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Topology and crystalline symmetries are fundamental concepts in condensed matter physics. They have
garnered significant interest, particularly in the study of materials with exotic electronic properties. The
interplay between topology and crystalline symmetries leads to a rich variety of phenomena and new classes
of materials. In our group, we have investigated this interplay in both electronic and magnetic materials,
first through an extensive high-throughput search, and then by analyzing the topological properties of the
selected materials in more detail. We have widely studied nodal lines, Weyl crossings, and the chiral prop-
erties of spin and orbital angular momentum, as well as superconductivity. We have also started to develop
a new formalism to include topological correlations in Green’s functions. Finally, we analyzed the charge

density waves in kagome systems.

In the following, we present the results of our high-
throughput search of topological materials and our
studies on nodal lines and Weyl points in double
perovskites and the spin texture of chiral semimetals.

High-throughput searches at any filling of electronic
and phononic materials

High-throughput computations have shown that many
more materials are topological than was initially
thought. We expanded this approach to include all pro-
cessable entries in the Inorganic Crystal Structure Da-
tabase and studied the band structures of materials both
at and away from the Fermi energy. Almost 88% of
these materials exhibit at least one topological band [1].
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Fig. 1: Electronic band structure of KMgBi; with
uniform lattice expansion of 3.5% along all axes.
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Fig. 2: Statistics of nontrivial phonon band sets for the
phonon materials from PhononDB@Kyoto-u (green)
and Materials Project (orange) databases.
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In addition to the electronic structure, the phonon band
structure can also display nontrivial topology. Our
searches identified KMg4Bi3 as a new narrow-bandgap
semiconductor. We grew it experimentally and charac-
terized it by ARPES. It undergoes a topological transi-
tion at certain pressures (Figure 1) [2].

We also conducted a high-throughput computational
screening of more than 10,000 two-phonon materials.
We found nontrivial phonon bands in more than half of
the studied materials and identified approximately 1000
as promising for experimental investigation (Figure 2)
[3]. The robustness of topological surface phonon states
means they can be used for frequency filtering or me-
chanical energy attenuation under imperfect conditions,
as well as for heat transfer and infrared photoelectronics.
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Fig. 3: Crystal structure and schematic energy level
diagram of rocksalt-ordered double perovskites
A>BB'Og.
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Fig. 4: Overview of prototypical forms of spin—momentum locking with linear momentum.

Topological phonons are also promising for construct-
ing phonon diodes and acoustic waveguides. When the
time-reversal symmetry is broken, several topological
effects, such as quantum anomalous or quantum valley
Hall-like effects, can be realized in topological phononic
materials.

3d-4d/5d-based oxide double perovskites

Magnetism and spin—orbit coupling are two fundamen-
tal and interconnected properties of oxide materials
that can give rise to various topological transport phe-
nomena, including the anomalous Hall and Nernst ef-
fects. These transport responses can be significantly
enhanced by designing electronic structures with large
Berry curvature. In this context, rocksalt-ordered dou-
ble perovskites (A2BB'O¢) with two distinct transition
metal sites are powerful platforms for exploration and
research (Figure 3). Herein, we present a comprehen-
sive study on the intrinsic anomalous transport in cubic
and tetragonal stable double perovskites with 3d—4d/5d
elements (Table 1). Our findings reveal that certain dou-
ble perovskites exhibit a large anomalous Hall effect and

Spin texture in chiral semimetals

Spin—orbit coupling in noncentrosymmetric crystals
leads to spin—momentum locking, which is a direc-
tional relationship between the spin angular momen-
tum and linear momentum of an electron. Although
isotropic orthogonal Rashba spin—-momentum locking
has been studied for decades, its counterpart, isotropic
parallel Weyl spin—-momentum locking, has remained
underexplored. Theoretically, Weyl spin—momentum
locking should only be realized in structurally chiral
cubic crystals in the vicinity of Kramers—Weyl or
multifold fermions. We used spin- and angle-resolved
photoemission spectroscopy to demonstrate the Weyl
spin—momentum locking of multifold fermions in the
chiral topological semimetal PtGa. We found that the
electron spin of the Fermi arc surface states is orthog-
onal to their Fermi surface contour for momenta close
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Table 1. Summary of the results of selected materials considered in this study. \Q)/
Material sG B3d B-4d/5d B B M Ms  AHC AHCn(AE)  ANC ANCrox(AE) L ?_ L"gm

site site W) W) () Sem) Gem ) (AmTK) AmoK) (1N R > X +
BafeMoO; 225 Fe**-3d°  Mo* -4d' 397 040 399 FiM 694 37 020) 004 ~0.18 (020) UIJ
BaCoMoO; 225  Co**-3d”  Mo® -4d® 270 003 299 M 000 000 000 000 -
Ba;MnMoOs 225  Mn?*-3d°  Mo® -4d® 454 011 499 M 000 000 000 000
B 3¢ S+ _5g? . X R X Ki110)
aFeRed; 225 Fe*t-3d®  ReS'-5d° 390 092 306 FiM 3343 3200020 004 ~120 (014) .
Ba;MnReOs 225 Mn?*-3d° Re®*-5d' 452 066 4.03 FiM 278 536 (0.03) 152 ~2.10 (0.10) Enantiomer B — \ 0
BayNiReOg 225 Ni#*-3d® ReS* -5d' 1.70 071 295 FM 495 ~571(001) 0220 251 (0.05) OAM anti-monopole > 0
Ba,NiWOs. 225 NPT-3d® wetosd® 171 006 201 FM 000 0.00 0.00 0.00 &)/
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SrFeMoO, 87 Fe'-3d®  MoS -4d' 406 -055 399 FiM 7368 99 (0.17) 003 094 (0.16) L TIXEE--R - X
SrCo0s0, 87 Co?'-3d”  Os°'-5d 268 118 116 FiM 300 517 (0.12) -161 313 (0.20) ' ~< =
SrCoReO; 87 Co**-3d” Re*-5d' 244 044 203 FiM 22 200019 052 ~1.97 (020) w_, '
SCr0s0, 87 CPt-3d®  Ost-5d 274 179 018 FiM 000 000 000 000
SNiOsO; 87 NPY-3d®  Os*t-5d2 168 122 384 Mo 176 206(-008) 066 ~260 (~0.19) X R X Ki1op

S,NiReO,

Niz* - 3d®

Re®* - 5d"

167

—0.65

103

FiM

247

447

-0.30

2.54 (0.01)

Listed are the space group (5G

), charge state, and electron occupancy at the B-3d and B4d/sd sites, the magnetic moment at the B-3d and B-4d/5d sites,
theoretical magnetization per formula unit (fu), magnetic ground state (MS), AHC, maximum AHC, ANC, and maximum ANC. The maximun values are obtained

in an energy window of 200meV around the Fermi level. AE indicates the energy distance in eV of the maximum values with regard to the Fermi level.

Table 1: Summary of results of selected materials
considered in this study.

Fig. 5: Sketch of chiral crystal structure of PdGa (B20
structure), highlighting the helical winding of atoms
along the [111] direction.
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Fig. 6: (a) Bulk Brillouin zone (BZ) of NbGe; with high-symmetry A, I', K, M, H, and L points labeled. (b) Out-of-
plane Fermi surface (FS) mapping, taken within the photon energy range of 280—700 eV. The BZ boundary is marked
by white lines. (c, d, f) Photoemission intensity plots (left) and corresponding calculated band structures (vight) along
high-symmetry directions. The high symmetry points are labeled on the figures. (e, g) Enlarged views of (d) and (f),
respectively. The density-of-states (DOS) around the M and H points, respectively, are plotted in the right-hand panels.

to the projection of the bulk multifold fermion at the I'
point, which is consistent with Weyl spin—-momentum
locking (Figure 4). Direct measurements of the bulk
spin texture of multifold fermions at the R point also
revealed Weyl spin—-momentum locking. The discov-
ery of Weyl spin—-momentum locking may lead to en-
ergy-efficient memory devices and Josephson diodes
based on chiral topological semimetals [5].

Controllable orbital angular momentum mono-
poles in chiral topological semimetals

The emerging field of orbitronics aims to generate and
control electronic orbital angular momentum (OAM)
currents for information processing. Topological crys-
tals with structural chirality have been predicted to host
topological band degeneracies in the reciprocal space,
which are monopoles of the OAM; therefore, they
could be particularly suitable orbitronic materials.
Around such monopoles, the OAM is locked isotopi-
cally parallel or antiparallel to the direction of the elec-
tron momentum, which can be used to generate large
and controllable OAM currents. However, OAM mon-
opoles have not yet been directly observed in chiral
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crystals, and no means of controlling their polarity has
been discovered. We used circular dichroism (CD)-
ARPES to image OAM monopoles in the chiral topo-
logical semimetals PtGa and PdGa. Moreover, we
demonstrated that the monopole polarity can be con-
trolled via the structural handedness of the host crystal
by imaging OAM monopoles and anti-monopoles in
the two enantiomers of PdGa (Figure 5). For most pho-
ton energies used in our study, we observed a sign
change in the CD-ARPES spectrum when comparing
the positive and negative momenta along the light di-
rection near the topological degeneracy. This is con-
sistent with the conventional view that CD-ARPES
measures the projection of OAM monopoles along the
photon momentum direction. However, for some pho-
ton energies, this sign change disappears, which can be
understood from our numerical simulations via the in-
terference of polar atomic OAM contributions, which
is consistent with the presence of OAM monopoles.
Our results highlight the potential of chiral crystals for
orbitronic devices. Moreover, our methodology should
enable the discovery of even more complicated nodal
OAM textures that can be exploited in orbitronics [6].
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Chirality and superconductivity in NbGe;

The interplay between topology and superconductivity
in quantum materials harbors rich physical phenomena
for discovery. We investigated the topological proper-
ties and superconductivity of the nonsymmorphic
chiral superconductor NbGe, using high-resolution
ARPES, transport measurements, and ab initio calcu-
lations. The ARPES data revealed exotic chiral surface
states on the NbGe; (100) surface originating from the
inherent chirality of the crystal structure. Supporting
calculations indicate that NbGe, likely hosts elusive
Weyl fermions in its bulk electronic structure. Further-
more, we uncovered signatures of van Hove singulari-
ties that can enhance many-body interactions. Addi-
tionally, our transport measurements demonstrated that
NbGe; exhibits superconductivity below 2 K. Overall,
our comprehensive results provide the first concrete
evidence that NbGe; is a promising platform for inves-
tigating the interplay between nontrivial band topol-
ogy, possible Weyl fermions, van Hove singularities,
and superconductivity in chiral quantum materials
(Figure 6).

Correlations and topology

The intersection of electronic topology and strong cor-
relations offers a rich platform for discovering the ex-
otic quantum phases of matter and unusual materials.
An overarching challenge impeding these discoveries
is the diagnosis of strongly correlated electronic topol-
ogies. We developed a framework to address this ques-
tion and illustrate its power in determining the elec-
tronic topology of Mott insulators. Based on single-
particle Green’s functions, we introduced the concept
of a frequency-dependent Green’s function Berry cur-
vature. We applied this notion to a system that contains
symmetry-protected nodes in its noninteracting band
structure. Strong correlations drive the system into a
Mott-insulating state, creating contours in the fre-
quency—momentum space where Green’s function
vanishes (Figure 7). The Green’s function Berry flux
of such zeros is quantized, and as such is a direct probe
of the system’s topology. Our framework allows for a
systematic search of topological materials that are
strongly correlated with Green’s function topology [8].

Charge density waves in Kagome metals

Chiral transport signatures are allowed by symmetry in
many conductors without a center of inversion; how-
ever, they only reach appreciable levels in rare cases
with exceptionally strong chiral coupling to the itiner-
ant electrons. So far, observations of chiral transport
have been limited to materials in which the atomic po-
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Fig. 7: Schematic plots of (a) retarded Green’s func-
tion pole (red solid lines) and zero (green dashed lines)
crossings as a function of k- for a fixed (kx, k). (b) G +
(k, w) — 1 “bands” (or eigenvalues of G + (k, w) — 1)
as a function of k. = (ky, k) shifted by w along high
symmetry lines for a fixed (k: = k*, ® = wy). A, G, and
O are high-symmetry lines along the k. direction,
which become points for a fixed k..

sitions strongly break the mirror symmetries. By con-
trast, we successfully observed chiral transport in the
centrosymmetric layered kagome metal CsV3Sbs (Fig-
ure 8) via second-harmonic generation under an in-
plane magnetic field. The electronic magnetochiral an-
isotropy signal becomes significant only at tempera-
tures below 35 K, deep within the charge-ordered state
of CsV3Sbs (charge density wave transition tempera-
ture Tcow=~94 K). This temperature dependence re-
veals a direct correspondence between electronic chi-
rality, unidirectional charge order [7], and spontaneous
time-reversal symmetry breaking owing to putative or-
bital loop currents. We also showed that chirality is set
by the out-of-plane field component and that a transi-
tion from left- to right-handed transport can be induced
by changing the field sign. CsV3Sbs is the first material
in which strong chiral transport can be controlled and
switched using small magnetic field changes — a pre-
requisite for applications in chiral electronics — in stark
contrast to structurally chiral materials [9-11].

Vision and perspective

Future research will focus on topological quantum
chemistry to predict optimal materials for catalysis, in-
cluding chiral surfaces and surface states, topological
materials with spin—-momentum locking for chiral elec-
trons, and chiral phonons.
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Fig. 8: Electronic magnetochiral anisotropy and spontaneous symmetry breaking in CsV3Sbs.
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