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One of the most fundamental phenomena and a reminder of the electron’s relativistic nature is
the Rashba spin splitting for broken inversion symmetry. Usually this splitting is a tiny
relativistic correction. Interfacing ferroelectric BaTiOs and a 5d (or 4d) transition metal oxide
with a large spin-orbit coupling, Ba(Os,Ir,Ru)O3, we show that giant Rashba spin splittings
are indeed possible and even controllable by an external electric field. Based on density
functional theory and a microscopic tight binding understanding, we conclude that the electric
field is amplified and stored as a ferroelectric Ti-O distortion which, through the network of

oxygen octahedra, induces a large (Os,Ir,Ru)-O distortion. The BaTiOs/Ba(Os,Ru,Ir)O;
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heterostructure is hence the ideal test station for switching and studying the Rashba effect and

allows applications at room temperature.

1. Introduction

An electric field control of the spin degree of freedom is the key to spintronics and
magnetoelectrics.!” In the prototypical spintronic device, the Datta-Das spin transistor,”” an
electric field tunes the Rashba spin splitting and with that the spin precession frequency. The
precession in turn controls the spin polarized current between two ferromagnetic leads.
Microscopically, the Rashba spin splitting originates from the spin orbit coupling (SOC) in a
two dimensional electron gas (2DEG) with broken inversion symmetry perpendicular to the

¢ semiconductor and oxide

2DEG plane.B# It has been observed for metal surfaces,”™
heterostructures,”?! and even in polar bulk materials." The Rashba effect splits parabolic
bands into two subbands with opposite spin and energy-momentum dispersions
E*(k)=(h’k?)/2m"+ark|. Here, m" is the effective mass, k the wave vector in the 2DEG plane,
and ar the Rashba coefficient which depends on the strength of SOC and inversion
asymmetry. An electric field modulates this inversion asymmetry and consequently the
Rashba spin splittings. The electric-field induced change of ar is however very weak: up to

8-10

102 eVA in semiconductor” or 3d transition metal oxide heterostructures.’®'! A large, electric-

field switchable Rashba effects are also much sought-after in the research area of topological
insulators.*¢!
Giant Rashba effects with oz of the order of 1eVA have been reported for metal surfaces,  Bi

13181 The large ax here relies on the surface or

adlayers'” and bulk polar materials BiTel.'
interface structural asymmetry, which hardly changes in an external electric field. To enhance
the tunability by an electric field, Di Sante et al. """ hence suggested a ferroelectric

semiconductor GeTe and Kim et al. ® an organic-inorganic hybrid metal. For GeTe, an

external electric field switches between paraelectric and ferroelectric phase, breaking
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inversion symmetry and tuning on the Rashba spin splitting. At first glance, this perfectly
realizes an electric field control of a giant Rashba effect. However, there is an intrinsic
difficulty: A single material cannot be both, a conductor with large Rashba spin splitting and a
ferroelectric which necessarily is insulating.

In this letter, we propose to realize a giant switchable Rashba effect by heterostructures
sandwiching a thin metallic film of heavy elements in-between ferroelectric insulators, see
Figure 1. The thin film provides a 2DEG with strong SOC, while the inversion asymmetry is
induced by the structural distortion of the ferroelectrics which is switchable by an electric
field. As prime examples, we study heterostructures of transition metals oxides,
Ba(Os,Ir,Ru)0s/BaTiO;. BaTiOs is a well-established ferroelectric.” It has a simple high-
temperature perovskite structure, with Ba atoms at the edges, a Ti atom at the center and the O
atoms at the faces of a cube. Such a structure has an inversion symmetry center at the Ti site.
At room temperature, inversion symmetry is broken since a ferroelectric structural distortion
occurs with a sizable Ti-O displacement zr.o along one of the cubic axes. BaOsO; has been
recently synthesized; it is a metallic perovskite with four Os 5d electrons and no sign of
magnetism."*” It has a perfect lattice match with BaTiOs. Both materials have the same cation,
Ba, which will substantially reduce interfacial disorder during epitaxial growth. For
Ba0s0s/BaTiO; we find an electric-field switchable Rashba spin splitting which is at least
one magnitude larger than the current experimental record.”® The mechanism behind is
nontrivial and summarized in Figure 1. Substituting BaOsO3; by BalrO; and BaRuO3 yields a
similar, even somewhat larger effect; the heterostructure can also be further engineered by
varying its thickness and strain.

2. Method
We use density-functional theory (DFT) with generalized gradient approximation (GGA)

potential®' in the Vienna Ab initio Simulation Package (VASP)***! and fully relax all the

atomic positions, only fixing the paraelectric or ferroelectric symmetries. At zero temperature,
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the ferroelectric distorted perovskite has the lower GGA energy, but -as in the bulk- the
undistorted paraelectric phase will prevail at elevated temperatures.

Based on the fully relaxed atomic structures, electronic band structures are calculated with the
modified Becke-Johnson (mBJ)™*' exchange potential as implemented in the Wien2k code,®”
which improves the calculated bandgap of BaTiOs. The SOC is included as a perturbation
using the scalar-relativistic eigenfunctions of the valence states. Employing wien2wannier, '*®
we project the Wien2k bandstructure onto maximally localized Wannier orbitals,”’ from
which the orbital deformation is analyzed and a realistic tight binding model is derived.**"
We also vary the thickness of the thin films, replace the BaOsO; by BaRuO; or BalrOs;, and
simulate the strain effect by fixing the in-plane lattice constant to the value of a SrTiO;
substrate. Correlation effects from a local Coulomb interaction are studied in the

Supplementary Material.

2. Results and discussion

2.1. Paraelectric phase

We first consider a (BaOsOs):/(BaTiO3)4 heterostructure which consists of one BaOsOs3 layer
alternating with four BaTiO; layers. Bulk BaTiOs is a d° insulator: the empty Ti 3d states lie
about 3eV above the occupied O 2p states. Bulk BaOsOs is a d* metal: four electrons in the Os
5d orbitals of t,, character are 0.8eV above the filled O 2p states. Since BaOsO; and BaTiO;
share oxygen atoms at the interface, the O 2p states align; and the Os 5d states will stay in the
energy gap of BaTiOs. Hence, the DFT calculated band structures of BaOsO3/BaTiO; in
Figure 2 shows three Os t,y (Xy, yz, xz) bands near the Fermi level; they are dispersionless
along the z direction (not shown). That is, the low energy electronic degrees of freedom are
confined by the insulating BaTiO; layers to the OsO, plane, forming a 2DEG. Already in the
high temperature paraelectric phase, this heterostructure confinement reduces the initial cubic
symmetry of the Os ty, orbitals in the bulk perovskite: At I" the xy band in Figure 2(a) is 1.2eV

lower in energy than the degenerate yz/xz bands. Including the SOC, the yz/xz doublet splits
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into two subbands with mixed yz/xz orbital character, see Figure 2(b). For the paraelectric
phase of Figure 2(a-c), the spin degeneracy is however still preserved.

To better understand the DFT results, we construct an interface hopping Hamiltonian Hy' for
the 2DEG confined Os t,, electrons by a Wannier projection.®®*"! The energy-momentum
dispersion for the xy orbital is e(k)¥=-2t,cosk,—2ticosk,—4tscosk.cosk,, while that of the yz is
e(ky*=—2t,cosk.—2t,cosk, (e(ky” is symmetrically related by ). The largest hopping t;=0.392eV
is along the direction(s) of the orbital lobes, t,=0.033eV and t;=0.094eV indicate a much
smaller hopping perpendicular to the lobes and along (1,1,0), respectively. The xy—yz/xz
orbital splitting at I' is 2t;—2t,+4t;=1.1eV and arises from the anisotropy of the orbitals.
Overall, the three parameter tight binding model in Figure 3(a) (dashed line) is consistent
with DFT in Figure 2(a). Next, we include the atomic SOC Hamiltonian H:=El's, expressed in
the t4 basis with §=0.44eV for Os. It lifts the yz/xz degeneracy and yields good agreement
with DFT, cf. Figure 3(a) (solid line) and Figure 2(b).

2.2. Ferroelectric phase

In sharp contrast to the paraelectric case, ferroelectrically distorted BaOsOs/BaTiOs; exhibits
evident spin splittings in the presence of SOC, see Figure 2(f). Note, in the absence of SOC
the DFT band structure in Figure 2 (e) is still very similar to the paraelectric case in Figure 2
(a). The spin splitting of the xy band is small around T, but strongly enhanced up to 50meV
around the xy/yz crossing region as shown in Figure 2(g), cf. Table 1. The other two subbands
of yz/xz character also show a strong splitting around I". In this respect, the upper yz/xz
subband exhibits a standard Rashba behavior, see the magnification in Figure 2(h), where the
momentum offset k)=0.043A, the Rashba energy Er=4 meV, and hence az=2Ex/ko=0.186 eVA.
The behavior of the lower yz/xz subband is more complex (distorted) due to the proximity of
the crossing region. A similar structure of the spin orbit splitting as well as a k-cubic splitting

has been reported for other t», systems before 2%,
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These spin splittings arise from ferroelectric distortions which break the inversion symmetry.
Bulk BaOsO; has no such ferroelectric distortions and is inversion symmetric with Os and O
atom in the same plane. Also for the paraelectric heterostructure, the OsO, layer is still an
inversion plane. The ferroelectric heterostructure eventually breaks inversion symmetry. As
listed in Table 1, the averaged ferroelectric Ti-O displacement in BaTiO; layers is around 0.14
A, which efficiently induces a sizable Os-O displacement of 0.05 A via the oxygen
octahedron network of the perovskite structure. This structural distortion modifies the crystal
environment of Os t,y orbitals and deforms the orbital lobes, see Figure 1.

In order to quantify the orbital deformation, we project the DFT results above onto maximally
localized Wannier orbitals and directly extract the key parameter: a directional, spin-
independent inter-orbital hopping y=(xy|H|yz(R)), were R is the nearest neighbor in x

direction. In k-space one gets as a matrix for the yz,xz,xy orbitals (independent of spin)(1)

0 0 2isink
Hy =y|0 0 2isink,
0 —2isink, 2i—sin ky
(@))

BL3236We obtain y=0.016 eV for the ferroelectric heterostructure, while for the paraelectric
case y=0 due to inversion symmetry. Let us emphasize that y is the relevant measure for the
orbital deformation and inversion symmetry breaking. In combination with the strong SOC of
OS 5d electrons, results in the present giant Rashba spin splitting.

The Hamiltonian Hy' +Hg+HYy already well describes the spin splittings of the xy orbital in
good agreement with DFT results, but underestimates the spin splittings of the yz/xz subbands
near I'. The reason for this is that the atomic SOC is not an accurate description anymore
because the SOC of Os is too strong and the deviation from the inversion symmetry too large.
Hence, we need to go beyond the purely atomic SOC and include an inversion asymmetry

correction to the SOC matrix so that Hz in the t, basis (yz|1), yz|l), xz|1), xz|1), Xy|1), Xy|1))

reads
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0 2y'sink,  iE/2 0 0 —E/2
2y'sink, 0 0 —i&/2 g2 0
—ig/2 0 0 —2y'sink, 0 iE/2
0 ig/2 —2y'sink, 0 ig/l2 0
0 /2 0 —i&/2 0 0
—£/2 0 —i&/2 0 0 0

2
For the bandstructure of Figure 3(b) we have taken y'=0.022 eV from the Wannier projection,
yielding good agreement with the DFT results Figure 2(f).
2.3. Electric-field tunability
The Rashba spin splittings can be switched and tuned by an electric field because of the
ferroelectricity of BaTiOs. It is a nature of ferroelectrics that an external electric field can
reverse the polarization and structural distortion,!”**3% including that of the BaOsO; layer.
Because of the BaOsO;s layer, the ferroelectricity of the heterostructure is not as strong as in
bulk BaTiOs; a smaller electric field than in the bulk (E=10*V/cm)®* is needed for going
through the ferroelectric hysteresis loop. Such an electric field can switch the Rashba
coefficient listed in Table 1, which are at least one order of magnitude larger than in
semiconductors'” or 3d oxide heterostructures®'®' , In particularly a recent proposal of 5d
KTaO; surfaces, where surface symmetry broken is hardly tunable, requires almost four
orders of magnitude larger electric fields of ~ 10"V/cm."*" For applications it is of particular
importance that Er in now clearly exceeds 0.025 eV, the thermal energy at room temperature.
Furthermore, we also propose to take advantage of the ferroelectric hysteresis and the remnant
ferroelectric polarization, using our heterostructure as a spintronics memory device.
By changing temperature and inducing strain (see below) one can tune the amplitude of the
ferroelectric distortion and hence the Rashba splitting. At elevated temperatures, the system is
close to a second order ferroelectric transition. In this situation, we have a paraelectric with
huge dielectric constant so that an electric field can continuously change the amplitude of the

SOC splitting.
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2.3. Heterostructure engineering

Besides applying an electric field, heterostructure engineering such as varying its thickness,
strain, crystalline orientation, and the material combination is a powerful way to tune the
Rashba spin splittings. First, we vary the thickness of BaOsO3; and BaTiOs. It is well known
experimentally and theoretically **! that below a few nanometer thickness of the BaTiOs
film, the Ti-O displacement is reduced and eventually ferroelectricity vanishes. As shown in
Table 1, when decreasing the thickness of BaTiOs; and increasing that of BaOsOs, the Rashba
spin splittings is indeed substantially reduced. Second, ferroelectricity of BaTiO3 is sensitive
to strain.*? Taking SrTiOs as a substrate provides a 2.5% in-plane compressive strain. This
enhances the ferroelectric distortion as well as Rashba spin splitting, az=0.417eVA in Table 1.
Given the giant Rashba splitting, photoemission and transport measurements should be able to
validate this effect by comparing thin films with different thickness and substrate. The same
physics is found in BalrOs/BaTiO; with az=0.731eVA, see Table 1, and in BaRuO3/BaTiO:s.
Substituting the transition metal shifts the Fermi energy and might also be preferable for
applications since some Os oxides are toxic. The BaRuO3/BaTiOj; heterostructure also offers a
platform to study the interplay of Rashba physics and electronic correlations. For instance,
novel phenomena are expected in mixed 3d-5d transition-metal materials and even without
magnetism, the correlation induced formation of local moments may lead to new SOC
splitting or its reduction.”*! Let us also note that a strong temperature dependence of the o in
SrIrO; was recently reported.!! While, in this paper we focus on ty, electrons in oxide
heterostructures along in (001) orientation, a topological behaviour was reported in (111)
oxide heterostructures “*. Hence, a nature idea and extension of the present paper is to
incorporate a ferroelectric material such as BaTiO3 in a (111) heterostructure for studying the
interplay of Rashba SOC and topology.

3 Conclusion
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We propose to combine a transition metal oxide with large spin-orbit coupling such as
Ba(0Os,Ir,Ru)Os and a ferroelectric such as BaTiO; in an oxide heterostructure for realizing
giant Rashba spin splittings that are switchable by an electric field. The physics behind is that
ferroelectric BaTiO; amplifies the electric field through a distortion (polarization) of its TiOs
octahedra. This distortion very efficiently propagates to the OsOg octahedron via the shared
oxygens, breaking inversion symmetry and deforming the Os orbital lobes. Together with the
strong SOC it leads to a giant switchable Rashba effect with, e.g., az~0.2 (0.4) eVA for
(strained) BaOsOs/BaTiO; and az~0.7 eVA for BalrOs/BaTiOs. This is at least one magnitude
larger than state-of-the-art, allowing intriguing application at room temperature. Moreover,
the ferroelectric hysteresis and remnant polarization leads to a memory effect which can be
exploited for spintronics memory devices.
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(3) orbital deformation

2DEG with
large SOC

rroelectric

Figure 1. Schematics of the mechanism behind the giant switchable Rashba effect: (1) An
external electric field is amplified and stored as a ferroelectric distortion, in particular Ti-O
displacements. (2) These displacements entail, via the oxygen octahedron network of the
perovskite heterostructure, Os-O or (Ir,Ru)-O displacements. (3) As a consequence of the Os-
O displacements the Os orbitals deform, which reflects the broken inversion symmetry. This
orbital deformation and the strong SOC of Os finally lead to a giant Rashba spin splittings

that is switchable by an electric-field.
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Figure 2. DFT calculated band structures of (BaOsO3):/(BaTiOs) » multilayers for the
paraelectric (c) and ferroelectric structure (d). The paraelectric heterostructure breaks cubic
but not inversion symmetry so that the Os xy orbital splits off from two degenerate yz/xz
orbitals without SOC (a); including SOC further lifts the yz/xz degeneracy (b). The
ferroelectric state further breaks inversion symmetry, which essentially does not change the
bandstructure in the absence of SOC (e) but leads to substantial spin splittings in the presence
of SOC (f). The spin splitting at the xy—yz crossing region is magnified in (g), while the
standard Rashba spin splitting Er with momentum offset k, around I" of the upper yz/xz mixed
orbital is magnified in (h). The two Rashba subbands have opposite spin-directions, which are
in the xy plane and perpendicular to the momentum; e.g. in (g,h) the spins are oriented parallel
and antiparallel to the y axis. For the bandstructure of Ba(Ir,Ru)O3/BaTiO; and different layer

thicknesses, see Supplementary Material.
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(b) y=0.016 eV
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Figure 3. Tight binding bandstructure of the three Os t,, orbitals for (a) the paraelectric case
with and without SOC and (b) the ferroelectric case with SOC and asymmetry parameter

y=0.016 eV taken from the Wannier projection.
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Table 1. Polar distortions and Rashba spin splittings of (BaOsOs) »/(BaTiOs),, multilayers,
alternating n layers of BaOsO3; and m layers of BaTiOs. Second and third column: averaged
displacement of Os-O and Ti-O along z as calculated by DFT. Forth column: strength of the
interface asymmetry term y obtained from the Wannier projection. Fifth to seventh column:
DFT calculated parameters characterizing Rashba effects: momentum offset ko, Rashba energy
Er, and Rashba coefficient o of the upper yz/xz subband around I' as defined in Figure 2(h).
Eighth column: spin splitting around the crossing region of xy and yz orbitals as in Figure
1(g). To demonstrate the effects of heterostructure engineering, we also list the results of
BaOs0O3/BaTiOs strained by a SrTiOs; substrate, as well as BaRuOs/BaTiO3 and

BalrOs/BaTiOs;. Band structures are given in Supplementary Material.

n:m 0s-0 (A) Ti-0 (A) y (eV) ko(AY) Er (eV) ar (eVA) ERY (eV)
1:3 BaOsOs/BaTiOs 0.038 0.065 0.011 0.025 0.001 0.08 0.031
1:4 0.049 0.103 0.016 0.043 0.004 0.186 0.053
2:3 <0.010 <0.010 0.003 0 0 - 0.004
2:4 0.024 0.071 0.010 0.035 0.002 0.114 0.018
1:3 strained 0.095 0.223 0.030 0.105 0.021 0.396 0.102
1:4 strained 0.099 0.229 0.031 0.115 0.024 0.417 0.106
1:4 BalrO4/BaTiOs 0.115 0.119 0.021 0.145 0.053 0.731 0.051
1:4 BaRuOs/BaTiO; 0.082 0.119 0.015 0.128 0.016 0.250 0.007

Supporting Information

Giant switchable Rashba effect in oxide heterostructures
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S1. Correlations, metallicity and magnetism

While the 5d orbitals are extended in space and hence only show a weak Coulomb interaction
in comparison with 3d orbitals, the strong spin-orbit coupling (SOC) might lead to a band
narrowing. This can push 5d transition metal oxide into the regime of strong correlations,
leading to spin-orbit Mott insulators.™" Such an unconventional insulator with canted
antiferromagnetism has been observed in bulk Sr,IrO, *" as well as in SrIrO;
(monolayer)/SrTiOs; multilayers.’*5 These Sr compounds exhibit a moderate IrOg octahedron
rotation which plays the key role in their insulating and magnetic behavior. In contrast, Ba
compounds are cubic-like in the absence of the octahedron rotation, and hence electronic
correlation are expected to be reduced.

To study possible correlation effects, metallicity and magnetism in Ba compounds, we
consider various magnetic configurations and perform generalized gradient approximation
(GGA) plus spin-orbit coupling (SOC) and GGA+SOC+U calculations without and with an
on-site Coulomb repulsion U=2 eV, respectively. First of all, in contrast to the case of Sr
compounds, ferromagnetic states are always energetically more favorable than
antiferromagnetic states. Since no antiferromagnetic Slater gap opens, we do not observe any
insulating behavior.

As listed in the Table S1, GGA+SOC gives very weak magnetism for bulk BaOsO3; and
BalrOs (the corresponding magnetic energy is smaller than 1meV/unit cell), and moderate
magnetic moments for BaRuQOs, in a good agreement with experimental values. In
comparison, including an on-site Coulomb repulsion U overestimates magnetism as indicated
by the large local magnetic moments. This discrepancy might arise from two possible reasons:
(i) The effect of U is smaller in Ba compounds due to the reduced IrOg octahedron rotation;

(ii) DFT+U is based on a Hartree-Fock static mean field approximation which usually
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overestimates ordering, in particular in the experimental parameter regime of small magnetic
moments. We also performed DFT+ dynamical mean field theory (DMFT) for
Ba0s03/BaTiOs, and do not find ferromagnetism, consistent with experiment and our paper.
Please note a full consideration of spin-orbit coupling and correlation in DFT+DMFT is still a
challenging topic, and we have not included the SOC in the DFT+DMFT calculation.

From the comparison with the experimental bulk results we suggest that GGA+SOC is better
suited for the Ba compounds than GGA+SOC+U. For the BaOs(Ir)Os/BaTiO; multilayers, we
also obtain always a metallic behavior. The ferromagnetic moment is very weak in
GGA+SOC, stretching the limits of what can still be resolved. For example, for
Ba0s0s/BaTiOs, the ferromagnetic solution is only 0.2 meV (corresponding to 20 K) lower in
energy than the paramagnetic one. This implies that while there might be ferromagnetism at
low temperatures, the multilayers can be expected to be paramagnetic around room
temperature. This makes BaOsO3/BaTiOs; and BalrO3/BaTiOs; ideal Rashba 2DEG systems as
stated in the main text. In contrast, for BaRuO3/BaTiO3, there is a moderate magnetic

moment, and it might be suitable for studying the interplay of magnetism and Rashba effect.

S2. DFT Bandstructures
For lack of space, we have only shown the DFT bandstructure of (BaOsQs)1/(BaTiO3) 4

multilayers in Figure 2 of the main text. We have however systematically studied (i) the effect
of changing the number of BaOsO; and BaTiOs layers, (ii) the effect of strain achieved by
growing the heterostructure on a SrTiO; substrate as well as (iii) replacing Os by Ir or Ru.
Table I of the main text summarizes the main parameters for the Rashba effect. For the four
most relevant other multilayers, we here supplement the DFT bandstructure in Figure S1 and
S2.

Figure S1(a) shows the bandstructure for two BaOsOj layers alternating with BaTiOs, instead

of a single one. Here, the Os-O displacement is reduced by a factor of two, and the Rashba
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parameters are consequently smaller but still sizable. Since the unit cell contains two Os sites,
there are 2x3 Os t,4 bands near the Fermi level. Because of the anisotropy nature of t,4
orbitals, orbital selective quantum well states will be formed: yz/xz bands exhibit a large
quantization of the energy levels, whereas xy bands exhibit a much smaller level spacing.'”
In Figures S1 (b), we show the bandstructure for a calculation where we have taken the in-
plane lattice parameters of SrTiOs, which corresponds to growing (BaOsOs) 1/(BaTiOs)4 on a
standard SrTiO, substrate. This strain substantially increase the Os-O displacement to 0.1 A
and the Os t,4 orbital deformation y to 0.03eV, leading to an even larger Rashba splitting Er=
0.417eVA which can also be seen in the DFT bandstructure of Figure S1(b).

Figure S2 show the bandstructures of BalrOs/BaTiO3; and BaRuO3/BaTiOs, for the
paramagnetic phase though for the compound ferromagnetism might possibly prevail up to
room temperature. The Rashba spin splitting for BalrOs/BaTiO3 is largest among all studied
multilayers. Qualitatively we obtain similar Rashba effects in the Os, Ir and Ru compounds,

albeit of course the filling of the bands is quite different. The different filling allows for

studying the Rashba spin splitting in the three distinct t,, orbitals experimentally.
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Figure S1: DFT bandstructure of (BaOsOs)./(BaTiO3)4 (a) and strained (BaOs0Os):/(BaTiOs3) 4

(b) for the ferroelectrically distorted structure. The strain is achieved by a SrTiO; substrate.
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Figure S2: DFT bandstructure of (BalrOs):/(BaTiOs)4 (a) and (BaRuOs3),/(BaTiOs3)4 (b)

multilayers for the ferroelectrically distorted structure.

Table S1: Local magnetic moments of bulk BaOs(Ir,Ru)O; and BaOs(Ir,Ru)Os/BaTiO;
multilayers. Our DFT+ dynamical mean field theory (DMFT) calculations also find BaOs

O3/BaTiOs; is paramagnetic.

BaOsO; BalrOs BaRuOs BaOsOs/ BaTiOs  BalrOs/ BaTiOs BaRuOs/ BaOsOs
Experiment Paramagnetic’s¥ 0.031% 0.8t%¢ - - -
GGA+SOC 0.06 0.01 1.14 0.029 0.061 0.988
GGA+SOC+U 1.296 0.121 1.524 1.347 0.484 1.375
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