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Large anomalous Hall, Nernst effect and topological phases in
the 3d-4d/5d-based oxide double perovskites

Kartik Samanta'*®, Jonathan Noky', liiigo Robredo'?, Juergen Kuebler®, Maia G. Vergniory'?*™ and Claudia Felser

11X

Magnetism and spin-orbit coupling are two fundamental and interconnected properties of oxide materials, that can give rise to
various topological transport phenomena, including anomalous Hall and anomalous Nernst effects. These transport responses can
be significantly enhanced by designing an electronic structure with a large Berry curvature. In this context, rocksalt-ordered double
perovskites (DP), denoted as A,BB'Og, with two distinct transition metal sites are very powerful platforms for exploration and
research. In this work, we present a comprehensive study based on the intrinsic anomalous transport in cubic and tetragonal stable
DP compounds with 3d-4d/5d elements. Our findings reveal that certain DP compounds show a large anomalous Hall effect,
displaying topological band crossings in the proximity of the Fermi energy.
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INTRODUCTION

Since the theoretical prediction of topological insulators'™ and
topological semi-metals®~, researchers in the field of condensed
matter and materials science have extensively endeavored to
design, characterize, and synthesize topological materials®#68
considering their potential applicability in the field of quantum
information®, coherent spin transport'®, and high-efficiency
catalysis''. Recent advances in elementary band representation
theory have accelerated the prediction of insulating and (semi-)
metallic non-magnetic and magnetic topological phases of matter
in real materials'>'8, However, the prediction of stable magnetic
topological materials with large transport characteristics such as
large anomalous Hall conductivity (AHC) and Nernst conductivity
(ANC) in strongly correlated magnetic oxides is more challenging,
and systematic calculations have been conducted only for a few
selected strongly correlated oxides'®=25,

In correlated magnetic systems, the interplay between magnet-
ism, crystal symmetry, and spin-orbit coupling (SOC) underlies the
various topological transport phenomena and is highly intriguing
from an experimental perspective?®=3', In three-dimensional (3D)
ferromagnets, spin-polarized bands often display topologically
non-trivial nodal points and nodal lines (NLs)*?3%, The lifting of
band degeneracy because of the SOC around a nodal structure
gives rise to increased Berry curvature around it, leading to a
variety of topological transport phenomena, including the
anomalous Hall effect (AHE) as well as the anomalous Nernst
effect (ANE)3>39-41,

In the case of magnetic topological materials with large AHC
and ANC conductivities, it is important to have a magnetic site
with a localized magnetic moment, which can provide a high
energy scale for magnetism, as well as a magnetic site occupied
by a heavy element with strong SOC. From the perspective of
designing magnetic topological materials, it is also important to
have materials with physically separated ions that host magnetism
and ions that host strong SOC, to avoid the problem resulting
from the interplay between the correlation effect and SOC at the
same site. A promising class of materials in this context is the

rocksalt-ordered*? double perovskite (DP) compounds with the
general formula A;BB'Og. These compounds present the possibility
of hosting a 3d transition metal (TM) ion at the B site and 4d/5d
TM ions at the B’ site, offering a suitable playground for exploring
exotic properties that depend on the competing energy scales
associated with the bandwidth, Coulomb correlation, and SOC for
the 3d and 4d/5d orbitals at these two sites. From an experimental
point of view, these compounds are easy to produce, are robustly
stable against oxidation in ambient air, and possess a high
magnetic ordering temperature. However, because most conven-
tional topological materials have low transition temperatures, their
application to potential technologies is complicated. Several
prominent 3d-4d/5d DP compounds with remarkable properties,
such as half-metallicity at room temperature** and colossal
magnetoresistance** are known. These compounds are excellent
candidates for real-life applications, such as spintronics and low-
dissipation devices®. In addition, in many of these 3d-4d/5d DP
materials, the low-energy physics is primarily governed by the t,g-
orbital bands of the 4d/5d TM ions with strong SOC, with the
possibility of a topological band crossing near the Fermi energy
with highly efficient transport characteristics, such as AHC and
ANC. In spite of the extensive studies of the electronic and
magnetic properties of these materials*®~*°, the topological
characteristics of these materials have not yet been adequately
investigated. This motivated our study, in which we considered
selected cubic and tetragonal 3d-4d/5d-based experimentally
reported DP with the aim to explore and understand stable
topological materials with large AHC and ANC. Our results show
the possible existence of a clean topological band crossing near
the Fermi energy, primarily contributed by the 5d-t,q orbitals with
large AHC and ANC. In certain DP compounds, particularly in
Ba,NiReOg, a mirror symmetry-protected topological nodal line
and their drumhead surface state are observed very close to the
Fermi energy. In addition, the AHC and ANC of these compounds
are almost three times larger than those of the extensively studied
prototype metallic ferromagnetic oxide material SrRuO5'%*".
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Fig. 1 Crystal structures and schematic energy level diagram. Crystal structure of a cubic space group Fm-3m (No. 225) and b tetragonal
space group I4/m (No. 87) double perovskites. ¢ Schematic energy level diagram of the d-levels in the cubic octahedron crystal field at the 3d
B and 4d/5d B' sites. The arrows indicate the direction of magnetic moment at the B and B' magnetic sites.

RESULTS AND DISCUSSION
Electronic structures and magnetic ground state

In the present study, we systematically investigated 3d-4d/5d-
based cubic and tetragonal stable DP compounds in an attempt to
identify and further our understanding of stable magnetic
topological quantum materials with large AHC. The primary
structural building blocks of the considered compounds are the
corner-sharing B(3d)-Og and B’(4d/5d)-O¢ octahedra (cf. Fig. 1a, b).
As a result of the tetragonal distortion, the octahedra in a
tetragonal DP are slightly distorted, whereas they are perfect
octahedra in a cubic DP. In the cubic crystal field of regular
octahedra, the d-orbitals split into a higher energy level of two-
fold (four-fold including spin) degenerate e, orbitals and a lower
energy level of three-fold (sixfold including spin) degenerate t,q
orbitals, as schematically shown in Fig. 1c. The electron-electron
correlation is expected to decrease from 3d to 4d to 5d transition
metal (TM) elements, whereas the bandwidth and spin-orbit
coupling strength increases from 3d to 4d to 5d TM elements
owing to the enhanced delocalization of electronic wave functions
and the higher atomic number (2), respectively. Consequently,
exchange splitting at the 3d-B site is likely to be quite large.
However, the crystal field splitting at the 4d/5d-B’ site is expected
to be very large relative to the exchange splitting owing to the
strong delocalization of the electronic wave function. Large crystal
field splitting at the 4d/5d-B’ site results in the stabilization of the
low spin state, and when the 4d/5d-B’ orbital is less than or equal
to half filled, the empty e orbitals would lie far above the Fermi
level, with a negligible impact on the electronic structure and
transport properties. The main contributing orbitals around the
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Fermi energy would be the three 4d/5d-t,4 orbitals with strong
SOC. In general, the energetically filled 3d orbitals of the B sites, lie
below the Fermi energy, which has a finite degree of hybridization
with the occupied 4d/5d-t,q4 orbitals through the O-p orbitals.

From both an experimental and theoretical perspective, it is
important to have a topological material with a clean band
structure with a topological crossing near the Fermi energy.
Depending on the electron occupation of the 3d orbitals of the B
site (thereby effectively controlling the exchange splitting), which
lie below the Fermi energy, we can effectively control the mixing
of the occupied 3d orbitals with the partially occupied 4d/5d-t4
states. In the present study, we considered 3d-4d/5d-based cubic
and tetragonal DPs with 0, 1, 2, or 3 electrons in the 4d/5d-tyq
state near the Fermi energy, which can provide strong SOC and
many electrons in the 3d B sites. Our calculations indicated that
whenever B-3d magnetic sites have fully half-filled d-shells or half-
filled e states, because of the enhanced exchange splitting, the
filled 3d orbitals are pushed below the Fermi energy, significantly
reducing mixing with the occupied 4d/5d-t,4 states. As a result, a
clean band structure with predominant 4d/5d-t,q orbitals
character is observed around the Fermi energy. For example, in
Fig. 2a, b, we present the band structure of Sr,CoReOg and
Ba,NiReOg with electron occupancy at the B and B'-sites of Co-d’,
Ni-d® and Re-d’, respectively. Owing to the completely half-filled
Ni-eg4 states in the compound, we observed a clean band structure
with predominantly partially filled Re-t,4 states near the Fermi
energy compared to the Sr,CoReOg compound.

In the following section, we describe the magnetic ground
state, charge state, electron occupancies, and filling of d-orbitals
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Fig. 2 Effect of 3d orbital filling on the electronic structure. Schematic energy level diagram, orbital filling of the d-levels in the octahedron
crystal field at the Co/Ni-3d and Re-5d sites and band structure with SOC for a tetragonal double perovskites, Sr,CoReOg, and b cubic double

perovskites, Ba,NiReOg.

for the considered DP compounds. In order to understand the
magnetic ground state for the DP compounds, we first compared
the total energy of their non-magnetic, ferromagnetic, and ferri-
magnetic structures. In Supplementary Table 1, we summarize the
total energy calculations for the different magnetic structures. The
bold entries indicate magnetic ground states for each DP
compound. In addition, we calculated magnetic exchange
interactions (J) between magnetic elements B-3d and B’-4d/5d
to further confirm and understand the magnetic ground state. The
calculated exchange coupling constants (J) as a function of the
distance between B-3d and B'-4d/5d elements for all the
considered DP compounds are summarized in Supplementary
Figs. 2, 3. A negative sign in the exchange interactions between
B-3d and B’-4d/5d in Supplementary Figs. 2, 3 indicates a ferri-
magnetic ground state, and a positive sign indicates a ferromag-
netic alignment. From the estimated exchange coupling, we
further calculated the magnetic transition temperature T, using
the mean field formula®® for all the DP compounds. In
Supplementary Table 2, we summarize the mean field estimated
T, for all the considered DP compounds. We also compared the
mean field estimate of the magnetic transition temperature of the
DP compounds with the experimentally reported magnetic
transition temperature (cf. Supplementary Table 2) and for most
of the DP compounds, the mean field*° estimated T is found to
be underestimated compared to that of the reported measured
magnetic transition temperature.

Considering the magnetic ground state structure, we did
electronic structure calculations for all the considered DP
compounds. In order to understand the detailed electronic
structure, B-3d and B'-4d/5d orbital occupancies and orbital filling
in more detail, the density of states with GGA+U for all the
considered DP compounds are shown in Supplementary Figs. 4, 5.
In the Fe-based cubic DP, we find a magnetic moment of ~4.0 ug,
indicating a nominal valency of Fe3* with a high-spin state d®
occupancy [ty4(31), €4(21)] consistent with the experimental result
reported for the Fe based compounds®'—3, On the other hand, the
calculated density of states (DOS) and magnetic moment

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

indicated a nominal valency of 2+ at the Mn, Co, and Ni with
the following occupancies for d” [t4(31), €4(21)], d” [t24(31,2)),
e4(21)] and d® [tog(31, 3]), eg(21)], respectively. The d-level
occupancy at the 4d/5d-B’ site of Mo, W, and Re varies from 0
to 2 (cf. Table 1). The low-energy state is primarily governed by the
4d/5d-t,q states (cf. orbital-resolved band structure of the cubic DP
in the Supplementary Information). So, it is expected to have a
negligible contribution from the 4d/5d-t,4 orbital near the Fermi
energy for the completely unoccupied 4d/5d-t,4 state. Therefore,
compounds with half-filled 3d orbitals and completely unoccupied
4d/5d-t,q orbitals usually lead to an insulating solution as found in
Ba,MnMoOQOg and Ba,NiWOe.

In the tetragonal group of DP compounds, from the calculated
DOS and magnetic moment, the sites occupied by Co, Ni and Fe,
Cr are found to be in the charge state 2+ and 3+, respectively,
with occupancies of d” [tyy(31.2]), €4(21)], d® [ta4(31, 31), e4(21)],
d® [tyg(31), e4(21)], and d [ty4(31)], respectively. In the group of
tetragonal DP compounds, Sr;NiMoOg and Sr,CrOsOg are found to
be insulating. In the Sr,CrOsOg compound, both Cr and Os are in
the d3 configuration and aligned anti-parallel to each other. Both
completely filled Cr-t,g up the spin channel and Os-t,4 down-spin
channel lie below the Fermi energy and the empty e4 states of Cr
and Os lie above the Fermi energy (cf. orbital-resolved band
structure of tetragonal DP in the Supplementary Information). This
leads to an insulating solution whereas in the Sr,NiMoOg
compound Mo is the d° state, thus a negligible contribution
around the Fermi energy. The half-filled Ni-e4 states lie below the
Fermi energy and give rise to an insulating solution. In
Supplementary Table 2, we summarize the detailed charge state
of each individual element, electron occupancies, and orbital
fillings of each B-3d and B-4d/5d element of the considered DP
compounds.

AHC and ANC of considered DP compounds

Based on the knowledge we gained of the electronic structure and
magnetic ground state for all the considered DP compounds, we

npj Computational Materials (2023) 167
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Table 1. Summary of the results of selected materials considered in this study.
Material SG B-3d B-4d/5d B B’ M MS  AHC AHCax(AE)  ANC ANCnax (AE)
site site (ug) (ug) (ug/fu.) Sem™  (Sem™) Am'K™)  (Am'K)
Ba,FeMoOg 225 Fe3t-3d° Mot -4d" 397 —040 3.99 FiM  6.94 37 (0.20) 0.04 —0.18 (0.20)
Ba,CoMoOg 225 Co?*-3d’ Mo®+-4d°  2.70 003 299 FM  0.00 0.00 0.00 0.00
BaMNMoOs 225 Mn?"-3d®> Mo®"-4d° 454 011  4.99 FM  0.00 0.00 0.00 0.00
Ba,FeReO, 225  Fe3t-3d° Re>* - 5d? 390 -092 3.06 FiM 3343 329 (0.20) 0.04 —1.20 (0.14)
Ba,MnReOq 225 Mn?T-3d®> Re®"-5d’ 452 —066 4.03 FiM 278 536 (0.03) 1.52 —2.10 (0.10)
Ba,NiReOg 225  Ni#*-3d® Re®* - 5d’ 1.70 071 295 FM  —495 —571 (0.01)  0.220 2.51 (0.05)
Ba,NiWOg 225  Ni#*-3d® W6+ - 5d° 1.71 0.06 201 FM  0.00 0.00 0.00 0.00
Sr,NiMoOg 87 Ni2+ - 3d® Mo®*t -ad® 167 0.07  2.00 FM  0.00 0.00 0.00 0.00
Sr,FeMoOg 87 Fe3t -3d° Mo>*-4d" 406 055 3.99 FiM  73.68 99 (0.17) 0.03 0.94 (0.16)
Sr,Co0s0g 87 Co*™-3d” 0s®"-5d> 268 —1.18 1.16 FiM 300 517 (0.12) —-1.61 3.13 (0.20)
Sr,CoReOq 87 Co**-3d”  Re®*-5d' 244 —044 203 FiM  —22 200 (0.19) —0.52 —1.97 (0.20)
Sr,CrOsOg 87 Cr3t-3d3 Os>*+ - 5d3 274  —-179 018 FiM  0.00 0.00 0.00 0.00
Sr,NiOsOg 87 Ni2+ - 3d® 0s%* - 5d2 1.68 122 384 FM 176 206 (—0.08) —0.66 —2.60 (—0.19)
Sr,NiReOg 87 Ni2+ - 3d® Re®* - 5d’ 167 —065 1.03 FiM 447 447 —-0.30 2.54 (0.01)
Listed are the space group (SG), charge state, and electron occupancy at the B-3d and B’-4d/5d sites, the magnetic moment at the B-3d and B-4d/5d sites,
theoretical magnetization per formula unit (f.u.), magnetic ground state (MS), AHC, maximum AHC, ANC, and maximum ANC. The maximum values are obtained
in an energy window of 200 meV around the Fermi level. AE indicates the energy distance in eV of the maximum values with regard to the Fermi level.

subsequently investigated the topological transport characteris-
tics, AHC and ANC. Table 1 summarizes the calculated AHC and
ANC for all the compounds at the Fermi energy and Supplemen-
tary Fig. 1 shows a graphic representation. It is clearly evident that
the value of AHC and ANC around the Fermi energy is more or less
of the same order of magnitude for the cubic and tetragonal
group of DP compounds, for example, the cubic DP Ba,NiReOg
and tetragonal DP Sr;NiReOg. To correlate the similar trend that
was observed for the AHC and ANC in the cubic and tetragonal
group of DP compounds, we investigated their magnetic space
group in detail using the FINDSYM>*5> software package.
Considering the SOC with magnetization along 001 direction,
the magnetic space groups (MSG) of the cubic and tetragonal DP
compounds are determined to be 14/mm’m’ and 14/m, respec-
tively. Both MSG have a mirror m, along the z-axis, and lack m, and
my, which is why both cubic and tetragonal DPs present a gapless
nodal line at k,= 0 but gapped nodal lines at k,=0 and k, =0.
However, these gapped nodal lines have a different origin, in the
case of cubic DPs m, and m, are broken because of the coupling
between SOC and magnetism, whereas in the case of tetragonal
DPs they were never present. Hence, for the cubic DP compounds,
the main source of the Berry curvature around the Fermi energy is
found to be the gapped topological nodal line in the presence of
SOC and is discussed in more detail in the selected material with a
large AHC and ANC section.

Selected material with large AHC and ANC

The calculated value of the AHC of the Ba,;NiReQOg is almost three
times larger than that of the ferromagnetic SrRuOs, which is a
prototype of ferromagnetic oxide materials and has been studied
extensively’®*!. In addition, the determination of the energy
dependence of the AHC and ANC is also important to account for
the energy shifts away from the Fermi energy. Therefore, we
additionally show the largest possible value in a range of 200 meV
around the Fermi energy in Table 1. This occurs because minor
oxygen nonstoichiometry is commonly found in perovskite
oxides®®~>® and has the effect of a small degree of doping and,
consequently, a shift in the Fermi level. The largest values of AHC
and ANC we found are —571Scm™' and —283Am 'K in
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Fig. 3 Site projected DOS. Spin-polarized GGA+U density of states
for the DP Ba,NiReOg, projected onto Ni-d (blue), Re-d, (cyan), and
O-p (orange) states.

Ba,NiReOg. Results show that changes in the Fermi energy can
have a large influence on the anomalous transport coefficients,
AHC, and ANC (cf. Supplementary Figs. 14-27). To understand the
large anomalous transport coefficients of Ba,NiReOg, we investi-
gated its electronic and magnetic structure and topological
features in more detail, and present the results in the following
section.

First, using the GGA+U method, we compared the total
energies of the different magnetic structures—non-magnetic,
ferromagnetic, and ferri-magnetic—to determine the magnetic
ground state of DP compounds. The calculations revealed the
ferromagnetic ground state to be energetically favorable. The
calculated spin-polarized DOS, considering the ferromagnetic
ground state with the GGA+U calculation, is shown in Fig. 3.
Within the crystal field of a regular octahedron, the d-levels split
into toq and ey states, and the d-states of Ni and the Re ions are
exchanged and the crystal field splits. The exchange splitting at
the 3d-Ni site is expected to be high compared to the 5d-Re site,
whereas the large crystal field splitting at the 5d-Re site stabilizes

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences
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Fig. 4 Electronic structure, AHC, and ANC. a Band structure in the presence of spin-orbit coupling (SOC) and Hubbard U. b anomalous Hall
conductivity (AHC), 0, and ¢ anomalous Nernst conductivity (ANC), a, for the DP Ba,NiReOs.

in the low spin state. The calculations with the GGA+U showed
that the localized magnetic moment at the Ni-3d and Re-5d sites is
found to be 1.70 and 0.7 ug, respectively, which indicates that
Ni*(3d®) is in the high spin ([ty4(31, 3]) e4(21)]) and Re®*(5d") in
the low spin [t,g(11)] states. In the DP Ba,NiReOg compound, as Ni
is in the high spin d® configuration, both the majority and minority
spin channels of t,4 and the majority spin channel of e4 are
completely filled, whereas the minority spin channel of e4 remains
completely empty and lies above the Fermi energy (cf. Fig. 3). On
the other hand, low spin Re*(5d') has only one electron and,
from Fig. 3, it is evident that the states close to the Fermi level (Ef)
are mainly contributed by the partially filled Re-[t,4(11)] states in
the up spin channel. The partially filled Re-t,4 states cross the
Fermi level in the majority spin channel, which causes this spin
channel to become conducting. In contrast, a clear gap arises in
the minority spin channel, leading to a half-metallic ferromagnetic
ground state with full spin polarization. From the orbital-resolved
partial DOS (cf. Fig. 3), it is clearly evident that a trivial band gap of
1.2 eV exists in the minority spin channel of Ba,NiReOg, whereas
that in the majority spin channel contributes significant states to
form a peak-like DOS near the Fermi level, which consist mainly of
Re-t,q4 states hybridized with O-2p states.

As the states close to the Fermi energy are dominated by the
partially filled Re-t,q states, the effect of the SOC in the electronic
structure is expected to be high. The electronic band structure,
with the GGA+U+SOC calculations considering the ferromagnetic
ground state, is shown in Fig. 4a. With the constructed tight-
binding Hamiltonian considering the atomic orbital-like MLWFs of
the Ni-d, Re-d, Sr-d, and O-p states, the calculated intrinsic
contribution of the AHC and the ANC as a function of the Fermi
energy is shown in Fig. 4b, ¢, respectively. From the computed
value of the AHC as a function of Fermi energy, we observed a
large peak of the AHC around the Fermi energy (cf. Fig. 4b). We
also crosschecked our electronic structure, AHC and ANC
calculations for a different choice of U values at the Ni-3d and
Re-5d site, but no significant changes were observed in the basic
electronic structure and in the peak of AHC and ANC near the
Fermi energy (cf. Supplementary Fig. 6). This demonstrates the
robustness of our calculation. In the next section, we investigated
the peak in the AHC in detail, taking into account the values of
U=4.0 and 1.6 eV at Ni-3d and Re-5d sites, respectively.

Detailed topological analysis of selected material

The band structure of the DP Ba,NiReOg undergoes a very distinct
change because of the strong SOC of the Re—5d states. Near the

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

Fermi level, most of the band touching points are gapped. Along
the K—T direction, the valence and conduction bands of Re-t54
intersect with each other. To understand the topological nature of
the band crossing along K—I, we examined the electronic
structure in more detail. In the absence of magnetism and SOC,
the cubic DP Ba,NiReOg preserves m,, my, m, Csy, Csy, and Cy,
symmetries. Without SOC, the internal spin space, and the lattice
space are decoupled from each other and spins can be separated
into spin-up and spin-down sectors. Thus, in the absence of the
SOC, cubic Ba,NiReOg possesses three mirror planes at k,=0,
k, =0, k, =0, and symmetry-protected nodal lines can appear in
any of the three planes3”*°%°, Considering the magnetic ground
state with GGA+U, we observe the symmetry-protected nodal line
in each of the three planes (k,=0, k, =0, k,=0) along the K—I'
direction, as shown with green lines in Fig. 5a—c.

The situation is different when we take into account the SOC,
in the presence of which the spin space (coupled up and down-
spin channels) and the lattice space are coupled with each
other, thus breaking the spin-rotational symmetry. Particularly,
when considering the moments aligned along the z-direction,
i.e., the magnetization along the 001-direction, the m, and m,
symmetries are broken, thus breaking the symmetry protection
of nodal lines in the k,=0 and k,=0 planes, leading to a
gapped nodal line along the K—T high-symmetry line (cf. Fig. 5¢, b).
Instead, for the moment aligned along the z-direction, the m,
symmetry is still preserved, which leads to the gapless nodal line
in the k, =0 plane (cf. Fig. 5a). As a result of the gapped nodal
lines, a large Berry curvature could be induced in the Brillouin
zone (BZ), consequently enhancing the AHC3”°9%°, Following
the above discussion, we expect the nodal lines to be gaped
away from the k, = 0 plane, which can lead to the formation of
Weyl points. Thus, we searched the Weyl points in the whole
Brillouin zone considering the two bands that form the nodal
line and found Weyl points near the Fermi energy (35.5 meV
above the Fermi energy). In Supplementary Table 3 and
Supplementary Fig. 12, we show the coordinates, topological
charge, bulk band structure, and surface spectrum showcasing
the topologically protected Fermi arc connecting the projection
of the Weyl nodes.

We calculated the Berry curvature contribution in the k, and
k,=0 planes to further investigate the contribution of these
gapped nodal lines to the AHC. As expected, due to the
presence of the mirror symmetry at the k, = 0 plane with SOC (M
|| 001), a closed nodal line would be visible and, consequently,
the closed nodal line results in an almost zero Berry curvature
contribution in the k, =0 plane. In Fig. 6a, we show the band
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Fig. 6 Gaped nodal line and Berry curvature. a Band gap in the k,= 0 plane with magnetization M|| (001). The gap structure resembles that
of the original nodal line. b Berry curvature in the k, = 0 plane with M|| (001). Strong Berry curvature contribution is visible along the gaped

nodal line.

gap in the k, =0 plane by considering the two bands that form
the nodal line for the DP Ba,NiReOg. In the k, = 0 plane, in which
the mirror symmetry is broken due to the magnetization along
the z-direction (001), the nodal lines are separated by a gap, as
shown in Fig. 6a. Consequently, the gapped nodal lines make a
large contribution to the Berry curvature in the system, as shown
in Fig. 6b. To quantify the contributions that the gapped nodal
lines make to the total AHC, we restricted the integration of Eq.
(2) to slices around the k, = 0 and k, = 0 planes, as these are the
planes in which the gapped lines reside. Considering the
thickness of the slices at 20% of the full BZ, we observe that
80 % of the AHC value can be attributed to the gapped nodal
line structure of the DP Ba,NiReOg, which suggests that the
gapped nodal lines are the primary source of AHC. We further
studied the topological crossing and the transport character-
istics (AHC and ANC) considering the SOC with magnetization
along the 100 and 010 directions. As the cubic DP compounds
possess m, and m, mirror planes at the k, and k,=0 planes, we
find a gapless nodal line in the k, =0 plane for the SOC with
magnetization along the 100 while a gapless nodal line is found
in the k, = 0 plane for the SOC with magnetization along the 010
(cf. Supplementary Fig. 10). Since the nodal line features remain
unchanged for the SOC with magnetization along 001, 100, or
010 directions, the values of the AHC and ANC are expected to
be the same, as shown explicitly in Supplementary Fig. 11.

npj Computational Materials (2023) 167

One of the hallmark features of the nodal line compounds are
the protected drumhead surface states, consisting of surface
states covering the projection of the nodal line on the surface.
Therefore, to find the topologically protected surface state of DP
Ba,NiReOg, the surface states were calculated using the Wannier-
Tools software package®'®?, which employs tight-binding Hamil-
tonians constructed by maximally localized Wannier functions®34,
In the topological nodal line compounds, the topological
invariants®® and, thus, the surface spectrum are protected by
crystalline symmetries. Therefore only surfaces that preserve them
will show topologically protected surface states®®~5%, In the case of
the DP Ba,NiReOg, the mirror symmetry-protected nodal line is
observed in the plane k, = 0, thus one could expect a surface state
to prevail on the (001) surface. In Fig. 7a we show the projection of
the band dispersion onto the (001) surface, following the high-
symmetry k-paths shown in Fig. 7b. On the projected (001)
surface, topological non-trivial surface states are clearly visible,
connecting the two gapless points within I1—X; and M;—T; to
form a two-dimensional drumhead surface. Moreover, the
dispersion of the drumhead surface states is observed to be small
compared to other material classes®®®° and located very close to
the Fermi energy, contributing a large surface DOS at the Fermi
energy, which is greatly beneficial for experimental realization as
well as in spintronics applications”®.
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Fig. 7 Topological surface state. a Band dispersion of Ba,NiReOg on the projected (001) surface. b BZs of bulk and (001) surfaces with high-

symmetry points of the fcc structure.

SUMMARY

In summary, using the first-principles density functional calcula-
tions, Wannier interpolation, and symmetry analysis, we have
systematically investigated the electronic structure and topologi-
cal transport characteristics, AHC, and ANC of a list of stable cubic
and tetragonal rocksalt ordered DP compounds (A,BB'Og), with
the aim to search and understand stable magnetic topological
materials with large AHC and ANC. We presented here a
comprehensive study of an intrinsic anomalous transport for the
list of representative DP materials considering the 3d TM magnetic
ions at the B site and 4d/5d TM magnetic ions at the B’ site which
provide a high energy scale for magnetism as well as strong spin-
orbit coupling and explored the possibility of realizing a clean
electronic band structure with a large Berry curvature, hence large
AHC and ANC. Our systematic calculations and analysis of the
electronic structure for the list of representative DPs materials
showed that when DP compounds have a half-filled B site 3d or e
states and partially filled 4d/5d-t,4 states, due to the enhanced
exchange splitting at the B sites, mixing with the partially filled 4d/
5d-t,4 states reduce significantly and leads to the possibility of a
clean topological band crossing. This is primarily attributed to
strong SOC in the 5d-t,q orbitals near the Fermi energy with large
AHC.

From the symmetry analysis, the magnetic space group of the
cubic and tetragonal DP compounds considering the SOC with
magnetization along z direction, is found to be in the 14/mm’m’
and 14/m, respectively, with a mirror symmetry m, which leads to a
symmetry-protected nodal line in the k, = 0 plane. In the presence
of magnetism and SOC with magnetization along z direction, m,
and m, mirror symmetries of the cubic structure are broken,
resulting in a gapped topological nodal line in the k,=0 and
k, =0 planes which are found to be the primary source of the
Berry curvature for the cubic DP compounds around the Fermi
energy. The presence of mirror symmetries and a clean
topological band crossing primarily resulting from the 5d-t,, state
with strong SOC, were found to be crucial for large AHC and ANC,
which, in combination with the magnetism and SOC, produces a
large BC in the band structure.

In certain DP compounds, particularly in Ba;NiReOg, we found a
symmetry-protected nodal line near the Fermi energy with very
large AHC and/or ANC values that are three times larger than the
extensively studied prototype metallic ferromagnetic oxide
material SrRuO;'*'. In the DP Ba,NiReOg, slightly dispersing
mirror symmetry-protected drumhead surface states and Weyl
points are observed around the Fermi energy making it a good
candidate for using the topological properties in the spintronics
applications. Furthermore, the electronic structure, topological
transport characteristics, AHC, and ANC of its optimized structure
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are found to remain unchanged, demonstrating the robustness of
our calculations. We additionally found that both AHC and ANC
are strongly dependent on the position of the Fermi level and,
therefore, on the doping level of the investigated material.

This work demonstrates the versatility and usability of cubic and
tetragonal DP based on 3d and 4d/5d TM ions to realize a clean
topological band crossing near the Fermi energy, primarily
resulting from the 4d/5d-t,4 state with a large AHC. Our
computational study pave the way for high-performance stable
magnetic topological materials based on oxide DP.

METHODS

First-principles DFT calculations

For the calculations, we considered stable cubic and tetragonal
3d-4d/5d-based DP compounds whose structural data was taken
from the ICSD database’" with a 3d magnetic element at the B site
and 4d/5d magnetic element at the B’ site to enable us to
investigate topological transport characteristics such as the
anomalous Hall and Nernst effects. We considered the experi-
mentally measured lattice constant, atomic position, and space
group as inputs for the density functional theory (DFT) calcula-
tions. We also checked the calculations with the optimized
structures for selected compounds, and found that the electronic
structure and transport characteristics, AHC, and ANC almost
remain unchanged around Fermi energy (cf. Supplementary Figs.
28, 29 and Supplementary Table 4). The DFT-based plane-wave
projected augmented wave (PAW) method, as implemented in the
Vienna ab initio simulation package, was employed’?~’#. We used
a 12x12x12 (12x12x%x10) k-points mesh and a plane-wave
cutoff of 520eV, for the self-consistent calculations of cubic
(tetragonal) compounds. These selections of the k-mesh and the
plane-wave cut-off were found to result in good convergence of
the total energy. We used the Perdew-Burke-Ernzerhof (PBE)””
exchange-correlation functional within the generalized gradient
approximation (GGA). The electron-electron correlation effects
beyond GGA at the strongly correlated 3d and 4d/5d magnetic
sites were taken into account using the supplemented on-site
Hubbard U correction via the GGA+U method’®. Considering that
the B site is occupied by a 3d transition metal and the B’ site by a
4d/5d transition metal with wider bands compared to the B site,
the correlation effect would be expected to be stronger at the B
site compared to the B’ site. Thus, we chose U values of 4.0 eV and
1.6 eV for the B and B’ sites of the considered 3d-4d/5d-based DPs,
respectively. The selection of these values was motivated by the U
values used for 3d-4d/5d-based DP compounds in previous
studies*”’~*°77, in which the electronic structure and magnetic
ground state were found to be in good agreement with the
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experimental results. We initially checked our calculations by
varying the U values of a few compounds, but overall, the
electronic structure and magnetic ground state remained
unaltered. The effect of the SOC is included in the fully relativistic
schemes. Magnetic anisotropy calculation (cf. Supplementary
Table 5) shows that the z axis (i.e., magnetization along 001) is
an easy axis for tetragonal DP compounds, while cubic DP
compounds are isotropic in agreement with experimental
observation?®. Thus, for all calculations, magnetization is chosen
to be parallel to the (001) direction.

Transport characteristics AHC and ANC calculation
We calculated the contribution of the intrinsic Berry curvature to
the anomalous Hall conductivity by employing the Wannier
interpolation technique®®. To compute the Berry curvature, we
first constructed maximally localized Wannier functions (MLWFs)
Hamiltonian projected from the GGA+U+SOC Bloch wave
functions using the Wannier90 tool®*7’87°, Atomic orbital-like
MLWEFs of the A-d, B-3d, B’-4d/5d, and O-p states were considered
to construct the tight-binding Hamiltonian, which reproduced the
spectrum of the system accurately in the energy window of
+2.0eV around the Fermi energy. The wannierization was
repeated with different inner and outer energy windows until it
reproduced the spectrum of the system quite accurately in the
energy window of +2.0eV around the Fermi energy (cf.
Supplementary Figs. 44-47).

With the tight-binding model Hamiltonian, we calculated the
intrinsic AHC using the linear response Kubo formula approach as
follows®:

O (k) = —#? Z 2/m<unk“7)<‘umk><Um2k|‘7y|unk>
n#m (€mk - enk)

where (7 (k) is the Berry curvature of band n, hv; = 9H (k) /dk; is

the i'th velocity operator, U, and e, are the eigenstates and

eigenvalues of the Hamiltonian H(k), respectively.
Subsequently, we calculated the AHC, given by:

e? dk
== 02 (k
H=2 /BZ k) 2)

| 81,82

; M

and the ANC, af, as proposed by Xiao et a

o _1?6_;;'/32%0?(@ [(E,, — Ep)fy +kBTIn<1 +eXP<Eik;;F>)}
(3)

where T is the actual temperature, f, is the Fermi distribution, and
Er is the Fermi level. We used a k-point mesh of 300 x 300 x 300
for the calculation of the AHC and ANC using Egs. (2) and (3),
respectively, and T=300K for the calculation of the ANC.

Magnetic exchange and surface state calculation

In order to compute magnetic exchange interactions (J), we used
Green'’s function approach®3#4, implemented from the combina-
tion of the Wannier90%4787° and Tb2j software packages®. In this
approach, energy variations are utilized due to infinitesimal local
spin rotations®3, Surface states were calculated using tight-binding
methods by the combination of the Wannier90®*’87° and
WannierTools software packages®'®2. We used the VESTA®S,
sumo®, and PyProcar®® tools for the lattice structure and
projected band structure plots.
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