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We investigate the 5d transition metal oxide BaOsO3 within a combination of density functional
theory (DFT) and dynamical mean-field theory (DMFT), using a matrix-product-state impurity
solver. BaOsO3 has 4 electrons in the t2g shell akin to ruthenates but stronger spin-orbit coupling
(SOC) and is thus expected to reveal an interplay of Hund’s-metal behavior with SOC. We explore
the paramagnetic phase diagram as a function of SOC and Hubbard interaction strengths, identifying
metallic, band (van-Vleck) insulating and Mott insulating regions. At the physical values of the
two couplings we find that BaOsO3 is still situated inside the metallic region and has a moderate
quasiparticle renormalization m∗/m ≈ 2; consistent with specific heat measurements. SOC leads to
a splitting of a van-Hove singularity (vHs) close to the Fermi energy and a subsequent reduction of
electronic correlations (found in the vanishing SOC case), but the SOC strength is insufficient to
push the material into an insulating van-Vleck regime. In spite of the strong effect of SOC, BaOsO3

can be best pictured as a moderately correlated Hund’s metal.

I. INTRODUCTION

The fascinating properties exhibited by many quan-
tum materials are often the result of a complex interplay
of several factors, such as the on-site Coulomb repul-
sion U , the inter-orbital Hund’s coupling JH , and band
structure details like crystal-fields and van-Hove singular-
ities (vHs) [1, 2]. Additionally, at large atomic numbers
spin-orbit coupling (SOC) starts to play an increasingly
important role [3–5], which can lead to the occurrence
of Mott insulating states [3, 6–9] and also to nontrivial
topology [10, 11].

A family of quantum materials that has been given a
lot of attention recently are Hund’s metals, which are
characterized by the inter-orbital Hund’s coupling JH
governing electronic correlations [2, 12–18]. In the lit-
erature on Hund’s metals the main focus has been the
study of 3d and 4d transition metal oxides, like the iron-
pnictides or the ruthenates. An important Hund’s metal
where the combination of experimental and theoretical
investigations has led to an unprecedented understand-
ing of nontrivial correlated behavior is Sr2RuO4 [19–37].
Besides Hund’s physics, a key role in terms of the sur-
prisingly strong correlations in Sr2RuO4 was attributed
to the presence of a vHs in close vicinity of the Fermi
energy [29, 34, 36, 37].

The role of the SOC was explored too [24, 26, 30,
31, 38–40]. It was found that SOC does not affect
the quasiparticle mass enhancement appreciably, but has
important consequences on the detailed shape of the
Fermi surface [23, 26, 38], and is subject to an effective
correlation-driven enhancement by as much as a factor
of two [24, 30, 31, 39, 40].

However, even in the 4d ruthenates, the bare SOC is
still at moderate 0.1 eV, which is 3-4 times smaller than
the Hund’s coupling. It is an open question to what ex-

tent the intriguing physics found in 3d/4d Hund’s metals
survives in compounds that have a substantially stronger
SOC.

Iridates, for example Sr2IrO4 and NaIrO3, are 5d ma-
terials with a SOC of about 0.3 eV where electronic corre-
lations are known to play an important role [6, 7, 41–52].
Sr2IrO4 is an insulator, since the SOC splits the j states
into fully occupied j = 3/2 and half-filled j = 1/2 states.
In the latter the Hubbard repulsion is strong enough to
drive the material into a Mott-insulating state. NaIrO3

is also found to be an insulator, although it has a nom-
inal Hund’s-metal filling of 4 electrons in 3 orbitals. In
this material the combination of SOC and the polariz-
ing effect of the Hubbard repulsion is responsible for the
formation of a band-insulating ground state. These ex-
amples raise the question if there are 5d compounds in
which Hund’s coupling is of similar importance as in the
case of 4d materials.

A promising class of 5d oxides where the interplay of
SOC, Hund’s coupling and van-Hove physics can be stud-
ied is osmates. Although electronic correlations in os-
mates with a half filled t2g shell (NaOsO3, LiOsO3) have
been given considerable attention [53–55], not so much is
known on electronic correlations in osmates at a Hund’s-
metal filling.

With 4 electrons in the three t2g orbitals, BaOsO3

is a potential candidate for a 5d Hund’s metal. This
material crystallizes in a cubic perovskite structure and
shows a metallic behavior in optical and transport mea-
surements on polycrystalline samples [56, 57]. A spe-
cific heat enhancement of 2.2 over the band-structure
value [56] indicates sizable electronic correlations for a
5d metal with quite spatially-extended correlated orbitals
(U/bandwidth ∼ 0.8). These observations suggest the
classification of BaOsO3 as a Hund’s metal. On the
other hand, the large SOC of the order of the Hund’s
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coupling (∼ 0.3 eV) will introduce a tendency towards
a band-insulating state like it was observed in the case
of NaIrO3 [51, 52]. This opens an interesting question:
How does the Hund’s rules desire to form a local high-
spin compete with the SOC favoring a fully polarized
state? Moreover, DFT calculations for BaOsO3 (without
SOC) showed that a vHs is present right at the Fermi
level [58, 59], which we expect to have a substantial in-
fluence on electronic correlations. Therefore, we believe
that BaOsO3 is an ideal candidate to gain a deeper un-
derstanding of the interplay of Hund’s physics, SOC and
van-Hove physics, as all these factors - and their complex
interplay - are definitely relevant for the physics of this
material.

In this work, we shed light on the origin of electronic
correlations in BaOsO3, using a combination of den-
sity functional theory (DFT) and dynamical mean-field
theory (DMFT) [60, 61] with a matrix product states
(MPS)-based impurity solver [40, 62]. At physical val-
ues of the interaction parameters and SOC we obtain
a mass enhancement in perfect agreement with exper-
iments. Our calculations show that electronic correla-
tions in this compound are enhanced by two factors: the
Hund’s coupling and the proximity of a vHs to the Fermi
energy. To understand the impact of these factors on
electronic correlations in more detail, we explore a range
of SOC and interaction strengths. Importantly, we find
that correlations are diminished with respect to the case
without SOC, because SOC removes the vHs from the
Fermi level and weakens the effect of Hund’s physics.

We note that electronic correlations as a function of
SOC and interaction strength were explored for the case
of NaIrO3 using the Gutzwiller approach [51], for the
Bethe lattice using both Gutzwiller and DMFT [63], and
in the case of one dimensional model calculations using
DMRG [64].

The paper is structured as follows. In Sec. II, we dis-
cuss the used methods and the details of the calculations.
In Sec. III A we present basic DFT results on BaOsO3

with and without SOC and in Sec. III B we investigate
electronic correlations using DMFT. In Sec. III C, we ex-
plicitly show that the vHs plays a major role in this mate-
rial. In order to better understand the interplay between
Hund’s coupling and SOC we study a variety of interac-
tion parameters and SOC strengths in Sec. III D. Finally,
in Sec. III E we map out a paramagnetic phase diagram
in the plane of Hubbard repulsion and SOC, which puts
our work in context with experimental observations.

II. METHOD

We perform DFT calculations with Wien2k [65] us-
ing the PBE-GGA [66] exchange-correlation functional
and the experimentally determined Pm3̄m crystal struc-
ture with a = b = c = 4.025 73 �A [56]. The DFT
calculations are converged on a 34 × 34 × 34 k-point
grid with RKmax = 7. We use wien2wannier [67] and

Wannier90 [68] to construct maximally-localized Wannier
functions [69, 70] of t2g symmetry for the bands around
the Fermi energy, employing a 10×10×10 k-point grid to-
gether with a frozen energy window spanning the whole
energy range of the t2g bands. We add SOC as a lo-
cal t2g-only term to the Wannier Hamiltonian, see e.g.
Refs. [30, 40]. We neglect any possible k-dependence of
the SOC.

To consider electron-electron interaction within the
t2g-only Wannier model we include local interactions in
Hubbard-Kanamori form [71], as given in Appendix A.
We believe that U ∼ 2.55 eV and JH ∼ 0.27 eV are rea-
sonable parameters to describe the physics of BaOsO3.
These values were reported in Ref. [54] for NaOsO3 and
LiOsO3 and similar ones were found in Ref. [72] for
BaOsO3. In addition to this ‘physical’ parameter set we
explore a wide range of interaction and SOC strengths.

We solve the resulting multi-orbital Hubbard model
within single-site DMFT [60] using the TRIQS li-
brary [73] and the TRIQS/DFTTools application [74].
We use dense 51 × 51 × 51 and 101 × 101 × 101 k-point
grids for calculations with and without SOC, respectively.
The calculations are “one-shot” DFT+DMFT, meaning
that the DFT density is kept fixed and not updated. The
double counting correction is absorbed into the chemical
potential, as we purely work in the low-energy subspace
defined by the t2g-like Wannier orbitals.

All calculations are carried out with a MPS-based
solver [40, 62] using the SyTen toolkit [75, 76]. The
MPS-based solver is similar to impurity solvers based
on exact diagonalization [77] in the sense that it uses
a discrete version of the Hamiltonian together with a
finite bath. We emphasize that the MPS-based solver
allows for the inclusion of SOC as well as calculations
at zero temperature. Further methodological details on
the MPS-based solver are provided in Appendix B and
Refs. [37, 40, 62].

We characterize the strength of electronic correlations
by the inverse quasiparticle renormalization Z−1 = 1 −
∂ImΣ(iωn → 0)/∂ωn, equal to the quasiparticle mass
enhancement m?/m = Z−1 in the single-site DMFT ap-
proximation. We determine Z by fitting a polynomial of
4th order to the lowest 6 points of the Matsubara self-
energies and extrapolate ImΣ(iωn → 0), a procedure also
used in Refs. [27, 34, 37]. The limit ReΣ(iωn → 0) is also
evaluated by fitting a 4th order polynomial to the first
6 Matsubara points, consistent with the computation of
the mass enhancement.

For real-frequency spectra we use TRIQS/maxent [78]
to perform analytic continuations for the self-energy with
the inversion method [79]. The renormalizations ob-
tained by the polynomial fit of ImΣ(iωn) are in good
agreement with the ones obtained with analytic continu-
ation.
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FIG. 1. Upper panels: DFT band structure (black dots) and Wannier fit (colored) of BaOsO3 without (a) and with (b) SOC
along a high-symmetry path through the Brillouin zone. Lower panels: Total DFT DOS (black) and partial contributions
(colored) without (c) and with (d) SOC. The DOS of the constructed t2g-like Wannier orbitals is shown with thicker lines. For
the case with SOC we have added a local SOC term to the Wannier Hamiltonian with a coupling strength of λ = 0.3 eV.

III. RESULTS

We first discuss the physics of BaOsO3 on the DFT
level, which serves as a starting point for our DMFT
calculations. We then study the effects of electronic cor-
relations, including the competing phases in the vicinity
of the physical parameter set for BaOsO3, as well as the
influence of the SOC strength and the vHs on electronic
correlations.

A. DFT and Wannier construction

In BaOsO3 the Os-d orbitals are responsible for the
DOS around the Fermi energy, see Fig. 1. These orbitals
are well separated from the O-p states found at energies
below about −2.5 eV. However, the octahedral oxygen
environment surrounding the Os atoms leads to an eg-
t2g splitting of the Os-5d shell into empty eg orbitals and
three degenerate t2g orbitals occupied by 4 electrons. The
latter are strongly hybridized with oxygen orbitals and
give rise to the peaked DOS around the Fermi energy.
To describe the low-energy subspace around the Fermi
energy we construct an effective three-orbital Wannier
model, see also Sec. II. The left panels in Fig. 1 show
that the resulting Wannier construction (without SOC)
resembles the DFT bands and the total DOS to a very
high accuracy. In order to include the effect of SOC,
we add a local t2g-only SOC term, see Sec. II, to the
Wannier Hamiltonian. We find that a SOC strength of
λ = 0.3 eV describes the DFT band structure and DOS
calculated in the presence of SOC reasonably well, see
right panels in Fig. 1. Slight discrepancies between the
Wannier model and DFT in the case including SOC are

the result of neglecting possible k-dependent terms of the
SOC.

Without SOC, an important feature of the electronic
structure of BaOsO3 is a vHs exactly at the Fermi energy;
notice the flat band close to the X point in the top left
panel of Fig. 1. SOC (right panels) leads to a splitting
of the vHs into two singularities, one below the Fermi
level with dominant j = 3/2 character and one above the
Fermi energy with j = 1/2 character. Although SOC
does not impact the overall band width of the t2g states,
we will see in the following that the splitting of the vHs
has a profound impact on electronic correlations. Fur-
ther, the SOC strength of λ = 0.3 eV is comparable to
the Hund’s coupling (JH ∼ 0.3 eV), and thus Hund’s-
metal physics stands in competition with a SOC-driven
polarization of the system.

B. Spectral function and correlated band structure

We now turn to the discussion of the correlated spec-
tral function obtained with DMFT, shown in Fig. 2.
At physically realistic parameters (U = 2.55 eV, JH =
0.27 eV, λ = 0.3 eV) BaOsO3 is a moderately correlated
metal with strongly renormalized quasiparticle bands
at low energies, and substantially incoherent states at
higher energies. Without SOC the vHs is still present at
the Fermi level and its splitting with SOC is relatively un-
affected by electronic correlations. The calculated mass
enhancement of 2.3 (with SOC) is in excellent agree-
ment with the experimentally determined specific heat
enhancement of 2.2 [56]. We mention in passing that this
good agreement with experiments gives us confidence in
our choice of interaction parameters for BaOsO3. The
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FIG. 2. Momentum resolved spectral function for U = 2.55 eV
and JH = 0.27 eV along a high-symmetry path through the
Brillouin zone without (a) and with (c) SOC together with
the respective momentum-integrated spectral functions (b,
d). The SOC strength is denoted as λ. The dashed lines in
panel (a) and (c) correspond to the bare bands of the Wannier
model. The inset in panel (b) shows a low-energy zoom of the
spectral function.

overall band width of the correlated spectral function
is roughly comparable to the one of the non-interacting
model; this is commonly found in Hund’s metals.

Intriguingly, in the case without SOC we observe two
side peaks, one on the unoccupied side of the spectrum
at about 0.1 eV and one at the same energy (−0.1 eV)
on the occupied side, see panel (b) and inset of Fig. 2.
These peaks cannot be traced back to features already
present in the non-interacting DOS. This is quite inter-
esting, as recently the emergence of a side peak was iden-
tified as a characteristic feature of Hund’s metals both in
model studies [17, 18, 80, 81] and in materials calcula-
tions [22, 36, 37, 82]. However, in these works a Hund’s-
metal side peak is either present on the occupied side of
the spectrum for systems with less then half-filled shells,
or on the unoccupied side for more than half-filled shells,
but never simultaneously on both sides. In calculations
for BaOsO3 without Hund’s coupling (JH = 0) we do not
observe side peaks no matter if SOC is considered or not
(spectral function not shown). Thus, the nature of the
observed peaks is likely related to Hund’s physics.

On the other hand, the side peaks also vanish for λ =
0.3 eV and JH = 0.27 eV; note that the peaks visible in
the corresponding spectral function (panel (d) of Fig. 2)
are already present in the non-interacting DOS (panel (d)
of Fig. 1), as they are a direct result of the splitting of
the vHs due to SOC. To understand if the presence of the
vHs at the Fermi energy is necessary for the emergence
of the side peaks at finite JH , we carry out additional
calculations using a featureless semi-circular DOS and a
band width tuned to yield the same mass enhancement
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FIG. 3. Mass enhancement Z−1 = m∗/m as a function of
the absolute value of λ for t2g fillings of n = 2 (orange lines)
and n = 4 (purple lines) electrons with interaction parameters
U = 2.55 eV and JH = 0.27 eV. In order to obtain a band
insulating state also in the case n = 2 (at large λ) we set
λn=2 = −λn=4. The dotted and dashed lines correspond to
mass enhancement of the j = 3/2 and j = 1/2 bands respec-
tively, while the thick solid line show the mass enhancement
in the cubic basis. The dashed vertical line indicates the phys-
ical value of λ.

as in BaOsO3, see Appendix C. We do not observe the
side peaks in these calculations, and thus conclude that
the presence of the vHs at the Fermi energy is indeed
of key relevance. In contrast to other Hund’s metals,
the DOS of BaOsO3 without SOC (see Fig. 1 panel (c))
is very symmetric between -0.5 and 0.5 eV due to the
vHs located right at the Fermi level. With the inclusion
of SOC this symmetry in the spectral function is lost.
Here, we can only speculate that the symmetry of the
DOS supports both a peak on the occupied as well as
the unoccupied side of the spectrum, but we suggest a
more detailed study of the side peaks - probably on the
level of simpler models - for future work.

Additionally, we find that the material is much
stronger correlated when SOC is switched off, i.e. the
mass enhancement is about 50% larger without SOC.
This suppression of Hund’s physics in BaOsO3 with the
inclusion of SOC might be an additional reason why the
side peaks are only present in the case without SOC. To
this end, it is necessary to disentangle the effects of the
vHs in BaOsO3 from the impact of Hund’s physics. We
will take a separate look at those two factors in the fol-
lowing sections, which will also help us to gain a deeper
understanding of their interplay.

C. SOC and van-Hove singularity

We have already discussed that the inclusion of SOC
reduces the mass enhancement of BaOsO3. In Fig. 3 we
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show this effect in more detail as a function of the SOC
strength λ (purple lines). Starting from vanishing SOC
(λ = 0) with a high mass enhancement of 3.3, electronic
correlations decrease with increasing SOC. In general the
j = 1/2 bands are more correlated than the j = 3/2
bands. We attribute this to the higher degeneracy of the
j = 3/2 bands, resulting in those states being farther
away from half-filling (smaller active space). The reason
behind this is that with increasing SOC the j = 1/2
states empty out and pass through half-filling, while the
j = 3/2 states get filled and consequently move further
away from the point of half-filling.

Ultimately, in the limit of large λ the mass enhance-
ment is expected to vanish (m∗/m=1), because the sys-
tem is then fully polarized and has already a gapped non-
interacting DOS. Independent of the interaction strength
or specific band structure details, like the vHs, the states
of this band-insulating system are either occupied or
empty, and thus dynamic correlations cease to play a role.
The observation that m∗/m approaches 1 in the limit of
large SOC was also made by Triebl et al. [5], who in-
vestigated SOC in a three orbital model with a feature-
less semi-circular DOS. Unlike in the case of BaOsO3,
their results show that m∗/m stays essentially constant
with increased SOC in the parameter range for which
the system is still a metal. We infer that the decline in
correlation before the band-insulating limit is reached in
our calculations is due to changes in the non-interacting
DOS with increasing SOC strength. We present the non-
interacting DOS as a function of λ in Appendix D.

The impact of the SOC on band-structure details has
also immediate implications for electronic correlations in
the physical parameter regime. In the case of BaOsO3,
the splitting of the vHs due to SOC leads to a decrease of
the non-interacting DOS at the Fermi level and in turn
to a decrease in electronic correlations, as e.g. argued in
Refs. [36, 37].

To obtain a more definite proof of the importance of
the vHs at small SOC values, we carry out a numerical
experiment: We consider BaOsO3 with 4 holes instead
of 4 electrons in the t2g orbitals and an opposite sign of
the SOC strength λ, such that the SOC still favours a
van-Vleck insulating state. With this artificial reduction
to an occupation of only 2 electrons, we create a system
that is effectively still at the same Hund’s-metal filling,
but it does not have a vHs in the vicinity of the Fermi
level. In order to obtain an occupation of 2 electrons
we adjust the chemical potential, but otherwise keep the
band structure fixed.

Unlike at the original filling, the problem with 2 elec-
trons has a more than 2 times smaller mass enhancement
of about 1.5 at λ = 0, see Fig. 3 (orange lines). This is
very much in line with our previous findings on Sr2MoO4

and Sr2RuO4 [37]. Electronic correlations in the problem
with 2 electrons also show less dependence on λ and the
results are overall more similar to the ones obtained for
a semi-circular DOS [5]. The weak dependence on λ can
be explained by the fact that the non-interacting DOS

at the Fermi energy does barely change for λ ≤ 0.9 eV,
as shown in Appendix D. Surprisingly, we see an initial
increase in the mass enhancement when increasing the
SOC to 0.3 eV. We relate this observation to the fact
that in the 2-electron system the integer occupancy of
both the j = 1/2 and j = 3/2 subspace is crossed around
λ = 0.3 eV. As SOC increases further the differences be-
tween the calculations with 2 and 4 electrons become less
pronounced and at both fillings the mass enhancement
vanishes in the limit of large SOC. The small influence of
SOC on the mass enhancement due to a weak dependence
of the DOS around the Fermi level in the 2-electron sys-
tem is a strong evidence that the vHs is responsible for
the enhanced correlations in BaOsO3 for λ ≤ 0.3 eV. Our
results clearly demonstrate the dramatic impact band-
structure aspects can have on electronic correlations.

D. SOC and Hubbard/Hund’s physics

In order to gain an understanding of the role of
Hund’s physics in BaOsO3 we computed the mass en-
hancement, Fig. 4 (top panels), and the polarization
∆n = nj=3/2 − nj=1/2 of the states in the j basis, Fig. 4
(bottom panels), for a broad range of λ and interaction
parameters. Starting with JH = 0, Fig. 4 (left panels),
the mass enhancement is only weakly influenced by SOC
and stays approximately constant up to a critical SOC
value at which it abruptly drops to 1. This is best seen
in the calculations for U = 3.825 eV (yellow lines), with
a critical λ of about 0.4 eV, which is quite close to the
physical SOC value. However, for a more realistic in-
teraction of U = 2.55 eV already λ > 0.8 eV would be
necessary (at JH = 0) to reach the insulating regime.

At the same time, the system gets perfectly polarized
at the critical λ value, corresponding to fully occupied
j = 3/2 states and empty j = 1/2 states. At a finite
SOC strength and JH = 0, the material always tran-
sitions to a band-insulating van-Vleck regime, but the
critical SOC strength depends on U . The lower critical
λ observed with increasing U points to a polarizing ef-
fect of the Hubbard interaction, that is, the susceptibility
to a j-splitting is enhanced. In practice, this is directly
visible in the real part of the self-energy, and has been
interpreted as a correlation-driven enhancement of the
effective SOC [24, 31, 39, 40]. For a more detailed dis-
cussion of this matter, we refer the reader to the next
section.

Turning now to JH = 0.27 eV (Fig. 4 right panels),
our overall observation is a substantially larger mass en-
hancement for λ ≤ 0.3 eV, which illustrates the Hund’s-
ness of BaOsO3. Without SOC, the Hund’s coupling
leads to a doubling of the mass enhancement at U =
3.825 eV, and still yields an increase by 2/3 for the phys-
ical U value of 2.55 eV in comparison to the calculations
for JH = 0. The magnitude of the enhancement is com-
parable to the effect of the vHs, see Sec. III C. In sum-
mary, the unusually large mass enhancement of 3.3 at
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FIG. 4. Diagonal elements of the mass enhancement Z−1
c = m∗/m in the cubic basis (a, b) and polarization ∆n := nj=3/2 −

nj=1/2 (c, d) for different values of U . The occupation numbers used for the polarization were taken directly from the ground
state. Open and full circles display metallic and insulating states respectively.

λ = 0 for a 5d material, can be traced back - in equal
parts - to Hund’s physics and the presence of the vHs at
the Fermi energy.

In comparison to 3d/4d Hund’s metals [12, 34, 35, 37,
82], the increase in correlations due to JH is less pro-
nounced in BaOsO3. Nevertheless, our results show that
Hund’s physics persists to affect correlations even at the
physical SOC value (λ = 0.3 eV), although the enhance-
ment here is only about 50%. This is in part due to JH
acting against the orbital polarization and resisting the
transition to a band insulator, which is well apparent in
the polarization (Fig. 4 bottom panels): In the case of
JH = 0 we find that a full polarization (∆n = 1) is ap-
proached rapidly and even attained, while in the case of
finite JH the overall behavior is smoother and a full polar-
ization is not attained in the explored parameter regime.
Instead, with increasing SOC the system gets continu-
ously more and more polarized without showing a clear
transition to a van-Vleck band insulator. The smooth-
ness of this transition at finite JH seems to be a generic
feature that is independent of the band structure [5].

In essence, the fact that there is a competition between
Hund’s coupling and SOC can be understood by consid-
ering the atomic limit. Namely, the terms of the Hamil-
tonian proportional to JH favor a state with maximum
spin S and angular momentum L, while the polarized
system with fully occupied j = 3/2 states corresponds to
a total angular momentum Jtot = 0 state. This is not a
contradiction, since there exists a total angular momen-
tum Jtot = 0 state for the maximal values S = 1, L = 1
in the case at hand. However, computing the overlap of

the L = 1, S = 1, Jtot = 0 state with the one having
4 electrons in the j = 3/2 and 2 holes in the j = 1/2

states, yields only
√

2/3 < 1. Therefore the fully po-
larized state also has to contain contributions from the
L = 0, S = 0, Jtot = 0 state, which is the only other
atomic state yielding Jtot = 0. This means that the po-
larized state favored by SOC contains contributions that
are penalized by Hund’s coupling, leading to a competi-
tion between the two as long as JH and λ are finite.

Indeed, our results show that Hund’s physics is domi-
nant for λ� JH , apparent by the difference in the mass
enhancement found between JH = 0 and JH = 0.27 eV
for λ ≤ 0.3 eV. The effect of the SOC dominates, on
the other hand, for JH � λ, visible e.g. in the mass en-
hancement approaching 1 in the limit of large λ. With
JH ∼ λ, SOC and Hund’s coupling are equally important
in BaOsO3 and neither can be neglected to correctly de-
scribe the physics of this material. The competition be-
tween SOC and Hund’s physics also allows for a smooth
crossover between the Mott and band-insulating state, as
we will show in the next section.

E. Phase diagram

Having gained insights on the role of SOC, Hund’s cou-
pling and the vHs, we will now place BaOsO3 within a
paramagnetic phase diagram in the U − λ plane. In the
left panel of Fig. 5 we present the paramagnetic phase di-
agram, highlighting the regions where we identify metal-
lic (circles) or insulating (squares) behaviors. The in-
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FIG. 5. Phase diagram in the U − λ plane at constant JH = 0.27 eV (a). We find two different phases in the parameter regime
considered, namely a metallic phase (open circles), and an insulting phase (squares). The character of the insulating states
(Mott-like or band-like) is encoded in the symbol colors (see main text). The colors are scaled linearly between χ = 0.5 and
0 eV, while for χ ≥ 0.5 eV the color is set to the one for χ = 0.5 eV. The dashed lines indicate the physical values of λ (vertical
line) and U (horizontal line). Real (b) and imaginary (c) part of the self-energy for JH = 0.27 eV and selected values of U
and λ (in eV). The solid and dashed lines correspond to the j = 3/2 and j = 1/2 bands, respectively. In order to show all
self-energies on a comparable scale we shifted the real parts by the chemical potential and rescaled both imaginary and real
part by 1/U .

sulating phases are distinguished from the metallic ones
using the value of the local Green’s function at ωn → 0,
which corresponds to the momentum-integrated spectral
function at the chemical potential. We note that our
phase diagram and the metal-insulator boundary is con-
sistent with an unpublished calculation by Dai [83]. Both
U and λ stabilize the insulating phase, most effectively
when both act together, e.g. an insulator is already found
for U ∼ 3.5 eV and λ = 0.6 eV. BaOsO3 (indicated by
the dashed blue lines) still falls in the metallic region,
but is not far from the boundary to the insulating state.

We will now undertake a further characterization of
the insulating region, as the Hubbard interaction U and
SOC can lead to distinct phases. At λ = 0, a Mott insu-
lating phase is expected for sufficiently large U . The
Mott-insulating phase is fundamentally different to a
band insulator, as it is a phenomenon driven by elec-
tronic correlations. On the contrary, the mechanism be-
hind the band-insulating van-Vleck phase is the open-
ing of a gap between the j = 3/2 and j = 1/2 states
due to strong SOC, which is at its core a single par-
ticle effect. When λ, U and JH are present, there is
a smooth crossover between the two insulating phases,
shown with the color coding of the squares in the left
panel of Fig. 5. To determine the color coding we use
χ(U, JH , λ) = |minj,ωn

ImΣj (iωn)|, where ImΣj(iωn) is
the imaginary part of the local self-energy for orbital an-
gular momentum j, which is a suitable measure for the
size of dynamic correlation.

To illustrate the distinction of Mott-like and band-
insulating-like regimes, we discuss the Matsubara self-
energies for several characteristic cases in panels (b, c)
of Fig. 5. First, U = 1.275 eV and λ = 1.8 eV shows

a typical band-insulator behavior. The imaginary parts
are small and the real parts are approximately constant.
The correlations do have an important effect neverthe-
less: they induce a splitting of the j = 1/2 and j = 3/2
components of the self-energy and thus enhance the or-
bital polarization. Second, we consider a typical Mott
insulator without SOC, using U = 15 eV and λ = 0.
The imaginary part of the self-energy is much larger and
strongly frequency dependent in comparison to the first
case and demonstrates the importance of dynamic elec-
tronic correlations in a Mott insulator. Notice that the j
states are degenerate for λ = 0.

Our third case, U = 15 eV and λ = 0.1 eV, corresponds
to a Mott insulator at small but finite SOC. The SOC
breaks the spin symmetry, allowing for a further polariza-
tion of the system by the overwhelmingly large Hubbard
repulsion. This is apparent in the gap of the real parts,
which is far larger than e.g. in the case of U = 1.275 eV
and λ = 1.8 eV. Inspecting the imaginary part we see
that the degeneracy of the j = 3/2 and the j = 1/2
bands is now lifted. There are strong correlations mainly
in the j = 1/2 bands, while in the j = 3/2 bands they
are much less pronounced. This is due to the effect of
a higher band degeneracy in the latter, as explained in
Sec. III C. The strong frequency dependence and large
absolute values in the j = 1/2 imaginary part indicate
that the system is actually far from a band insulator.
This is not obvious, as one might have expected that the
polarizing effect of the large U would immediately drive
the system into a band-insulating regime for λ 6= 0.

Finally, for the parameters we deem realistic, we find a
substantial imaginary part of the self-energy, confirming
the sizable dynamic correlations in BaOsO3. In the lit-
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erature on Sr2RuO4, the splitting found in the real part
of the self-energy has been interpreted as a correlation-
driven enhancement of the effective SOC [5, 24, 31, 37,
40]. In contrast to Sr2RuO4, the real part is however
strongly frequency dependent in BaOsO3, which does not
allow for such an interpretation in an unambiguous way.
Following the arguments of Triebl et al. [5] we use the
definition λeff := λ+ 2

3∆(ReΣj(iωn → 0). In this low fre-
quency limit the splitting between the components of the
real part of the self-energy is about 0.34 eV, which yields
an effective correlation-enhanced SOC of about 0.53 eV.
This means that the bare SOC is effectively enhanced by
roughly a factor of 1.8 (in the low frequency limit), which
is slightly less than the factor of 2 found for Sr2RuO4 and
Sr2MoO4 [24, 31, 37, 40].

Interestingly, λeff is not directly visible in the corre-
lated spectral function, see Fig. 2 (c), where the splitting
of the vHs due to SOC is roughly the same as in DFT. It
was elaborated in Ref. [24] that the effective splitting of
quasiparticle bands is, however, given by ∼ Zλeff , which
is about 0.23 eV in BaOsO3. This value is in good agree-
ment with the splitting of the bands at the X point of
roughly 0.25 eV (see Fig. 2 (c)).

IV. CONCLUSION

In this paper we discussed the electronic structure and
correlation effects in BaOsO3. We mapped out a phase
diagram in the plane of the Hubbard interaction U and
SOC strength λ. For realistic interaction and SOC pa-
rameters we find that BaOsO3 is a moderately corre-
lated metal; consistent with experiments. In BaOsO3

the physical (bare) SOC of about 0.3 eV is not strong
enough to induce a van-Vleck insulating regime, in con-
trast to e.g. the 5d iridate NaIrO3 [51, 52]. Due to a
nominal filling of 4 electrons in the 3 Os-t2g orbitals,
BaOsO3 falls into the Hund’s-metal regime, but has a 3-
4 times higher SOC than the well-studied 3d/4d Hund’s
metals, like iron-pnictides and ruthenates. Addition-
ally, the non-interacting DOS (without SOC) of BaOsO3

has a van-Hove singularity at the Fermi energy. This
is another similarity to the ruthenates Sr2RuO4 [19–37]
and BaRuO3 [84, 85], where the van-Hove singularity
is known to strongly impact electronic correlations and
their physical properties.

To understand the influence of SOC on electronic cor-
relations in BaOsO3 we studied various SOC strengths.
Our calculations at small SOC show that electronic cor-
relations in BaOsO3 are indeed driven by the Hund’s
coupling and the proximity of the vHs close to the
Fermi energy. Increasing SOC leads to a nontrivial de-
crease of electronic correlations, as (a) the importance of
Hund’s coupling diminishes due to the competition of the
atomic states favored by SOC and Hund’s coupling (cf.
Sec. III D), and (b) the SOC splits the vHs into two parts
reducing the DOS at the Fermi energy (cf. Sec. III C).
Here the effect (a) is generic and will apply to other ox-

ides with degenerate t2g orbitals at n = 4 filling irrespec-
tively of the precise shape of the DOS, while consequence
(b) of SOC is non-generic and should be considered as
pertaining to materials that have a van-Hove singularity
at the Fermi level in the case of vanishing SOC.

Our work demonstrates that electronic correlations
in BaOsO3 are governed by a complex interplay of
Hund’s physics, SOC and details of the band structure
(vHs). By studying all these factors and their impact
on electronic correlations, we believe that our results
contribute towards a holistic understanding of quantum
materials and their fascinating properties.
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Appendix A: Interaction Hamiltonian

We use Hubbard-Kanamori on-site interactions [71]

H = U
∑
l

nl↑nl↓+
∑
l<l′,σ

[U ′nlσnl′σ̄ + (U ′− JH)nlσnl′σ

− JHc†lσclσ̄c
†
l′σ̄cl′σ]− JH

∑
l<l′

[c†l↑c
†
l↓cl′↑cl′↓ + h.c.]

with l ∈ {xy, xz, yz} and U ′ = U−2JH . The values used
for U and JH are provided in the main text.

The local SOC term we consider is given by

HSOC =
λ

2

∑
mm′

∑
σσ′

(lmm′ · σσσ′)c†mσcm′σ′

where λ is the SOC strength, l are the t2g-projected an-
gular momentum matrices and σ is a vector of Pauli ma-
trices (cf. Refs. [37, 40]). Note that the orbitals indicated
by m and m′ are the t2g orbitals in the cubic basis, i.e.
m,m′ ∈ {xy, xz, yz}.

Appendix B: MPS-based solver

For DMFT we use the MPS-based impurity solver in
imaginary time, introduced in Ref. [62] and successfully
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FIG. 6. Local spectral function of a model calculation on a
semi-circular DOS with U = 2.55 eV, JH = 0.27 eV, λ = 0
and half bandwidth D = 1 eV.

applied in the context of DFT+DMFT in Refs. [37, 40].
Details concerning the method are given in Refs. [40,
62]. All calculations are performed using the SyTen
toolkit [75, 76].

As system size we use Lb = 6 bath sites per spin and
orbital yielding a total of Ltot = 21 sites for calcula-
tions with SU(2) symmetry and a total of Ltot = 42 sites
without. We use a frequency grid corresponding to Mat-
subara frequencies at a (fictitious) inverse temperature
βfict = 200 eV−1.

In general it is important to implement as many sym-
metries as possible, in order to guarantee convergence
to the correct ground state. Therefore, without the
inclusion of SOC and at JH 6= 0, we use five quantum
numbers: the occupation parity of each orbital, the
particle number, and the spin. In the case of JH = 0,
the occupation number of every band is conserved,
thus we implemented those instead of the parity. In
ground state searches we allow for bond dimensions up
to 4096, however in most parameter regimes this limit
is not reached. For the time evolution we use the time-
dependent-variational-principle (TDVP) [86–88] up to
τ = 100 eV−1 in steps of ∆τ = 0.05 eV−1, supplemented
by linear prediction [89] to extrapolate to larger times.
We consider DMFT loops to be converged when the
largest change in the hybridization function is below
10−3. Due to the threefold degeneracy of the bands in
BaOsO3 we only compute the time-evolution for one of
the bands and determine all others by symmetry.

With SOC included, we use different quantum num-
bers since the spin SU(2) symmetry is broken. In the
case of finite Hund’s coupling our quantum numbers are
the particle number and the z-component of the total
angular momentum in the j basis. When the Hund’s
coupling is switched off (JH = 0), the occupation num-
ber in every band is conserved, which yields six different
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FIG. 7. Non-interacting density of states (DOS) at a filling
of 4 (a) and 2 electrons (b). For the system with 2 electrons
we also flipped the sign of λ (see text).

quantum numbers corresponding to the conservation of
particle numbers in every band.

Even with the inclusion of SOC the Green’s function
is still diagonal in the j basis due to the threefold de-
generacy of the bands in BaOsO3 and thus every band
can be fitted separately. Furthermore a significant part
of the degeneracy stays present in the system. Namely,
the bands with a given j are degenerate, which we use
in order to compute the Green’s functions only for one
band per j and determine the rest by symmetry.

Appendix C: Model calculation

In order to check whether the side peaks present in the
local spectral function for U = 2.55 eV, JH = 0.27 eV and
λ = 0 (see Fig. 2 (b)) are due to the vHs located exactly
at the Fermi level, we perform calculations on a semi-
circular DOS with a half bandwidth of D = 1 eV. We
choose D such that the mass enhancement of the model
calculation (Z−1 = 3.30) fits that of BaOsO3 (Z−1 =
3.29) for the given parameter set. The corresponding
local spectral function is shown in Fig. 6. Apart from the
quasi-particle peak that features some internal structure
there are no clearly pronounced side peaks as observed
for BaOsO3. This supports our interpretation that the
side peaks found in BaOsO3 are a result of the interplay
between JH and the vHs at the Fermi level.

Appendix D: Density of states

To support the discussion in Sec. III C we present in
Fig. 7 (panel a) the non-interacting DOS of BaOsO3 for
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λ values between 0 and 1.2 eV. SOC leads to a splitting
of the vHs and a decrease of the DOS around the Fermi
energy with increasing SOC, which in turn results in a
decrease of the mass enhancement, see Sec. III C.

In panel (b) we show the non-interacting DOS at a
filling of 2 electrons and an opposite sign of λ. As men-
tioned in the main text, using an opposite sign of λ is
necessary to obtain the same physics as in the case of
4 electrons. It is simple to illustrate this in the limit of
large λ: In BaOsO3 the SOC lowers the 4 j=3/2 states in
comparison to the 2 j=1/2 states. In the limit of large λ
the system is a band insulator with full j=3/2 states and
empty j=1/2 states. This would not be the case when
using a positive sign for λ at a filling of 2 electrons. In
order for the SOC to play a comparable role in the 2-

electron system it is necessary to flip its sign. Then, the
SOC lowers the j=1/2 states with respect to the j=3/2
ones and again a band insulating ground state is found in
the limit of large λ (full j=1/2 and empty j=3/2 states).

In the 2-electron system the vHs is positioned well
above the Fermi energy in the unoccupied part of the
spectrum. With increasing λ we also observe a splitting
of the vHs, but the direction of it is inverted compared to
the 4 electron case, since we flipped the sign of the SOC.
In contrast, the opposite side of the spectrum is almost
unchanged with increasing λ, at least for the parameter
range we explored. At the Fermi energy we observe only
a very weak λ dependence of the DOS. This is the rea-
son for the weak dependence of the mass enhancement
on SOC in the 2-electron system, as argued in Sec. III C.
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