”®*® 1t is, therefore, intuitive
to examine the magnetism in BSO introduced by the presence of
vacancy defects. On the other hand, the robustness of the Dirac
cones against SOC may be exploited by controlled incorporation
of intrinsic vacancy defects in BSO for tuning its electronic
bands.®" For the supercells of BSO with intrinsic vacancies,
we first evaluate the thermodynamic stability of three possible
charge-neutral vacancy defects (V§,, V2, and V3) by computing the
defect-formation energies. It is worth pointing out here that
charged vacancy defects in perovskite-like materials exhibiting
an insulating band structure are commonly studied to evaluate
the relative stability of all possible vacancy defects. However, the
semimetallic nature of the electronic band structure shown in
Fig. 3 clearly suggests that BSO is unlikely to possess charged
vacancy defects.”® In the present study, we computed the defect-
formation energies, ETZ’], of charge-neutral vacancies (Z = Ba, Sn
or O) using the relation”

EZ°] = E{Z°] — E{B5SnO] + 1 (15)
A 'T=—— Ba,;Sn0 % 2 % &
o8 ====+ CazSnO
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Fig. 4 Comparison of the electronic localization functions (ELFs) corresponding to AB layer (top panels) and A,O layer (bottom panels) in pristine (a)
CazSnO and (b) BasSnO. (c) Shows the ELF profiles of the metallic interaction between the Sn atoms in CazSnO (dashed lines) and BazSnO (solid lines),
which are evaluated along the black and green lines indicted in (a) and (b). The relationship between the black and green lines used for ELF profiling can
be understood from the crosses in (a) and (b) or the lines shown in the insets of (c).

24884 | Phys. Chem. Chem. Phys., 2021, 23, 24878-248091

This journal is © the Owner Societies 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cp03989j

Open Access Article. Published on 18 October 2021. Downloaded on 12/6/2025 3:28:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

where E.[2°] and E{B;SnQ] are the minimum total energies of
a BSO supercell with a charge-neutral vacancy and pristine BSO,
respectively. The last term in eqn (15), puz = (1525 + Auy),
represents the atomic chemical potential of the vacancy atom Z,
which varies according to points A, B, C, D and X within the
thermodynamic stability region of BSO displayed in Fig. 1.
Since the incorporation of vacancy defects in BSO can lead to
a magnetic state, we first determine the energetically stable
(i.e., AE = Ensp — Esp) electronic structure of supercells of BSO
with a vacancy by performing spin-polarized (SP) and non-spin-
polarized (NSP) calculations. For all the vacancy defect cases
considered here, the energetically stable system is subsequently
used for obtaining E.[2°] in eqn (15). From Table 3 it is evident
that for the supercells containing V§, and V&, Ei[Z°] can be set
equal to both Exsp and Ey,Z°] because an energy difference in
the range of 1 meV per atom between SP and NSP calculations
is insignificant compared with the precision of modern DFT
codes and has a negligible influence on the formation energies
discussed here.*® On the other hand, Table 3 clearly shows that
E.«[Z°] = Egp for the case of a BSO supercell with V9. It is worth
mentioning here that the physics governing the emergence of
magnetism in d® compounds is complex compared with con-
ventional magnetism in transition metal- and rare-earth-based
systems. In the backdrop of the debates concerning the origin
of magnetism in undoped d° systems such as LaAlO;/SrTiOs,
Zr0O, and SnO,,”'”’* the past decade has seen a number of
studies confirming the emergence of ferromagnetism in A;BO
anti-perovskite materials.>*>° For instance, a recent study by
Arras et al.*® has shown that vacancy concentration and order-
ing have a significant impact on the stability of ferromagnetism
in undoped anti-perovskites SSO. It is, therefore, important to
examine the influence of oxygen-vacancy ordering on the
ferromagnetism in BSO. In the present study, we also simulated
an oxygen vacancy inside a 3 x 3 x 3 supercell of BSO, which
corresponds to a 3.704% vacancy concentration. The reason for
using 2 x 2 x 2 and 3 x 3 x 3 supercells in the present work is
that they allow an ordered distribution of oxygen vacancies
to be tested and avoid disordered distribution (e.g., in the
2 x 2 x 3 supercell), which requires low-symmetry crystal
structures. Our results confirm the persistence of ferromagnet-
ism in oxygen-deficient BSO as the distance between two V)
vacancies increases from 11.018 A in the 2 x 2 x 2 supercell to
16.527 A in the 3 x 3 x 3 supercell. In addition to confirming
the ordered distribution of oxygen vacancies in BSO, we also
examined the influence of magnetic ordering of the O vacancy
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Fig. 5 Calculated defect-formation energies of neutral intrinsic vacancies
VEa V2, and V& in BasSnO at the points defined in Fig. 1.

sites in BSO by computing the energy difference between
ferromagnetic (SP) ordering and anti-ferromagnetic ordering.
This is done by considering two oxygen-vacancy-containing
2 x 2 x 2 supercells of BSO stacked along the [001] direction
such that the magnetic moments at the VJ site may be aligned
parallel or anti-parallel to each other.’® The calculated energy
difference between parallel (Esp) and anti-parallel (Esp.arm)
ordering is found to be 163.361 meV, which shows that parallel
alignment of the magnetic moments is energetically stable
compared with both NSP and anti-ferromagnetic order. This
robustness of ferromagnetism in O-vacancy-containing BSO
can be ascribed to the larger band overlap in this system
compared with CSO and SSO.

Fig. 5 displays the calculated defect-formation energies for
Via, V&, and V9 vacancies in BSO at the stability points shown
in Fig. 1. For points A and B, both VZ, and V) have low defect-
formation energies, indicating the stability of anion-vacancy
defects in BSO under Ba-rich growth conditions. Although both
Sn and O vacancies are equally likely to exist in BSO at point A,
Fig. 5 clearly shows that charge-neutral oxygen vacancies having
ETO"] = 1.043 eV per defect are the most dominant form of
point defect in BSO at point B. The thermodynamically favour-
able situation for V3 in BSO also persists for points X and C;

Table 3 Relative changes (in %) in the 1 and 2" NN distances between Ba-, Sn- and O-vacancy-containing 2 x 2 x 2 supercells of BazSnO with respect
to the NN distances in the pristine unit cell. The atomic species NN to the vacancy site are indicated inside the parentheses. The energy differences
between spin-polarized and non-spin-polarized calculations, AE (meV), and the total and interstitial magnetic moments (in ug) inside the supercell

computed using spin-polarized calculations are also shown

Relative change in the NN distance from vacancy site (in %)

Vacancy Energy difference Total (interstitial) magnetic
in BazSnO 15 NN 2" NN AE = Exsp — Esp moment MMy (MM;)

Via 5.66 (O x 2) —5.96 (Ba x 4), 3.72 (Sn x 8) —0.42 0.00 (0.00)

Ven 2.62 (Ba x 12) —0.44 (O x 8) —0.200 0.00 (0.00)

Vo 5.56 (Ba x 6) —0.40 (Sn x 8) 163.44 1.10 (0.91)
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however, Vg, is the most thermodynamically stable form of
vacancy defect in the O-rich/Ba-poor chemical environment.
A comparison of all the calculated defect-formation energies in
Fig. 5 indicates that Vg, and V9 are likely to exist in BSO for
a wide range of its chemical stability compared with V2.
However, at the nominal chemical environment (point X) for
obtaining BSO without the precipitation of any of its competing
phases, V3 has a defect formation energy that is still ~0.3 eV
per defect less than the defect-formation energy of Vg,. Since SP
simulations for the O-vacancy-containing supercell of BSO lead
to the most energetically stable electronic structure, it is
evident that the increased likelihood of V§ to occur at point X
is due to the exchange energy.

3.5. Structural, magnetic and binding properties of vacancy-
defect-containing Ba;SnO

In the pristine unit cell of BSO, the GGA-optimized distance
between a Ba atom and its two 1% nearest neighbour (NN) O
atoms is 2.754 A. On the other hand, four Ba and eight Sn
atoms form 2”9 NN positions to a Ba atom, which are all located
3.895 A away. For the case of the Sn atom, twelve Ba atoms and
eight O atoms are 1% and 2" NNs that are located at distances
of 3.895 A and 4.771 A, respectively. From the above, it is clear
that six Ba atoms are coordinated octahedrally with each O
atom located at a distance of 2.754 A, while eight Sn atoms
located 4.771 A away are 2"? NNs to each O atom. As soon as an
intrinsic vacancy defect is introduced in BSO, the atoms sur-
rounding the vacancy site are displaced from their ideal atomic
positions in the anti-perovskite lattice to compensate for the
missing ion. After geometry optimization, we computed the
relative changes (in %) in the 1°* and 2™! NN atoms of vacancy
sites in BSO with respect to their pristine limits, which are
presented in Table 3. It is evident that the 1°* NN atoms move
away from the vacancy site in all cases, while the 2"* NN atoms
are drawn closer to the vacancy site. However, for the case of the
2"Y NN Sn atoms of a vacant Ba site one can see a displacement
towards the vacancy site owing to the opposite charge states of
Ba and Sn in pristine BSO. It is also interesting to note from
Table 3 that the displacement of O and Ba atoms, respectively,
near Vg, and Vg, is larger compared with the displacement of
the Ba atoms near Vg,, indicating stronger ionic binding
between Ba and O.

Comparing the results of SP and NSP simulations, we find
that geometry optimization leads to similar atomic positions.
This can be attributed to the fact that repositioning of the
atomic species surrounding a vacancy site is mainly influenced
by the elimination of Coulomb interactions. This is also evident
from the outward (inward) movement of the 1°° (2"%) NN atoms
having a charge state that is opposite to the charge state of the
vacant atomic site. However, spin-polarization shows a notice-
able influence on the calculated total energy in the V3
-containing supercell of BSO. Owing to the above-mentioned
reasons, the magnetic properties, electron localization func-
tions (ELFs) and electronic properties of all the BSO supercells
with vacancies were computed using SP simulations along with
SOC. The energetic stability of the SP simulations for the BSO
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supercells with V3 can be attributed to the unpaired electronic
charges at the vacancy site and contributions from Ba-5d due to
repopulation of the charge previously donated to O, which give
a net magnetic moment of 1.10 up. For the case of the Sn
vacancy, on the other hand, no net magnetic moment is
obtained in the SP simulations. From Table 3 it is evident that
the energetically stable magnetism in the BSO supercell with V3
is mainly caused by the magnetic moment in the interstitial
region. In order to identify the origin of this large interstitial
magnetic moment, we compare the relative changes in the
Bader charges of the atomic species surrounding the vacancy
sites, as given in Table 4. For the case of O and Sn vacancies, the
Bader charges for nearby Ba atoms are found to be 1.017 e and
1.129 e, respectively. Since the Bader charge of the 1°* NN Ba
atom of a vacant O site is significantly smaller (i.e., a large
negative value in Table 4) compared with its bulk value, it is
clear that the missing O in the BSO supercell results in
unpaired electronic charge in the interstitial region between
the Ba atoms and the vacant O site. Since the electronic charges
shared by a Ba atom with its surrounding anions have 5d
character, the local repopulation of these states due to the
introduction of oxygen vacancies results in occupation of spin-
up Ba-5d states, which gives rise to a net magnetic moment.
To understand the differences in the redistribution of
charges in the Ba-5d states upon creation of Sn and O vacan-
cies, we computed their ELFs, which are presented in Fig. 6. In
addition, the spin-dependent charge-density profiles at the
vacancy site for the selected paths are also shown in Fig. 6,
which allow us to identify the charge contribution for the ELF at
the vacancy sites. It is worth pointing out here that the Sn-Vg,
-Sn, Sn-Vg,-Sn and Ba-V3-Ba paths for spin-dependent
charge-density profiles are selected based on the fact that the
largest relative changes in the Bader charges are observed for
Sn, Sn and Ba atoms, respectively, in Table 4. Since a Ba atom is
the 15 NN to both Sn and O atoms, the introduction of Vg, in
the BSO supercell causes the ELFs to change in both the BaSn
and Ba,O layers. It is clear from Fig. 6(a) that the ELFs of both
Sn and O atoms near a Ba vacancy are modified compared with
the ELFs of the BaSn and Ba,O layers of pristine BSO (Fig. 4(b)).
Interestingly, introducing Vg, in BSO causes a large reduction
in the metallic interaction among the Sn atoms. This is in
complete conformity with the large relative decrease (—6.78%)
of the Bader charge for a Sn atom located near the Ba vacancy
site (Table 4). However, one can see that there is no difference
between the spin-up and spin-down charge-density profiles at

Table 4 Relative changes (in %) in the Bader charges of the atoms located
near the Ba, Sn and O vacancy sites in 2 x 2 x 2 supercells of BazSnO with
respect to the Bader charges of the same atomic species in a pristine unit
cell

Relative change in the Bader charge (in %)

Vacancy in BazSnO Ba Sn o

Vga 0.27 —6.78 —1.08
Ven 1.48 2.97 0.27
Vo —11.26 0.41 —0.86
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the Vg, site, in accordance with the non-magnetic behaviour of
this vacancy defect.

Contrary to the case of the Vi,-containing BSO, changes in
the ELF for V¢, or V3 in BSO are only prominent inside the BaSn
or Ba,O layer, respectively. When a charge-neutral Vg, is
introduced in BSO, a large ELF value (i.e., ~1) at the Sn vacancy
site of the BaSn layer (Fig. 6(b)) is obtained along with slight
elongation of Ba atom’s ELF towards the vacancy site. Since an
equal contribution for the spin-up and spin-down charge
densities is evident from the charge-density profile at the Vg,
site (Fig. 6(b)), it is clear that the large ELF is mainly caused by
the charges contributed by the Sn and Ba atoms (see Table 4).
From Fig. 6(c), it can be seen that introducing V9 in BSO results
in a low ELF value (i.e., ~0) at the vacant O site, together with
larger protrusions in the ELF of the Ba atoms towards the
vacancy. Since an ELF value of ~0 can indicate the presence of
unpaired electrons, it is clear that the introduction of Vg in BSO
results in the accumulation of charges between Ba atoms
surrounding the vacancy site. As Table 4 clearly shows that

This journal is © the Owner Societies 2021

the largest relative change in the Bader charge for a V3 vacancy
is achieved for the nearby Ba atoms, comparison of the spin-
dependent charge-density profiles along the Ba-V3-Ba paths
confirms the unpaired spin-up charge in the region between
the Ba atoms. This is in accordance with the large contribution
of the interstitial magnetic moment to the net magnetic
moment, which results in a magnetic ground state for an
isolated V)-containing BSO. Our analysis unequivocally shows
that the Ba vacancy has no electron density, while the O vacancy
accepts one electron and the Sn vacancy accepts two electrons.
We attribute these donations of electrons to the vacancy to the
fact that it is favorable for the neighboring Ba atoms to lose
these electrons and keep their ionic nature and binding as in
pristine BSO. It also indicates that the largest change in the Ba
Bader charge is for the O vacancy (see Table 4).

3.6. Electronic properties of vacancy defects in Baz;SnO

To understand the influence of the isolated intrinsic vacancy
defects on the electronic properties of BSO, we compare the
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electronic density of states for the vacancy-containing super-
cells in Fig. 7. The TDOS clearly shows that only the introduc-
tion of a Ba vacancy causes the electronic bands that are mainly
composed of Sn-5p states to shift above the Fermi level. More-
over, in the two spin channels shown in Fig. 7(b) one can see a
similar nature in the spin-up and spin-down channels. For the
case of the Sn vacancy, on the other hand, the unoccupied Ba-
5d states of pristine BSO become partially occupied and are
relocated below the Fermi level. Compared with bulk BSO, it is
interesting to note that both the Sn-5p and Ba-6d states equally
dominate the DOS around —0.5 eV for a V&,-containing super-
cell of BSO. In addition, the Ba-5d states appearing below the
Fermi level are seen to be separated from the main bulk-like
conduction bands. This is contrary to the case of tin vacancies
in CazSnO*® and can mainly be attributed to the fact that BSO
has a larger band overlap compared with other members of this
anti-perovskite family.'” This, together with the increase of the
Bader charges (Table 4) for Ba and Sn atoms near the tin
vacancy, clearly suggests that equal amounts of spin-up and
spin-down charges are contributed by a strong mixture of
5p and 5d states of neighboring Sn and Ba atoms of a Sn
vacancy site.

From Fig. 7(e and f), it is evident that the electronic density
of states for the two spin channels of a Vg-containing supercell
of BSO are different. A close inspection of the PDOS plots
shown in Fig. 7(f) shows that Ba-5d and O-2p states contribute
almost equally in the spin-up channel of the valence band.
These contributions are in stark contrast with the PDOS plots of
pristine BSO shown in Fig. 3 where only the Sn-5p contribution
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is dominant. On the other hand, the contribution of Ba-5d
states in the same energy region of PDOS is slightly reduced in
the spin-down channel and shows no significant contribution
coming from the O-2p states. It is also clear from Fig. 7(f) that
there is a noticeable difference of the contribution of the Ba-5d
state for both spin-up and spin-down channels that are located
below the Fermi level. In addition, the contribution of O-2p
states in the conduction band is found to be shifted closer to
the Fermi level in the spin-down channel. Since the contribu-
tions of Ba-5d states and O-2p states above the Fermi level are
also spin-polarized, it can be inferred that the electronic charge
responsible for the interstitial magnetic moment near Vg in
BSO also causes the depletion of charges from the oxygen
atoms bound with these Ba atoms. The difference in the PDOS
plots of Fig. 7(f) are in agreement with the calculated changes
in the Bader charges (Table 4) discussed above, which showed
that introducing Vg in BSO causes the Ba atom to retain some
of its charge with 5d character in the vacancy region that
appears as a highly non-spherical ELF with large lobes pointing
towards the vacancy site (see Fig. 6(c)). Referring back to
Table 4, one can see that the oxygen atoms neighboring the
Ba atoms around the VJ also show small changes in their Bader
charges. In order to see how these affect the introduced
magnetism we computed the 3D spin-density isosurface
(Fig. 8(a)) and the Ba,O layer 2D spin density (Fig. 8(b)) of
Vd-containing BSO. It is clear that the spin-polarization is
mainly located in the region between the Ba atoms in the
oxygen-vacancy site. Moreover, Fig. 8(a) shows an opposite spin
density at the nearest oxygen sites. The major contribution to

a4
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Fig. 7 Total and partial electronic density of states (DOS) for Ba- (a and b), Sn- (c and d) and O-vacancy-containing (e and f) supercells of BSO for spin-
up (top panel) and spin-down (bottom panel) channels. The Fermi level is set at O eV and is represented by the dashed line.
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Fig. 8 (a) 3D spin-density isosurfaces for a V3-containing supercell of
BazSnO. Ba, Sn and O atoms are represented by black, green and red
spheres, respectively. The accumulation and depletion of electrons are
represented by yellow and turquoise regions, respectively. (b) 2D spin-
density plot corresponding to the V&-containing Ba,O layers shown in (a).
For both (a) and (b) the spin-density differences in the range from
—0.01 e A3 to +0.01 e A= are displayed.

the total magnetic moment of V3-containing BSO coming from
the interstitial region is also confirmed. Since our calculated
defect-formation energies (Fig. 5) clearly indicate V§ to be the
dominant form of intrinsic vacancy defect in BSO, it is clear
that magnetism in this semimetal can be experimentally
induced by controlling the oxygen-vacancy concentration.””
Moreover, manipulation of the Dirac cones in the vicinity of
the Fermi level may be realized through intentional incorporation
of intrinsic vacancy defects under various growth conditions
(ie., Ba-rich and Ba-poor) owing to their strong robustness against
SOC caused by the large band overlap in BSO.'>*"

4. Conclusions

In this study, the thermodynamic stability of pristine and
intrinsic vacancy-defect-containing topological Dirac semimetal
BSO is studied using all-electron density functional theory
calculations. The calculated thermodynamic properties indi-
cate that BSO can be synthesized with respect to its competing
binary phases Ba,Sn, BaSn and BaO under a predominantly
barium-dominated chemical environment. The electronic band
structure of pristine BSO is found to be influenced by spin-
orbit coupling and displays semimetallic character consisting
of twin Dirac cones along the I'-X direction below the Fermi
level. In order to elucidate the factors responsible for the
emergence of the Dirac semimetal phase in BSO, we make
use of the electronic density of states, effective Bader charges
and electron localization function. We show that the contribu-
tion of the Ba-5d and Sn-5p states in the valence and conduc-
tion bands, respectively, is inverted in the vicinity of the Fermi
level. Compared with the electronic structure of Ca;SnO - a 3D
topological insulator - the ELF and effective Bader charges
computed for bulk BSO indicate that a smaller metallic inter-
action between two Sn atoms in a BaSn layer results in
significant contribution of the Sn-5p states above the Fermi
level. Consequently, a larger band overlap is achieved in BSO,
which is responsible for giving this quantum material a semi-
metallic band structure. Motivated by the observation of

This journal is © the Owner Societies 2021
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ferromagnetism in the undoped 3D topological insulator
Sr;Sn0O in earlier experimental studies,>®>” we systematically
examined the possibility of realizing a magnetic state in
undoped TDS BSO by means of introducing charge-neutral
intrinsic vacancy defects in a supercell configuration. Using
valid limits of the atomic chemical potentials derived from the
thermodynamic stability diagram, we compared the relative
stability of Ba, Sn and O vacancy defects in BSO. The calculated
defect formation energies clearly show that charge-neutral
oxygen vacancies are the most favourable type of vacancy defect
in BSO. Moreover, our calculations show that spin-polarized
calculations with a parallel alignment of spins for the oxygen
vacancy in BSO give the most energetically stable system. Our
analysis has revealed that among the three formally neutral
isolated intrinsic vacancies in BSO, only V3, results in a vacancy
site without electron density. On the other hand, O- and
Sn-vacancy-containing BSO receive electronic charges from the
surrounding Ba atoms. However, only O-vacancy-containing BSO
is found to be magnetic, while Sn-vacancy-containing BSO is non-
magnetic. Our results show that the magnetism in V3-containing
BSO originates from the accumulation of spin-up electrons at the
oxygen vacancy sites that are strongly coupled with the 5d states of
the neighboring Ba atoms. Since earlier theoretically predicted
magnetic TDSs have been found to show structural metastability
and/or complex magnetic ordering in experiments, magnetism in
BSO originating from the presence of isolated oxygen-vacancy
defects could prove useful in realizing magnetic TDSs for future
technological applications.
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