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Kagome Compounds
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Kagome lattices host interesting electronic states, including Dirac points, van Hove singularities, and flat
bands, at varied fillings. Furthermore, the interplay between the charge order, electronic correlation, and
topology results in exotic physical properties, such as unconventional charge density waves in 4V3Sbs, large
anomalous Hall effects in LiMneSne, and large thermoelectric effects in YMnesSne. Recently, ScV¢Sne was
reported to exhibit charge density waves with a different vector than those in 4V3Sbhs. In contrast to the
enhanced superconductivity in 4AV3Sbs under external pressure, no superconductivity is observed in
ScV6Sne, except for suppressed charge density waves, even though both compounds present van Hove sin-
gularities close to the Fermi level. Through high-throughput first-principles calculations, we identified a
range of phonon instabilities and electronic flat bands in ScVsSne-type kagome compounds. Our predictions
suggest a vast kagome family with rich properties induced by flat bands, van Hove singularities, and their

interplay with electronic correlations.

The interaction between geometry, topology, and cor-
relation gives rise to abundant properties in condensed
matter. One unique geometry is the kagome lattice of
corner-sharing triangles. Electrons in kagome lattices
exhibit various intriguing electronic states at different
fillings, including flat bands, van Hove singularities
(vHSs), and Dirac points. While the Dirac point pre-
sents nontrivial topological properties, the flat bands
and vHSs show a distinct density of states (DOS) and
electron susceptibility, indicating enhanced electron—
electron correlation and potential for Stoner flat
bands/Fermi surface instability. Materials with ka-
gome lattices exhibit a range of fascinating properties
[1-3], including charge density waves (CDWs), quan-
tum spin liquids, and unconventional superconductiv-
ity. A recent example is the AV3Sbs (4 =K, Rb, or Cs)
kagome superconductor, which hosts vHSs near the
Fermi level and unconventional CDWs. Superconduc-
tivity is also observed below the CDW transition tem-
perature. Under external pressure, the superconductiv-
ity is significantly enhanced, whereas the CDWs are
suppressed. Similarly to AV3Sbs, ScVeSne also exhibits
vHSs near the Fermi level and a CDW transition in a
distinct vector [4-6]. However, unlike 4V3Sbs, no su-
perconductivity is observed. Gaining a deeper under-
standing of these fundamental mechanisms is becom-
ing increasingly important in this field.

Charge density waves driven by electron—phonon
coupling in ScV¢Sng

ScVeSne crystallizes in a hexagonal centrosymmetric
structure (space group P6/mmm, No. 191) at room tem-
perature, with the V atoms forming a kagome lattice in
the ab plane (Figure 1a). Temperature-dependent mag-
netization and electrical resistivity measurements indi-
cate a sharp CDW transition at 92 K, characterized
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by a first-order transition with propagation vector
(1/3, 1/3, 1/3). The zero-field electrical resistivity dis-
plays metallic behavior, with a significant drop at the
CDW transition temperature owing to softening of the
acoustic phonon modes; thus, ScVsSns shows uncon-
ventional out-of-plane lattice dynamics.

The distinct CDW in ScVeSne raises an intriguing
question about its origin. In contrast to the 2 x 2 x 2
modulation in AV3Sbs, ScV¢Sne exhibits a CDW with
a modulation vector at (1/3, 1/3, 1/3). However, the in-
elastic X-ray spectrum suggests that phonon softening
occurs at (1/3, 1/3, 1/2) (Figure 1b), with good agree-
ment to the calculated phonon spectrum [4]. Angle-re-
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Fig. 1: (a) Z-direction vibration of trigonal Sn atoms in
ScVsSne. (b) Phonon frequency obtained from inelastic
X-ray scattering at various temperatures, displaying
phonon softening at (1/3, 1/3, 1/2) above the charge
density wave transition temperature. (c) Band structure
of pristine phase, weighted by Sn p- orbitals. (d) Phonon
spectrum from density functional theory calculations at
low temperature and model based on perturbation
theory, suggesting electron—phonon coupling.
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solved photoemission spectroscopy and density func-
tional theory (DFT) calculations also revealed that the
CDW gap in the bands is dominated by Sn p: orbitals
(Figure 1c). Based on the physical Gaussian approxi-
mation and perturbation theory, a weakly coupled one-
dimensional Sn—Sn chain model was proposed to inter-
pret the phonon softening at (1/3, 1/3, 1/2). The model
matched the DFT calculations well (Figure 1d), indi-
cating that the coupling between the phonon mode of
the out-of-plane vibration of the trigonal Sn atoms and
their p: orbitals drives phonon softening. These results
show the distinct origin of the CDW in ScV¢Sne.

Topological band revealed by Quantum Oscillation

At low temperatures, ScVeSne exhibits Shubnikov—de
Haas (SdH) quantum oscillations in the transverse re-
sistivity, which help in mapping the Fermi surface to-
pology (Figure 2). These oscillations, starting from ap-
proximately 1.5 T at 2 K, indicate the existence of
small Fermi surface pockets along with a large Fermi
surface (Figure 2a and 2b). The fast Fourier transform
(FFT) of these oscillations reveals three distinct fre-
quencies (F,=10T, Fg=28 T, and F,= 50 T) of small
Fermi surfaces (Figure 2c). We estimated the effective
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Fig. 2: (a) Longitudinal p.. of ScVsSns at 2 K and its first
derivative with field showing quantum oscillations. (b)
Background-subtracted Shubnikov—de Haas oscillation
amplitude at several temperatures. (c) Corresponding
fast Fourier transform (FFT) amplitude exhibiting a, B,
and vy frequencies. (d) FFT amplitude fitting of effective
mass. (e) Theoretically calculated 3D Fermi surfaces.
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masses of charge carriers corresponding to these Fermi
surface pockets using the Lifshitz—Kosevich theory.
The analysis revealed a nontrivial Berry phase from the
Landau fan diagram, confirming the nontrivial topo-
logical Fermi surface.

Interestingly, ScVe¢Sne also exhibits anomalous Hall-
like behavior below the CDW transition temperature,
suggesting the possible breaking of the time-reversal
symmetry. Our research demonstrates that ScVsSns, as
a member of the versatile MTsZs (166) family, presents
unique opportunities for exploring the interplay be-
tween kagome lattice structures and CDW transitions,
contributing significantly to our understanding of top-
ological materials and their associated quantum phe-
nomena.

Intrinsic anomalous Hall effect

One interesting topic is the intrinsic anomalous Hall ef-
fect derived from the nontrivial band topology.
LiMneSne, another member of the 166 family, is nota-
ble for its ferromagnetism with a high Curie tempera-
ture of 382 K and easy plane along the kagome lattice
(Figure 3a). At low temperatures, the magnetore-
sistance of LiMnsSns is positive and does not saturate
below 9T, indicating the presence of mechanisms
other than spin-disorder scattering. Hall resistivity
measurements showed opposite signs for the ordinary
Hall coefficients for p,- and p,., suggesting the coexist-
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Fig. 3: (a) Temperature dependence of magnetization
of LiMnsSns under magnetic field H = 100 Oe. Inset:
Derivative of magnetization dM/dT vs. T for H||y. (b)
Anomalous Hall conductivity (AHC) with H||z at vari-
ous temperatures. (c) Band structure of LiMnsSns and
energy dependence of intrinsic AHC.
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ence of electron and hole carriers. Moreover, a signifi-
cant intrinsic contribution to the anomalous Hall con-
ductivity (AHC) of 380 Q' cm™, or 0.44 ¢’ h™! per Mn
layer, was observed, which is significantly higher than
those observed in other RMneSns compounds (R = rare
carth element(s)) (Figure 3b).

This large anomalous Hall effect is attributed to band
crossings near the Fermi energy, including a spin-po-
larized Dirac point at the K point (Figure 3c). The in-
trinsic AHC calculated from the Berry curvature also
peaked near the Fermi energy, which aligns closely
with experimental observations. These findings con-
tribute to a broader understanding of anomalous Hall
effects in magnetic materials and open avenues for fur-
ther research into kagome materials and their applica-
tions in spintronics.

Large anomalous transverse thermoelectric effect

Conventional thermoelectric devices, which rely on the
Seebeck effect, have several drawbacks, such as the
need for p- and n-type materials and complex electrical
connections. In contrast, transverse thermoelectric de-
vices based on the Nernst effect offer a simpler single-
material solution. YMnsSns is of particular interest be-
cause it crystallizes into a hexagonal structure, with the
Mn atoms forming a kagome lattice. It exhibits a high
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Fig. 4: (a) Temperature-dependent field-cooled (FC)
magnetic susceptibility of YMnsSns at B = 0.5 T for
B||100 and B||001, showing the antiferromagnetic
(AFM), helical antiferromagnetic (hel-AFM), and par-
amagnetic (PM) regions. (c¢) Band structure of
YMnsSns (left) and theoretical anomalous Hall and
Nernst conductivities (AHC and ANC, respectively)
(right) as a function of Fermi energy.
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Néel temperature of approximately 340 K, making it
suitable for room-temperature applications (Figure 4a).

The antiferromagnetic (AFM) structure of YMnsSns
avoids stray magnetic fields typical of ferromagnetic
(FM) materials, thus reducing interference with other
devices. YMneSns exhibits a large anomalous Nernst
effect (ANE) of ~2 pV K™! at 300 K, which is higher
than that of other canted AFM materials and compara-
ble to FM systems (Figure 2b). This large ANE was at-
tributed to the intrinsic Berry curvature near the Fermi
level (Figure 2¢). Additionally, the Seebeck coefficient
of YMneSne shows a strong dependence on the mag-
netic field, which is related to the substantial release of
entropy during the magnetic structural transition. Our
findings suggest that AFM materials with high mag-
netic transition temperatures and significant Berry cur-
vatures exhibit superior performance in room-temper-
ature thermoelectric applications.

Prediction of novel MT¢Zs bilayer kagome com-
pounds

A recent high-throughput DFT calculation of 293
MTsZs bilayer Kagome compounds with HfFesGes-
type structures (space group P6/mmm; No. 191), in-
cluding their electronic band structures and phonon
spectra, found 166 to be stable. The remaining struc-
tures presented imaginary phonon instabilities, provid-
ing insight into potential structural phase transitions.
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Fig. 5: Dominant vibration modes with corresponding
imaginary instabilities in MTsZs kagome compounds.
(a) Type-I instabilities occurring along the I-A path
are primarily characterized by in-plane vibrations of
kagome T atoms. (b) Type-II instabilities, which occur
on the k: = 0 plane, are dominated by out-of-plane vi-
brations in the M—Z chains of Niln-166. The displace-
ments illustrate the out-of-plane movements of M and
Z atoms in the same direction within the M—Z chains,
but in the opposite direction in neighbor chains. (c)
Type-1lI instabilities, observed on the k. = nplane, are
dominated by out-of-plane vibrations in the M-Z
chains of VGe/VSn/NbSn-166.
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Fig. 6: Flat bands in MTsZs kagome compounds. (a) Density of states (DOS) peaks obtained from non-spin-polar-
ized calculations without SOC. The flat bands that contribute to the DOS can be classified into three classes:
unfilled, partially filled, and fully filled. (b) Band structure from minimal tight-binding model for FeGe, where the
two quasi-flat bands near the Fermi level are contributed by dyyx2.2 and dx-y- of Fe. The approximated Fermi levels
of V8n, FeGe, and NiGe families are illustrated to present the unfilled, partially filled, and fully filled flat bands.

Potential CDWs in MTsZs compounts

Except for Mn/Fe-based kagome structures, the insta-
bilities in other MTsZs compounds are categorized into
three classes based on their imaginary modes. Type-I
instabilities occur in the CoGe/NiSi/NiGe family, in
which the leading instabilities occur along the I'-A
path, governed by in-plane distortions within the ka-
gome networks. Type-II instabilities, which have been
observed in the Niln family, contain nearly flat imagi-
nary modes on the 4 = 0 plane, which exhibits out-of-
plane movements in the same direction within the
M—-Z chains, whereas the direction may alternate in
neighboring chains. Type-III instabilities, which are
found in the VGe/VSn/NbSn family, contain a nearly
flat imaginary mode on the k. = & plane. In contrast to
the movements in the same direction within each chain,
type-III instabilities exhibit opposite movements of
M and Z atoms within each chain. One notable example
of materials with type-III instability is ScV¢Sns, which
exhibits competing charge orders at low temperatures
[4-6].

Flat bands in kagome compounds

MTsZs kagome compounds share similar band struc-
tures despite having different electron fillings. The
electronic features at the Fermi level are dominated by
kagome-derived bands from the 7 elements. Hence, the
electron filling is primarily determined by the number
of valence electrons and is further modified by the Z
and 7 atoms. In M7sZs compounds, the kagome T at-
oms are mainly occupied by 3d elements and 4d Nb.

4

Furthermore, in the MTsZs environment, the five d orbit-
als are split into three groups: in-plane dyx2.,2 and out-
of-plane d..;. and d-, orbitals. The coupling between
the d orbitals of the kagome 7 atoms and p orbitals of
the Z atoms contributes to the complicated band struc-
ture.

Notably, the flat bands from dys2,2 and di.;. have
similar energies, contributing to the largest DOS peak,
whereas the d., orbital contributes to a minor DOS
peak. The locations of the DOS peaks are mainly de-
termined by T and Z, particularly the transition element
T at the kagome sites. When the d orbitals are nearly
half-filled, flat bands emerge near the Fermi level with
a sharp DOS peak, indicating possible instabilities of
the Fermi surface and enhanced correlations. This is
the case for Mn(3d°)-166 and Fe(3d®)-166, in which
magnetic ordering has been extensively reported. In
V/Nb/Cr-166, there are fewer valence d electrons,
which lifts the flat bands above the Fermi level. By
contrast, Co/Ni-166 has more valence d electrons,
which pushes the flat bands below the Fermi level.

Importantly, the electronic properties of MT¢Zs bi-
layer kagome compounds can be interpreted from
their parent 7Z structure. The intercalation of M
atoms can be understood as a perturbation that pushes
the trigonal Z atoms away from the Kagome plane,
resulting in a doubling along the ¢ direction. There-
fore, the corresponding Brillouin zone is folded, in-
tertwining the Kagome-derived bands while preserv-
ing the main features.
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Flat-band-driven magnetism

The Mn/Fe-166 compounds exhibited pronounced
DOS peaks near the Fermi level because of the half-
filling of the 3d elements at the kagome sites, indicat-
ing possible instability at low temperatures. This has
been confirmed by non-spin-polarized calculations.
Experimentally, all existing Mn/Fe-166 materials ex-
hibit strong magnetic orders, and most of them tend to
form AFM orders with FM intralayer interactions but
AFM interlayer interactions. By contrast, Mn-166
compounds exhibit more diverse magnetic structures.
By estimating the filling of the flat bands, it can be ob-
served that when the filling approaches half, some
Mn-166 compounds, such as M = Zr and Hf, exhibit
AFM orders. At lower fillings (<0.2), other Mn-166
compounds, such as M = Li and Mg, prefer FM orders.
Interestingly, for each Mn/Fe-166 class, a higher mag-
netic transition temperature is observed when the fill-
ing approaches half. With the inclusion of magnetic or-
ders, additional calculations show splitting of the DOS
and elimination of phonon instabilitics. Note that a
CDW transition is still observed in FeGe without im-
aginary phonons in the presence of vHSs near the
Fermi level, indicating an interplay between the spin,
phonons, vHSs, and CDWs in related systems.

CDW in magnetic kagome compounds

Given that the phonon instabilities found in Fe/Mn ka-
gome compounds stem from flat bands in proximity to
the Fermi level in PM phases, the introduction of mag-
netic order eradicates all phonon instabilities. One may
wonder whether CDW transitions would occur in mag-
netic kagome compounds. A recent notable example is
FeGe, which exhibits CDW transitions in the AFM
phase, coinciding with an increase in magnetic mo-
ment, without any phonon instabilities. Theoretical
models suggest spin—phonon coupling as a possible
origin.

Recently, the Kagome family LnTi3Bis has also gar-
nered significant interest due to its composition of four
distorted Kagome layers and zigzag chains. Similar to
other Kagome compounds mentioned earlier, the elec-
tronic characteristics of LnTi3Bis close to the Fermi
level are primarily governed by the Ti kagome net-
works, featuring Dirac points and vHSs. In TbTi3Bia,
the Tb atoms form the zigzag chains, which display
AFM behavior below 20.4 K [7]. Notably, when a
magnetic field is applied along the zigzag chain direc-
tion, plateaus at 1/3 and 2/3 of the saturated magneti-
zation are observed. Furthermore, ARPES measure-
ments reveal band folding and gap opening below the
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Fig. 7: CDW in kagome compound TbTi3Bi,. (a) Crystal
structure of TbTizBis, composed of distorted Ti kagome
nets and Tb zigzag chains. (b) Band structure with the
atomic projections. The electronic properties is domi-
nated by the Ti kagome nets, featured by Dirac points
and vHSs closed to the Fermi level. (c) The energy con-
tour at the Fermi level by ARPES measurements. (d)
Band dispersion along the dashed orange cut, which re-
veals a significant CDW gap near the Fermi level.

transition, indicating the strong coupling between mag-
netism and the spin/charge density wave. The band
folding corresponds to a vector q = (1/3, 0, 0). How-
ever, current STM results haven’t confirmed the pres-
ence of charge modulation, which requires further in-
vestigation into the cause of the band folding and gap
opening.

Outlook

Kagome-derived bands present Dirac points, vHSs,
and flat bands at different fillings. Element substitu-
tions can give rise to large compound diversity, in
which Kagome features can be found near the Fermi
levels. However, similar fillings may still reveal dis-
tinct properties, as observed for ScVsSne and 4V3Sbs.
In AV3;Sbs the CDW transition is more likely to be
caused by Fermi surface nesting, while electron—pho-
non coupling plays a more important role in the CDW
transition in ScV¢Sne. Under external pressure, in con-
trast to the competition between superconductivity and
CDWs in AV;3Sbs, no superconductivity is observed in
ScVsSne up to 11 GPa. It is important to highlight that
the band structures undergo changes when subjected to
pressure. In AV3Sbs vHSs are pushed away from the
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Fermi level whereas in ScVeSne they shift towards the
Fermi level. Their unique variations in band evolution
may contribute to their distinct behaviors under pres-
sure. Interestingly, recent experiments have reported
the competition of CDW and superconductivity in
CsCr;Sbs under pressure, although it behaves as a bad
metal at ambient pressure, characterized by electron
correlation and frustrated magnetism. Meanwhile, flat
bands from Cr kagome networks are found near the
Fermi level, instead of vHSs. In addition, multiple
charge orders have also been reported for the kagome
superconductor LaRusSi,, and the electronic features at
the Fermi level still remain to be elucidated. Besides
the perfect kagome compounds, interesting properties
have also been observed in “breathing” kagome lat-
tices, such as spin ice state in HoAgGe. With the inter-
play of superconductivity, charge orders, and correla-
tion, kagome compounds with varying fillings provide
a fascinating space for exploring the properties of ka-
gome bands.
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