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Probing the Mott insulating behavior of Ba,MgReO, with DFT + DMFT

Maximilian E. Merkel ®,! Aria Mansouri Tehrani,? and Claude Ederer®!-*
"Materials Theory, ETH Ziirich, Wolfgang-Pauli-Strasse 27, 8093 Ziirich, Switzerland
2Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

® (Received 21 December 2023; revised 4 March 2024; accepted 27 March 2024; published 3 June 2024)

We investigate the interplay of spin-orbit coupling, electronic correlations, and lattice distortions in the 5d'
double perovskite Ba,MgReO,. Combining density-functional theory (DFT) and dynamical mean-field theory
(DMFT), we establish the Mott insulating character of Ba,MgReOy in both its cubic and tetragonal paramagnetic
phases. Despite substantial spin-orbit coupling, its impact on the formation of the insulating state is minimal,
consistent with theoretical expectations for d' systems. We further characterize the electronic properties of the
cubic and tetragonal phases by analyzing spectral functions and local occupations in terms of multipole moments
centered on the Re sites. Our results confirm the presence of ferroically ordered z> quadrupoles in addition to
the antiferroic x> — y2-type order. We compare two equivalent but complementary descriptions in terms of either
effective Re-1,, frontier orbitals or more localized atomiclike Re-d and O-p orbitals. The former maps directly on
a physically intuitive picture in terms of nominal d! Re cations, while the latter explicitly demonstrates the role
of hybridization with the ligands in the spin-orbit splitting and the formation of the charge quadrupoles around
the Re sites. Finally, we compare our DFT 4+ DMFT results with a previous DFT + U study of the tetragonal
paramagnetic state. We find good qualitative agreement for the dominant charge quadrupoles, but also notable
differences in the corresponding spectral functions, underscoring the need for more comparative studies between

these two methods.
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I. INTRODUCTION

In materials containing heavy elements with open 4d,
5d, 4f, or 5f shells, the interplay of spin-orbit coupling
(SOC) and electronic correlations can lead to the emer-
gence of various exotic phases, such as quantum spin liquids,
Weyl semimetals, topological insulators, superconductors, or
states with magnetic octupolar order and quenched magnetic
moments [1-5]. SOC also affects the appearance of Mott
insulating states and orbital order [3,6,7]. For example, for
Sr,1rQy, it has been shown that SOC is crucial for the forma-
tion of the insulating state by reducing the orbital degeneracy
[8-11]. However, the effect of SOC strongly depends on the
nominal filling of the electronic shell, and in general, the
Mott insulating state can be both stabilized or destabilized
[12—14]. Similarly, in cases in which an electronic degeneracy
can be lifted by a lattice distortion, SOC can either compete
or cooperate with this distortion and the corresponding orbital
order [6,7,15,16].

An attractive class of materials to systematically study the
interplay between SOC and electronic correlations are the
double perovskites, A;BB'Xg [17], with closed-shell ions on
the A and B sites and a heavy 4d or 5d transition-metal
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cation on the B’ site. The B and B’ sites are arranged in
a three-dimensional (3D) checkerboard pattern (see Fig. 1).
Thus the relatively large spacing between the B'Xs octahedra
leads to fairly narrow transition-metal d bands, such that a
Mott insulating state can be formed even for a moderately
strong local electron-electron interaction [3,4,18,19].

Specifically, for a d' configuration of the B’ cation, SOC is
expected to weakly stabilize the Mott insulating state [12,13]
and to reduce the tendency towards Jahn-Teller distortions,
but without completely suppressing it [15,20]. Examples of
the corresponding family of 5d! double perovskites that
have been studied recently are rhenates [21-25], Ba;NaOsOg
[25-31], or the more ionic Cs,TaClg [32,33].

Here, we focus on the 5d' double perovskite Ba,MgReOg
[21,34-40], which exhibits two symmetry-lowering phase
transitions. Upon cooling, the material first transitions from
cubic Fm3m symmetry to tetragonal P4,/mnm symmetry at
33 K. This transition involves a Q,-type Jahn-Teller distortion
of the ReOg octahedra in the xy plane [see Fig. 1(b)], with
the sign of the distortion alternating between neighboring
xy planes along the z direction, and an additional Qs-type
distortion, elongating all ReOg octahedra along the z direction
[see Fig. 1(c)] [34,41]. At the Néel temperature of 18K,
Ba,MgReOy then develops a canted antiferromagnetic order
[37]. Furthermore, Ba,MgReOy is insulating at all measured
temperatures, and an Arrhenius fit to electrical resistivity mea-
surements indicates an activation energy of 0.17 eV [37].

In this paper, we use density-functional theory (DFT) plus
dynamical mean-field theory (DMFT) to establish the Mott
insulating character of both the cubic and tetragonal param-
agnetic phases of Ba,MgReOq. Our calculations suggest that
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FIG. 1. (a) Experimental, cubic Fm3m crystal structure of
Ba,MgReO, [34]. In the tetragonal P4,/mnm phase, the ReOs octa-
hedra deform with (b) rhombic Q, and (c) tetragonal Q3 Jahn-Teller
distortions that couple to charge quadrupoles, indicated by green
regions with charge excess and red regions with charge depletion.

Ba,MgReOg¢ can be classified as a regular Mott insulator,
where the insulating character is due to a small bandwidth
compared to the Coulomb repulsion U, which we calculate
using the constrained random-phase approximation (cRPA),
whereas the SOC only plays a minor role.

We then discuss the spectral properties and charge dis-
tribution of paramagnetic Ba,MgReOg in terms of local
occupations and multipole moments [42] centered on the Re
sites. Thereby, we compare two different sets of Wannier
functions used to represent the Re d states: first, a basis of so-
called frontier orbitals, constructed only from the low-energy
bands immediately around the Fermi level, and second, a more
atomic-orbital-like basis of Re-d and O-p orbitals obtained for
a larger energy window. While the frontier basis is used in our
DFT + DMFT calculations and directly maps on a nominal
d! description of the SOC on the Re cations, similar to the
model-based studies in Refs. [12,13,43], the atomiclike basis
reveals that both Re and O states experience the SOC and
contribute to the orbital polarization in the tetragonal phase.

The atomiclike basis also allows for a direct comparison
to DFT 4 U calculations for Ba,MgReO, from [38], where
the paramagnetic structure is emulated using a large supercell
with random magnetic moments on the Re atoms and zero
overall magnetic moment [44,45]. We find reasonably good
agreement between the two methods for the local quadrupole
moments on the Re sites, whereas the density of states ob-
tained from the DFT + U calculations differs notably from the
spectral function obtained within DFT + DMFT. Even though
the different representations of the local Coulomb interaction
in the two approaches can potentially explain part of this
difference, a more systematic comparison would be of interest
in future studies.

II. METHODS

A. Spin-orbit coupling and local electron-electron interaction

We perform DFT + DMFT calculations for Ba,MgReOy,
using a low-energy description of the material with one elec-
tron in the Re-d shell. The crystal field in the ReOg octahedra

is much stronger than the SOC so that the higher-lying e,
orbitals are nominally empty and the electron resides in the
Iy, orbitals further split by the SOC.

We first perform calculations with SOC included in the
DFT exchange-correlation potential, and we obtain the corre-
sponding Kohn-Sham band structure. To then systematically
vary the strength of the SOC in our DMFT calculations, we
compare these Kohn-Sham bands to the ones obtained when
excluding SOC from the exchange-correlation potential and
instead adding the local Hamiltonian [46]
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to the #,, Wannier orbitals in a postprocessing step, where A
parametrizes the SOC strength.

In the presence of SOC, it is also instructive to represent
our results in the eigenbasis |Jefr, my,;) of the Hamiltonian in
Eq. (1), where Je is the effective total angular momentum,
defined as the sum of the effective orbital momentum [ = 1
of the t,, orbitals and the spin, taking values of Jof = 1/2 and
3/2 [47]. These states are related to the #,, orbitals by
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and equivalently for the corresponding time-reversal-
symmetric states [18]). The eigenvalues with respect to
Hsoc are +A for all Jor = 1/2 and —X/2 for all Jegr = 3/2
states.

To describe the local electron-electron interactions in the
DMEFT calculations, we use the Kanamori Hamiltonian [48]
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which is exact for real-valued #,,-type orbitals in cubic sym-
metry [49]. The three parameters U, U’, and J describe the
strength of the screened intraorbital, interorbital, and Hund’s
interaction, respectively.

We calculate these interaction parameters using the cRPA
[50-52], but we also treat them as free parameters in our
DFT + DMFT calculations to analyze the corresponding ef-
fect on the electronic properties. Thereby, the complexity is
reduced by assuming approximate spherical symmetry so that
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there are only two free parameters witht’ = U — 2.7 [49]. In
real materials, spherical symmetry is never exactly fulfilled.
Therefore, we verify the quality of this assumption based on
the interaction parameters obtained from cRPA. We can then
define averaged parameters

Upyg = (13U 4+ 2U' +47)/15,
Jwe=U-U+T)/3 )

that minimize the square of the deviations Uy, — U, (Uayg —
2Twe) —U and  (Uag — 3Tave) — U — T), weighted
by their frequency of occurrence in the density-density
terms of Eq. (3).

B. Computational details

We perform calculations for the experimental cubic Fm3m
and tetragonal P4,/mnm structures [34], where we always
use a coordinate system with the axes parallel to the Re-O
bonds. The cubic structure has a lattice constant of 8.08 A for
the Fm3m conventional cubic cell containing four formula
units, with a Re-O bond length of 1.93 A. In the tetragonal
phase, the unit cell distorts very slightly, with ¢/a = 1.001
and a = 8.08 A. Furthermore, the Re-O bond lengths change
by —0.025, 0.006 and 0.019 A in the X, z, and y direction, re-
spectively, in one layer, which corresponds to |Q»| = 0.044 A
and |Q3] = 0.01 A as specified in Ref. [34]. All ReOg octahe-
dra are symmetry-equivalent, with octahedra in two adjacent
xy layers mapped onto each other by a translation combined
with a 90° rotation around the z axis, thereby swapping the
Re-O bond lengths along x and y.

For the DFT calculations, we use VASP (version 6.4.1)
[53,54] with the PBE exchange-correlation potential [55] in-
cluding the Ba-5s, Ba-5p, Mg-2p, and Re-5p semicore states
as valence electrons. To ensure good convergence, we use
a 600eV plane-wave cutoff and an electronic energy con-
vergence of 107%eV. To calculate the electronic bands for
the cubic Fm3m structure, we use the primitive cell of the
face-centered-cubic lattice containing one formula unit, and
an 8 x 8 x 8 reciprocal k-grid. For the DFT + DMFT calcu-
lations, we treat both the cubic and the tetragonal P4,/mnm
phase using the primitive tetragonal unit cell with two formula
units on a7 x 7 x 5 reciprocal grid.

When SOC is incorporated directly in the DFT exchange-
correlation potential, we preserve time-reversal symmetry by
initializing the magnetic moments to zero and verifying that
the bands are always twofold degenerate up to a precision of
1 x 10~%eV in the band structure. Without SOC, we only use
a single spin channel.

We then define Wannier functions using WANNIER90 (ver-
sion 3.1.0) [56] and initial projections on atom-centered
atomic orbitals with well-defined orbital character. If applica-
ble, we disentangle the bands with a relative convergence of
the gauge-invariant spread of 10~ and always perform Wan-
nierization down to a convergence of the spread of 107 A2
The only exception is the calculation with SOC in DFT, where
we use the initial projections without subsequent Wannier-
ization since this would lead to convergence away from the
orbital-spin basis to the J.¢ basis instead.

To obtain estimates of the screened interaction parame-
ters for the local electron-electron interaction in this basis

of Wannier functions, we perform cRPA calculations at zero
frequency using VASP without SOC. To include enough empty
bands in cRPA, we first obtain the accurate Kohn-Sham en-
ergies from exact diagonalization for 512 bands using the
converged charge density.

We perform one-shot DMFT calculations (neglecting
charge self-consistency) with solid_dmft [57] using the quan-
tum Monte-Carlo solver CT-HYB [58] and the interface to
WANNIER90 as implemented in DFTTools [59], all based on
the TRIQS library (version 3.1.x) [60]. The calculations are
performed at an electronic temperature of 290 K except those
discussed in Appendix A.

We use a basis of |xz), | — iyz), and |ixy), for which the lo-
cal Hamiltonian, consisting of the SOC Hamiltonian in Eq. (1)
and possibly the local tetragonal splitting, is real. We enforce a
paramagnetic solution by averaging the impurity Green func-
tion with its time-reversed counterpart after every solver run.
For all structures, cubic and tetragonal, we keep the two ReOg
octahedra in the unit cell symmetry-equivalent by mapping
one onto the other with the 90° rotation about the z axis and
the translation described above. Therefore, in the following,
we only show the occupations of the ReOg octahedron with
the long bond along x, and we report all observables per
formula unit (f.u.) where applicable. We obtain the spectral
functions from the analytic continuation of the impurity Green
function or the lattice Green function in reciprocal space with
MaxEnt [61,62].

III. RESULTS
A. DFT calculations

1. Band structure

We first discuss the electronic band-structure obtained
within DFT for nonmagnetic, cubic Ba;MgReO, with
SOC included at the DFT level. Figure 2(a) shows the
corresponding bands along a path in reciprocal space. The
band structure is metallic and features six twofold-degenerate
bands with a total width of 1.4eV around the Fermi energy,
which are separated by large gaps of around 2 eV from bands
at higher and lower energies. Projection of these bands onto
local atomic orbitals reveals their strong Re-t,, character
with an overall weight of around 50-60 %. The second most
dominant contribution comes from O-p orbitals, consistent
with the expected strong hybridization between Re and O.

We construct a representation of this isolated group of
bands in terms of frontier Wannier orbitals, |f,,), with 75, sym-
metry centered at the Re cations, where m = yz, xz, and xy.
The local part of the Hamiltonian in this Wannier basis has the
form of Eq. (1) with a strength of & = 0.30eV, very similar
to the value of 0.3eV reported for Os systems [18,29]. In
addition, the Wannier Hamiltonian exhibits all intersite terms
that are allowed by cubic symmetry, with the largest hopping
of —0.11eV between t,, orbitals oriented along the Re-Re
axis of two neighboring ReOg octahedra. The small hopping
amplitude, due to the large Re-Re spacing, is consistent with
the small bandwidth.

Since Ba;MgReOQ is experimentally known to be insulat-
ing in all its phases (including the cubic one), we investigate
the effect of the local electron-electron interaction within
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FIG. 2. DFT band structure obtained for cubic Ba,MgReOq
along a path of the Brillouin zone of the face-centered-cubic lattice.
(a) DFT bands with SOC included, and (b) bands around the Fermi
energy for three different cases in which the SOC is incorporated
directly at the DFT level (“in DFT”), not at all (“none”), or is added
as a local term in the form of Eq. (1) to the Wannier Hamiltonian
(“local”).

DFT + DMFT on the electronic structure around the Fermi
energy. Given the small bandwidth of the Re-t;, dominated
bands, this can potentially have a strong effect.

Within our DFT + DMFT calculations, which are pre-
sented in the following sections, we use a slightly different
approach to incorporate the SOC, allowing us to treat the
SOC strength as a free parameter. We first perform the DFT
calculation without SOC and again construct #,¢-like Wannier
orbitals centered on the Re sites for the bands around the
Fermi level. This results in a band structure with a higher
degeneracy and a slightly smaller bandwidth of 1.13 eV [blue
line in Fig. 2(b)]. We then add the local SOC in the form
of Eq. (1) to the Wannier Hamiltonian and recalculate the
corresponding bands. Indeed, by using A = 0.30eV as ex-
tracted above, we obtain nearly matching bands from this
approach compared to the bands obtained by incorporating
SOC directly in the DFT calculation [red and orange line in
Fig. 2(b), respectively], with a maximum deviation of 0.09 eV
at the I" point in the highest-energy band. Thus, even though
the SOC is incorporated in the DFT calculations on an atomic
level, i.e., using projections on atomiclike orbitals [63], its
effect on the bands around the Fermi level in Ba,MgReOg¢ can
be well accounted for by Eq. (1) applied to the Re-centered
frontier orbitals only.

2. Calculation of screened interaction parameters

Before presenting the results of our DFT + DMFT calcu-
lations, we calculate the strength of the local electron-electron
interaction in the low-energy basis with cRPA (without in-
cluding SOC in the underlying DFT calculations). Thereby,
the bands are separated into a target subspace, containing the
set of isolated bands around the Fermi level, and a screening
subspace, which consists of all other bands. In the cubic phase,
the interaction exhibits the exact Kanamori form, so that we
can simply read off the Kanamori parameters from the cRPA

results asif =2.82eV, U’ = 2.24eV,and J = 0.24eV. The
deviation from spherical symmetry can be quantified by com-
paring (U —U’)/2 with J, which only differ by 0.05¢V,
comparable to other 5d materials [30,49].

Therefore, in the following, we simplify the parametriza-
tion by assuming spherical symmetry with ' = U — 27 and
averaging according to Eq. (4). This results in ¢/ = 2.81eV
and J = 0.27eV. These values are very similar to those re-
ported for Ba;NaOsOg obtained from cRPA calculations, with
U=29eVand J = 0.20eV [30], and also from an estimate
based on a cluster model fitted to experimental data [26]. We
note that, due to the large separation between the target bands
and the rest, the known tendency of cRPA for overscreening
is expected to be rather small [64]. We also do not expect
SOC to strongly influence the interaction parameters, since
the correlated bands do not change much with or without
SOC compared to the large separation from the surrounding
screening bands, as shown in Fig. 2. This is in agreement with
Refs. [30,65].

In the following DFT 4 DMFT calculations, we always
use the value of J = 0.27¢V. In Secs. III B and IIIC, the
parameter U is treated as a free parameter to analyze the effect
of the local interaction strength on the electronic structure,
while in Sec. IIID a more detailed analysis is presented for
the cRPA value of &/ = 2.81 eV, which can be considered as
realistic interaction strength for Ba;MgReO.

B. Metal-insulator transitions induced
by electron-electron interaction

We first explore the formation of the paramagnetic insulat-
ing state and its dependency on the Coulomb repulsion U/.

As shown by the spectral weight, A(w = 0), as a function
of U in Fig. 3(a), there is a metal-insulator transition for
the cubic structure at a moderate ¢/ ~ 1.8eV. Since this is
significantly lower than the cRPA value of ¢/ = 2.81 eV, this
shows that the electron-electron interaction is strong enough
to turn cubic Ba;MgReOg insulating, also considering that
cRPA tends to underestimate the screened interaction parame-
ter, as discussed above. The observed critical value is in good
agreement with a simple atomic-limit estimation of the metal
to Mott insulator transition, where a critical &/ = 1.85¢eV is
obtained by equating the atomic-charge gap [12] with the
bandwidth of 1.13 eV obtained without SOC. This establishes
the Mott insulating character of Ba,MgReOg in the cubic
phase.

We also obtain basically identical results from DFT +
DMEFT calculations where the SOC is already incorporated in
the DFT calculations [gray open circles shown for some data
points in Fig. 3(a)].

In all calculations for the cubic structure, the local density
matrix in terms of Wannier functions is diagonal in the Jes
basis defined in Eq. (2). The evolution of these occupations
as a function of ¢/ is shown in Fig. 3(b). Note that the total
occupation is always 1, corresponding to the nominal Re—tzlg
occupation described by the low-energy frontier orbitals. All
states corresponding to the Joir = 3/2 quadruplet are always
equally occupied, and the same is true for the Jo = 1/2 dou-
blet, demonstrating that the charge density, in this case, does
not spontaneously break the cubic symmetry. In the insulating
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FIG. 3. DFT + DMFT results for Ba,MgReOgq as a function of
the Coulomb interaction parameter {{. (a) The spectral density ob-
tained for the cubic and tetragonal structures and occupations of the
Jege states on one Re site for the (b) cubic and (c) tetragonal phases.

state, the electron exclusively occupies the J.i = 3/2 states,
whereas in the metallic state, some occupation is transferred
into the Jegr = 1/2 doublet.

Next, we perform analogous DFT + DMFT calculations
for the tetragonal structure of Ba,MgReOg. Here, the main
effect of the structural distortions on the electronic structure
is a local splitting of the previously degenerate t,, Wannier
functions by —0.05, 0.01, and 0.04eV, while the intersite
hopping terms are barely affected.

As shown in Fig. 3(a), the distortions in the tetragonal
structure shift the critical ¢/ for the metal-insulator transition
to a slightly smaller value of ¢/ = 1.6eV compared to the
cubic case. The distortions also affect the orbital occupations,
where the occupation matrix is not diagonal in the Jeg basis
because Jesr and m;,, are not good quantum numbers anymore.

In Fig. 3(c), we show the diagonal elements of the occupa-
tions in the Jeg basis for the Re site with the long-bond axis
along x. In the insulating state, there is now a polarization
within the Jo = 3/2 quadruplet, and the J.¢ = 1/2 states are
also slightly occupied. This is due to the distortion lifting the
degeneracy within the J.r = 3/2 states and coupling them to
the Jor = 1/2 states. In the metallic state, the occupations
become more similar to the cubic metallic case for decreasing
U, with almost equally occupied Jogr = 3/2 states, indicating
that the tetragonal crystal-field splitting is small compared to
the kinetic energy.

C. Effect of spin-orbit coupling strength

We now analyze the effect of the SOC on the metal-
insulator transition in Ba,MgReOg. In the cubic phase, SOC is
known to stabilize the insulating state but has a much weaker
effect for the d' case than for other fillings [12,13]. For ex-
ample, in the atomic limit, completely turning off SOC would
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S o1 312, £ 172

8 ' —e— 3/2, £3/2
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FIG. 4. (a) Spectral density and (b) occupations in the J.g basis
for 4 =1.80 and 2.81eV as a function of the SOC strength A
obtained for the tetragonal structure. The vertical line corresponds
to the realistic value of A = 0.30¢eV, and the horizontal lines corre-
spond to the occupations when only the xz orbital is occupied.

increase the critical I/ from the 1.85eV discussed before to
1.94 eV, which is still well below the value from cRPA. We
therefore focus on the more complex case of the tetragonal
phase with its competition between tetragonal crystal-field
and SOC splittings, again fixing J = 0.27eV.

Looking at the spectral weight A(w = 0) as a function of A
in Fig. 4(a), we find that, also in the tetragonal phase, the SOC
can indeed turn Ba,MgReOy from metallic to insulating, but
only in the regime very close to the Mott transition, e.g., for
U =1.80eV. For U = 2.81eV, the material is always insu-
lating, even in the complete absence of SOC, indicating that
SOC does not play a crucial role in stabilizing the insulating
state in this case. This is similar to what has been found for the
generic three-orbital Hubbard model [12] and for the closely
related 5d' double perovskite Ba,NaOsOg [30].

The corresponding occupations in the Jeg basis, shown
in Fig. 4(b), show very similar behavior for the two differ-
ent U/ values. For strong SOC, A > 0.30eV, the occupations
are essentially constant without any significant changes com-
pared to the case with A = 0.3eV discussed in Sec. IIIB,
with an almost empty Jei = 1/2 doublet and a polarized
Jeit = 3/2 quadruplet. Upon reducing the SOC strength, more
occupation is transferred into the Jor = 1/2 states, and the po-
larization within the J.ir = 3/2 quadruplet slightly increases.
In the absence of SOC, the results, especially in the insulating
case forid = 2.81 eV, are relatively close to only the xz orbital
being occupied.

D. Spectral functions and occupations

Next, we provide further analysis of the spectral features
and the orbital charge distribution for the cubic and tetragonal
phase for the most realistic parameter values, i.e., A = 0.3eV
and the cRPA interaction parameters I/ = 2.81eV and J =
0.27eV. We also compare our DFT + DMFT results to the
DFT + U calculations of the tetragonal, paramagnetic phase
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FIG. 5. Spectral function from DMFT for the (a) cubic and
(b) tetragonal phase, with the contribution from the frontier orbitals
decomposed into the eigenstates of the local occupation labeled by
their occupation. Note that these occupations are always summed
over pairs of degenerate states and thus, e.g., n = 0.5 corresponds
to quarter-filling of the corresponding spectral density. (c) Density
of states of the tetragonal, paramagnetic DFT + U calculation from
Ref. [38], including the projection onto atomiclike Re states split into
a local majority and minority channel.

from Ref. [38]. As stated in Sec. I, in these DFT + U calcu-
lations, the paramagnetic state was emulated by using a large
supercell with random magnetic moments on the Re atoms
and zero net magnetization [44,45], which can be viewed
as a static snapshot of the system in the paramagnetic state.
Furthermore, in Appendix B, we present an additional analy-
sis of the frequency dependence of the self-energies on the
Matsubara axis for both cubic and tetragonal cases, and in
Appendix C, we compare the corresponding k-resolved and k-
integrated spectral functions obtained with and without SOC.

1. Spectral functions

We first discuss the spectral function A(w) obtained for
the cubic phase, shown in Fig. 5(a), which has a large gap of
around 1.0eV. We note that this gap is much larger than the
activation energy of 0.17 eV obtained from the Arrhenius fit to
the electrical resistivity [37]. However, it is probably unclear
whether this activation energy reflects the electronic gap of
the pristine system. To further analyze the character of the
gap, we decompose the contribution from the frontier orbitals
to the spectral function into the eigenstates of the local oc-
cupation. These correspond to the unoccupied Jeis = 1/2 and
the quarter-filled J.ir = 3/2 states. One can see that the lower
and upper boundary of the gap is defined by the degenerate
Jetr = 3/2 states, while the Jor = 1/2 states only contribute to
higher energies in the upper Hubbard band, very similar to the
DFT + DMFT calculations on Ba;NaOsOg from Ref. [30].

To align the correlated states relative to the uncorrelated
bands in our one-shot DFT + DMFT calculations, we subtract
a double counting correction ¥4, from the DMFT chemi-
cal potential, using the specific form ¥4 = (U — 27 )(n —
1/2) = 1.14eV [66], where n = 1 is the total occupation on
the Re sites. We note that the exact form of the double count-
ing correction is ill-defined and thus the resulting alignment
is only approximate. Based on this, the uncorrelated states lie
below —3 eV and above 2 eV. Thus, while the correlated states
move slightly upward relative to the uncorrelated states com-
pared to the plain DFT bands shown in Fig. 2, the uncorrelated
states are still far away from the gap and therefore do not play
arole for the low-energy behavior of the system.

In the tetragonal phase, there is almost no change in the
total spectral function compared to the cubic case, and the
band gap remains 1.0eV, as depicted in Fig. 5(b). How-
ever, the character of the states around the band gap changes
drastically. There is now only one pair of eigenstates that
are partially occupied, i.e., half-filled, while the other states
are essentially unoccupied. This indicates that the Jahn-Teller
distortion has lifted the degeneracy within the Je = 3/2
quadruplet (except for the remaining Kramers degeneracy),
while also creating some degree of mixing with the Joir = 1/2
states.

Next, we compare the DFT 4+ DMFT spectral function
for the tetragonal structure with the corresponding density
of states from the paramagnetic DFT + U calculations of
Ref. [38]. To reduce finite-size effects, Ref. [38] used five
configurations with the same ionic positions in the supercell
but different random magnetic moments on the Re atoms. The
data depicted in Fig. 5(c) correspond to the average over these
five configurations. We find very different features compared
to the DFT + DMFT spectral function. The center bands are
split into four distinct peaks, grouped into pairs of two sep-
arated by a gap of about 2eV. The Fermi energy splits the
lower pair of peaks by a ratio of 1:2 in terms of their spectral
weights, which results in a band gap of 0.2 eV. Note that in the
DFT + U study of Ref. [38], the effective Hubbard interaction
was specifically chosen to match the gap to the experimental
activation energy [37].

To analyze the nature of the various peaks in the DFT +
U spectral function, we project the density of states from
Ref. [38] onto atomiclike functions in orbital and spin space,
and then decompose the density of states in a local majority-
and minority-spin contribution by summing up the spin pro-
jections on the local magnetic moment on a given site for all
orbital characters. We then average over all Re atoms and all
independent configurations.

As shown in Fig. 5(c), this reveals that the two lower
peaks immediately below and above the Fermi level represent
the local majority spin component, and the two upper peaks
around 2 eV represent the local minority spin component of
the Re-fy, states. This local spin splitting roughly coincides
with the effective Hubbard interaction of 1.8eV used in
Ref. [38]. The band gap around the Fermi energy therefore
arises from the splitting of the local majority-spin peaks,
which is most likely due to the symmetry breaking by the
Jahn-Teller distortion, the local spin moment, and the strong
SOC. Compared to the DFT + DMFT spectral function, the
uncorrelated states lie higher in energy relative to the Re-d
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FIG. 6. Wannier functions from (left) frontier orbitals and (right)
localized Re-d and O-p orbitals. All functions have #,,-type symme-
try around the center Re atom.

dominated bands around the Fermi level, by about 2eV.
However, also in DFT 4 U, this alignment depends on the
ill-defined double-counting correction [67].

Note that a more systematic quantitative comparison be-
tween the paramagnetic supercell DFT 4 U calculation and
our DFT + DMFT calculations is difficult since the explicit
treatment of the local electron-electron interaction in the two
approaches is applied to different orbitals and using different
parametrizations of the interaction strength. Nonetheless, it is
remarkable to see such significant qualitative differences in
the corresponding spectral functions.

2. Charge distribution in atomiclike orbitals

So far, we have employed frontier orbitals constructed from
the bands immediately around the Fermi level, which are
suitable for a low-energy description of Ba;MgReO, directly
map on the nominal d' charge state of the Re cation, and thus
provide a clear and intuitive physical picture. Now, to allow
for a better comparison with the DFT + U results of Ref. [38],
we complement this with an analysis in terms of a more lo-
calized atomic-orbital-like Wannier basis, constructed from a
wider energy window. Such a description in terms of localized
atomiclike orbitals also allows us to analyze the degree of
hybridization and quantify the local quadrupoles. Here, the
atomiclike basis might be more suitable for a quantitative
comparison to x-ray absorption and other experimental probes
sensitive to the very local environment around the atoms.

These localized Wannier orbitals are constructed from all
bands in the energy range between —13.2 and 7.9 eV relative
to the Fermi energy, including all O-2p and Re-5d dominated
bands, where the Re-5¢, dominated bands need to be disen-
tangled from higher-lying bands. Per formula unit, we obtain
five d-like orbitals centered on the Re sites, denoted by |Ire 1),
and 18 p-like orbitals centered on the O sites. To analyze
the hybridization between these orbitals, we then proceed to
combine the O-p orbitals into symmetry-adapted linear com-
binations, |lp ), which have a clearly defined symmetry with
respect to the Re sites. Five of these linear combinations have
a d-type symmetry and therefore hybridize with the Re-5d
orbitals. For example, a linear combination with #,, symmetry
of the O-p states is shown on the right of Fig. 6.

First, we compute the overlap between a localized orbital
[1cm), where C is the atomic character of the localized state
and can thus be Re or O, and a frontier orbital |f,;) on the
same ReOg octahedron. Using the fact that the Kohn-Sham
states |ki) at reciprocal vector k with band index i form a
complete orthonormal basis inside the chosen energy window,
we obtain

(emltw) =Y (lem ki) i), &)

ki

where the overlaps between Wannier functions and Kohn-
Sham states are given by the U(k) and U%(k) matrices
obtained from WANNIER90 [68]. We note that, due to the
gauge freedom of the Bloch functions, these matrices crucially
need to come from the same Kohn-Sham states at the same
DFT iteration for both types of Wannier orbitals.

We find @ = (Ire,m|fn) = 0.80 and B = (lp ju|fn) = —0.56
for all three orbitals with #, symmetry in both the cubic
and tetragonal phase. By symmetry, there is no overlap be-
tween orbitals with different orbital characters, m # m’. The
resulting decomposition of the frontier orbital is schematically
visualized in Fig. 6. Thus, the frontier orbitals consist of
o = 64 % of Re-ty, orbitals and B> = 31 % of O-p orbitals,
with the missing 4 % belonging to other orbitals that we do
not explicitly take into account. Such strong hybridization
can be expected from the relatively delocalized nature of the
Re-5d states and is comparable to results from a cluster model
for Ba;NaOsOg fitted to experimental data, which reported a
hybridization of 50 % Os and 50 % O [26].

‘We can now compute the occupation in this localized basis
from

(emlnllem) =Y (eml ) (€ lnlfu) (Eullom)

797

+ ) (lemlki) (Killem). (6)

ki _
€xi<€

The first term projects the occupations (f, |n|f,/) of the central
bands around the Fermi energy from the DMFT calculation
onto the localized orbitals, whereas the second term captures
the fully occupied bands below these correlated bands by
summing over all bands with energies €; below € = —1eV
[cf. Fig. 2(a)].

The strong hybridization with the oxygen leads to 2.7
electrons in the atomiclike Re-f;, and 1.2 electrons in the
corresponding e, orbitals and therefore a total of 3.8 d elec-
trons on the Re. This differs significantly from the nominal d'
occupation in the frontier basis and is quite similar to the 4.0
d electrons found in the paramagnetic DFT + U calculations
of Ba,MgReO¢ [38]. It is also comparable to the occupa-
tion of up to 6.3 electrons reported in an atomiclike basis
for the nominal-d? double perovskites Ba,MOsOg [69]. Note
that these very different occupations of the two basis sets in
Ba,MgReOg correspond to exactly the same charge density
and simply showcase two different pictures for interpreting
the underlying physics.

We now decompose the occupation matrix in the fron-
tier and localized basis sets into multipoles as defined in
Ref. [42] and implemented in Ref. [70]. Here, we focus
on the SOC moment (I -s), which quantifies the effect of
the SOC in Eq. (1) on the spin and charge density, and
on the pure charge quadrupoles centered on the Re sites.
We compute the multipoles in the localized basis from the
density matrices (l¢g,;|n|le,y) for the different C and C’,
and thus obtain a Re-Re, a Re-O, and an O-O contribu-
tion (which all contribute to the multipoles centered around
the Re sites). Note that the multipoles in frontier and lo-
calized bases are related by the approximate decomposition
of the frontier into localized orbitals depicted in Fig. 6.
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TABLE I. Multipoles corresponding to the effect of SOC and
charge quadrupoles with e, symmetry centered on the Re sites, ob-
tained in the frontier and localized basis sets. The & signs indicate
the two equivalent Re sites. Note that in the normalization used here
[42], a negative z> quadrupole corresponds to excess charge along the
z direction.

frontier localized
Re-Re Re-O 0-0
cubic (I - s) —0.48 —0.31 0.22 —0.15
tetra ([ - §) —0.48 —0.31 0.22 —0.15
tetra 22 —0.13 —0.08 0.06 —0.04
tetra x> — y? F0.50 F0.32 +0.22 F0.15

Since the multipole decomposition is a linear operation
on the matrix elements of the density matrix, the consid-
ered frontier multipoles w are related to the corresponding
localized ones by

~ 2 2
Wirontier ~ O~ WRe-Re T 20‘,3 WRe-0 + ,3 wo.-0- (7)

Here, we assume that the bands below € do not contribute to
the frontier multipoles and use the fact that all overlaps and
multipoles are real.

The resulting multipoles are shown in Table I. Note that
the O-O and Re-O contributions in the localized basis still
correspond to the multipole centered at the Re site. The SOC
moment (I - §) is close to —1/2 in the frontier basis in both
the cubic and tetragonal phase, which is equivalent to the sin-
gle electron residing in the J.ir = 3/2 states discussed in the
context of, e.g., Fig. 3. In the localized basis, we can see that
the effect of the SOC distributes over Re and O. Therefore,
even though the SOC is a local effect caused mostly by the Re
atoms, due to hybridization, the occupations of the O are also
affected.

In cubic Ba,MgReOy, the quadrupoles on the Re sites are
exactly zero since the charge density is always cubic in our
calculations, as verified for a larger range of temperatures
in Appendix A. In the tetragonal phase, the x> — y* and z°
quadrupoles appear, which are depicted in Figs. 1(b) and 1(c)
and are the only quadrupoles allowed in P4, /mnm symmetry.
Similar to the SOC moment, we find that the local quadrupole
is close to saturation in the frontier basis, with a large x*> — y*
component. In the localized basis, again both Re and O play
a role, with the dominant contributions coming from the
Re-Re and Re-O terms, which enter the total quadrupole mo-
ment weighted by a? = 0.64 and 2a8 = —0.90, respectively,
as discussed in Eq. (7). Since the quadrupole moments are
essentially just a specific way to quantify the local orbital
polarization, this shows that an orbital polarization can also be
found on the ligands, and even more pronounced in the mixed
component representing the hybridization between transition-
metal ion and ligand.

For the tetragonal phase, we can now directly compare
the Re-Re contribution of the quadrupoles' in the localized

'Note that in Ref. [38] a different coordinate system was used,
where the x and y axes are rotated by 45° about the z axis away

DFT+U ® DFT+U avg. * DFT+DMFT
)
.
Xy *
Yz A
)
22 4 *
L)
7y
XZ A *
L ] [ ]
X2 _y2 4 s *

-04 -03 -0.2 -0.1 0.0 01 0.2 03 0.4
Quadrupole moment

FIG. 7. Charge quadrupoles on the Re sites in tetragonal
Ba,MgReOy, evaluated in a direct comparison between the DFT +
DMFT calculations and the distributions of quadrupoles on the two
different Re sites from the paramagnetic-supercell DFT + U calcu-
lations of Ref. [38].

basis to the data from Ref. [38]. Due to the random magnetic
moments in the paramagnetic supercell used in DFT 4- U, all
Re atoms become symmetry-inequivalent, and in Fig. 7 we
thus show the resulting distribution of quadrupoles (over all
five independent configurations considered in Ref. [38]). We
show separate distributions for the two Re sublattices with
the Q,-related octahedral elongation along the x or y direc-
tion, respectively. Then, we compare the average of these two
distributions to the quadrupoles from DFT 4+ DMFT on the
corresponding sites.

In the DFT + DMFT calculations, the quadrupoles with 5,
symmetry are zero, as mandated by P4, /mnm symmetry. This
agrees with the DFT 4 U calculations, which show a wide
distribution, but with an average always absolutely smaller
than 0.03, so that also from DFT + U, Ref. [38] concluded
that these quadrupoles are zero. The x> —y?> quadrupole
clearly orders antiferroically in both DFT + DMFT and
DFT + U, as expected from the symmetry between the differ-
ent distortive directions. As discussed before, a quantitative
comparison between the DFT + DMFT and DFT + U re-
sults is difficult, due to the different treatment of the local
electron-electron interaction, which can potentially explain
the approximate factor of 2 difference between the predicted
x> — y? quadrupoles from the two methods. Finally, DFT +
DMFT confirms the ferroic ordering of the z*> quadrupoles,
which was not completely obvious from Ref. [38] due to the
rather broad distribution.

IV. CONCLUSIONS AND SUMMARY

We have used DFT + DMFT calculations to establish that
Ba;MgReOg is Mott insulating both in the cubic and tetrago-
nal paramagnetic phases. In both cases, the insulating state can

from the Re-O bonds. We therefore transform the quadrupoles from
Ref. [38] to our choice of axes, i.e., oriented along the Re-O bonds.
This swaps xy and x> — y* and linearly combines xz and yz.
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be classified as a regular Mott insulator, originating from the
Coulomb repulsion U/, with a critical I/ for the metal-insulator
transition much smaller than the value of 2.8 eV we calculated
with cRPA. Even though the spin-orbit coupling is strong,
leading to a splitting of around 0.45eV between Jer = 3/2
and 1/2 within the low-energy states, it does not significantly
influence the metal-insulator transition. This agrees with the
expected behavior for d' systems [12,30].

The spectral function of Ba,MgReOg4 around the Fermi
energy is dominated by two Hubbard peaks, which form a gap
of about 1.0 eV in both cubic and tetragonal phases. However,
the orbital character of the Hubbard peaks changes across
the cubic-tetragonal transition, in line with the corresponding
change in the local Re occupations in the frontier orbital basis.
The insulating, cubic phase can be accurately described in
a nominal d' picture with a quarter-filling of the Joi = 3/2
states due to the spin-orbit coupling. In the tetragonal, para-
magnetic phase, we find approximate half-filling of a state
determined by the combined effects of the spin-orbit coupling
and the tetragonal crystal field, with a remaining twofold
degeneracy due to time-reversal symmetry.

We also analyze the local electron distribution around the
Re sites in terms of a more localized atomic-orbital-like basis.
These orbitals might be more suitable for comparison with
experimental probes that are sensitive to the immediate atomic
environment such as resonant x-rays, and also allow for a
better comparison with the DFT + U results of Ref. [38]. Two
complementary but equivalent pictures emerge when postpro-
cessing the charge and spin density with either frontier or
atomiclike Wannier orbitals. The former directly maps on the
nominal d' picture, with physics comparable to model studies
[12,13,43], while the latter corresponds to an atomic picture,
where both Re and O orbitals are influenced by the tetragonal
distortion and the spin-orbit coupling. Notably, even though
spin-orbit coupling is a local effect coming mostly from the
heavy Re atoms, its signature in the hybridized bands around
the Fermi energy also strongly affects the occupation of the O
orbitals, indicated by a nonzero component of the spin-orbit
coupling (I - s) moment.

Our DMFT treatment using a frontier orbital basis focuses
on the low-energy degrees of freedom, providing a complete
description of the isolated group of Re-d dominated bands
around the Fermi level. This represents a physically sound
approach, analogous to Ref. [30] and closely related to typical
model-based studies such as Refs. [12,13]. Nevertheless, the
large Re-d occupation of around 3.8 in the localized basis
set raises the question of whether an equivalent description
of the Mott insulating character of Ba,MgReOg can also be
achieved within DFT + DMFT or similar calculations using
such a localized basis set to treat correlation effects, in the
spirit of a more extended d-p-type model. We note that similar
calculations for 3d transition-metal oxides have sometimes
required carefully adjusting the double-counting correction
[71,72], which in this case regulates the degree of d-p charge
transfer.

Finally, we compare our DFT + DMFT results to DFT +
U calculations for the tetragonal phase of Ba,MgReO, which
have used large supercells with random magnetic moments to
emulate the paramagnetic state [38]. We find good qualita-
tive agreement between the two methods for the quadrupole

moments around the Re sites. Our calculations even corrob-
orate the existence of a ferroically ordered z> quadrupole
component, which was slightly obscured in the DFT + U cal-
culation of Ref. [38] by the fluctuations related to the random
magnetic moments but has also been reported experimen-
tally [34,37,40]. In contrast, we find noticeable differences
in the spectral functions obtained within DFT + DMFT and
DFT + U, where in the latter case, the Re-dominated density
of states around the Fermi level splits into four peaks with
well-defined local spin characters, which is rather different
from the DFT + DMFT spectral function. Part of this differ-
ence can potentially be explained by the differences in how the
local electron-electron interaction is treated in the two cases.
Nevertheless, this comparison raises the question of how com-
parable the spectral features of paramagnetic DFT + U and
DFT + DMFT calculations are, especially in the presence of
spin-orbit coupling where the orbital occupation is strongly
influenced by local magnetic moments.

The supporting data for this article are openly available
from the Materials Cloud Archive [73].
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APPENDIX A: EFFECT OF TEMPERATURE

The critical temperature of 33K for the transition from
cubic to tetragonal is much lower than the electronic tem-
perature of 290K used in our DMFT calculations. To verify
that this high electronic temperature does not crucially affect
the results obtained in our DFT 4+ DMFT calculations for
the tetragonal phase, we now present additional calculations
where we vary the electronic temperature and monitor the
effect on the orbital occupations. We also test whether it is
possible to stabilize spontaneous orbital order in the cubic
phase, or whether the charge density always preserves the
Fm3m symmetry. Here, we again use the realistic parameters
of A =0.3eV, U =2.81eV,and J = 0.27eV.

Figure 8 shows the occupation as a function of electronic
temperature, both for the cubic and tetragonal case. In the
tetragonal case, the polarization of the Jo = 3/2 quadruplet
depends only weakly on the temperature in the range from 120
to 290 K. Below 120 K, indicated by the gray shaded region
in Fig. 8, the calculations become numerically unstable due to
the fermionic sign problem appearing in the quantum Monte
Carlo solver. Nevertheless, it seems reasonable to assume that,
for all temperatures below 290 K, the polarization of param-
agnetic Ba,MgReQ is already more or less saturated. This a
posteriori justifies the choice of electronic temperature in the
DFT + DMFT calculations discussed in the previous sections.

Note that at higher temperatures, thermal effects first re-
duce the polarization within the J.iz = 3/2 states, and then the
polarization between Jeir = 3/2 and 1/2 states, at tempera-
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FIG. 8. Occupations in the Ji basis for the cubic and tetragonal
phase as a function of the electronic temperature in the DMFT calcu-
lation. The upper temperature axis indicates the points corresponding
to the boundary of the numerical instability region (120 K), room
temperature (290 K), and the thermal energies equal to the tetragonal
crystal-field splitting (1100 K) and the SOC splitting (5200 K). The
region of numerical instability is defined when the average sign in
the CT-HYB solver drops below 0.1.

tures of around 1100 and 5200 K, where the thermal energy is
roughly equivalent to the respective energy splittings.

In cubic Ba;MgReOq, for all temperatures above 120K
which are accessible with our DFT + DMFT calculations, we
find no tendency towards spontaneous polarization, in agree-
ment with the low experimental transition temperature. At
higher temperatures, we find the suppression of SOC-induced
polarization, as already observed in the tetragonal phase.

APPENDIX B: SELF-ENERGIES
IN THE INSULATING STATE

Figure 9 shows the low-frequency behavior of the self-
energies as a function of the imaginary (Matsubara) frequen-
cies iw, for the realistic parameter set, i.e., A = 0.3 eV and the
cRPA interaction parameters I/ = 2.81eV and J = 0.27 ¢V,
both for the cubic and tetragonal structures. We plot the
dominant orbital components, corresponding to the diagonal
elements in the eigenbasis of the occupation matrix, as intro-
duced in the context of Figs. 5(a) and 5(b).

In all cases, the self-energies corresponding to the unoc-
cupied states [cf. Figs. 9(a), 9(b) and 9(d)] are frequency-
independent, i.e, with an essentially zero imaginary part and a
constant real part. In contrast, the self-energies corresponding
to the quarter- [Figs. 9(b) and 9(c)] or half-filled [Fig. 9(f)]
states in the cubic and tetragonal cases, respectively, exhibit
pronounced features for lower Matsubara frequencies, both in
the real and imaginary parts. In the tetragonal phase, the half-
filling state shows a divergent self-energy, which also leads to
a quasiparticle renormalization, Z = (1 — %hw”ﬁo)’l, of
zero, a typical feature of a half-filled Mott insulator. In the
cubic phase, the features of the self-energy on the Matsubara
axis become less pronounced due to the quarter-filling, such

4 4(a) n=0.01 H(b) n=0.49 H(c) n=0.51
.. ..
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FIG. 9. Real and imaginary parts of the self-energy as a function
of Matsubara frequency for (a)—(c) the cubic and (d)—(f) the tetrag-
onal phase. The different panels show the diagonal component of
the self-energy in each of the eigenstates of the occupation matrix.
The light, horizontal lines show the high-frequency average. The
occupations n are always summed over pairs of degenerate states.

that the self-energy does not have to diverge towards zero
frequency. Instead, the real part of ¥(0) shifts the quasi-
particle dispersion away from the Fermi level, to produce a
vanishing spectral function for zero frequency [74]. We note
that, due to the at least twofold degeneracy in all cases, the
frequency dependence of the self-energy, and thus dynamical
correlation effects, are crucial to obtain an insulating state. At
large frequencies, the real part of the self-energy converges to
the Hartree-Fock limit (cf. Ref. [13]).

APPENDIX C: SPECTRAL FUNCTIONS
IN RECIPROCAL SPACE

Figure 10 shows both the k-resolved and the k-integrated
(but orbitally resolved) DFT 4+ DMFT spectral functions of
Ba,MgReO, obtained using the cRPA interaction parameters
U =2.81eVand J = 0.27eV. We compare the cubic and the
tetragonal case with and without SOC (A = 0.3 eV). This can
serve as a helpful comparison for future experimental studies
using angle-resolved photoemission spectroscopy.

All k-resolved spectral functions show similar features
with a clear gap around zero frequency. The spectral weight
below the gap is mostly incoherent and shows little k£ disper-
sion, whereas a more coherent quasiparticle band-dispersion
is recognizable above the gap, in parts resembling the un-
derlying DFT bands introduced in Fig. 2, but significantly
broadened by lifetime effects due to the local electron-electron
interaction. Consequently, the total k-integrated spectral func-
tions have a simple two-peak structure with a very similar gap
for all cases shown in Fig. 10, consistent with those already
presented in Sec. IIID 1.

However, the orbital decomposition of the spectral func-
tions into contributions from the different eigenstates of the
occupation matrix reveals some differences. In the cubic case
without SOC, all states are degenerate with a filling of one-
sixth, as shown in Fig. 10(b). In Fig. 10(d), this degeneracy
is partially lifted by SOC, which results in the quarter-filled
Jeir = 3/2 states, as already depicted in Fig. 5(a). In the tetrag-
onal case [Figs. 10(f) and 10(h)], all states are only twofold
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FIG. 10. Density of states (DOS) for the (a)-(d) cubic phase and (e)—(h) tetragonal phase of the correlated, Re-f,,-dominated orbitals.
(a),(b),(e),(f) Without SOC, and (c),(d),(g),(h) with a realistic SOC, shown as the k-integrated density of states as well as the k-resolved
one along high-symmetry lines of the tetragonal Brillouin zone. In analogy to Fig. 5, the k-integrated density of states is decomposed into
eigenstates of the local occupation, with the eigenvalues shown in the legend (corresponding to pairs of degenerate states).

degenerate due to the remaining time-reversal symmetry, with
only the lowest-lying Kramers pair occupied by nearly one
electron and the other two pairs remaining essentially empty,
both with and without SOC. However, as already depicted
in Fig. 4, the orbital character of the occupied Kramers pair

changes with and without SOC, due to the competition be-
tween the tetragonal crystal-field splitting and the spin-orbit
splitting. This leads to the different spectral distributions of
the various orbital components visible in the upper Hubbard
bands of Fig. 10(f) compared to Fig. 10(h).
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