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Executive Summary:

The primary goal of this project is to study metallic Kagome magnets that potentially host
topological electronic properties and topological magnetic excitations, aiming to understand the
effect of lattice geometry on topological character of magnons and electronic bands and to study
the interplay between magnetism and topological electronic properties. Through this DOE-funded
research program, we have unraveled novel electronic and thermoelectric properties of RMngSne
(R =Y, Tb, and Er) and Fe;Ge Kagome magnets, including anomalous Hall effect and anomalous
Nernst effect, which are associated with the Berry curvature contribution from the massive Dirac
gaps in the 3D momentum space. In addition, we have also revealed topological Hall effect and
topological Nernst effect, and we ascribed these phenomena to the Berry curvature associated with
the magnetic field-induced non-zero scalar spin chirality. These features highlight the synergic
effects of the Berry phases in both momentum space and real space of Kagome magnets, which
render them excellent candidates for room-temperature electronic and thermoelectric applications
based on transverse transport. In addition, through this program we have also study novel thermal
transport properties of quantum materials by probing the thermal Hall effect, which can provide
crucial insights into nontrivial topological character and chirality of quasiparticles like magnons
and magnon-polarons. This report provides an overview of some project activities related to these
accomplishments.

Project Activities:

A: Topological electronic and thermoelectric properties of Kagome magnets. The unique
Kagome lattice geometry gives rise to peculiar electronic properties, such as flat band, topological
Dirac band, and van Hove singularity. By integrating magnetism with topological electronic band
structure, Kagome magnets provide a promising platform to explore new quantum phenomena and
understand the novel physics. Along this theme, we have investigated electronic and thermoelectric
properties of RMneSne (R =Y, Tb, and Er) and FesGe Kagome magnets.

A.1) Exchange-biased topological transverse thermoelectric effect in a Kagome
ferrimagnet TbMneSns. Kagome metal TbMneSns was recently discovered to be a ferrimagnetic
topological Dirac material by scanning tunneling microscopy/spectroscopy measurements. In this
project, we found that TbMneSns exhibits large anomalous Hall effect and anomalous Nernst effect
(Figure 1). We showed that these anomalous transverse transport features stem from the Berry
curvature contribution from the massive Dirac gaps in the 3D momentum space. Furthermore, the
transverse thermoelectric transport exhibits asymmetry with respect to the applied magnetic field,



i.e., an exchange-bias behavior. Together, these features place TbMneSng as a promising system
for the outstanding thermoelectric performance based on anomalous Nernst effect.
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Figure 1. Anomalous transverse transport properties of ThMnesSne and its electronic
band structure. Magnetic field dependence of anomalous Hall conductivity (a) and
anomalous Nernst coefficient scaled by temperature (b). (¢). Electronic band structure and
the projected Berry phase for bands near the Fermi energy Er. (d) Visualization of Berry

curvature distribution in 3D Brillouin zone at the Er.

A.2) Complex magnetic phase diagram and anomalous Hall effect in Ga-substituted
YMneSns. In contrast to a ferrimagnetic ground state with out-of-plane magnetic moment in
TbMneSne, the pristine YMneSne is an incommensurate antiferromagnet with competing
antiferromagnetic couplings between adjacent planes of ferromagnetically aligned Mn spins along
the c-axis. We found that the magnetic ground state of YMneSns.xGa, (0 <x <0.61) evolves from
incommensurate antiferromagnet to ferromagnet with increasing Ga substitution x (Figure 2), a
feature which is accompanied by the decrease in magnetoresistance. Furthermore, the topological
Hall effect observed in the pristine compound is absent in the Ga-substituted ones; instead, the
anomalous Hall effect persists which may be associated with the Berry curvature of gapped Dirac
bands near the Fermi energy. Our results highlight strong interplay between magnetism and
topological electronic properties in this system that can be readily tuned via Ga substitution.

A.3) Anomalous and topological Nernst effect in Kagome magnets ErMn¢Sne and Fe;Ge
Distinct from both ferrimagnetic TbMnesSne and antiferromagnetic YMneSns, ErMneSne is an
intermediate compound exhibiting an incommensurate antiferromagnetic phase followed by a
ferrimagnetic phase transition upon cooling. We have investigated the electronic and
thermoelectric properties of this compound, and we found that in the antiferromagnetic phase
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Figure 2. Phase diagram of YMneSne-xGay. Phase diagram extracted from magnetic
susceptibility and single crystal neutron diffraction measurements. (b) and (c) present
commensurate (CM) and incommensurate (ICM) spin structure, respectively. The ICM
spin structure is simplified by neglecting the small spin rotation angle between two
neighboring Mn Kagome planes of Mn-Sn-Sn-Sn-Mn.

ErMnsSng exhibits both topological Nernst effect and anomalous Nernst effect with a large Nernst
coefficient reaching 1.71 pV K™ at 300 K and 3 T. This value surpasses that of most of the
previously reported state-of-the-art canted antiferromagnetic materials. Similarly, we also found
that FesGe, which has a slightly distorted magnetic Kagome lattice, exhibits large anomalous and
topological Hall effect and Nernst effect. The topological Hall effect and topological Nernst effect
are ascribed to the Berry curvature associated with the field-induced non-zero spin chirality. These
studies highlight the synergic effects of the Berry phases in both momentum space and real space
in metallic Kagome magnets.

B: Topological excitations probed via thermal Hall effect studies. Probing the thermal Hall
effect (THE) is a powerful approach for unraveling emergent thermal transport properties of
quantum materials, where a transverse heat current emerges in the presence of vertical magnetic
field in response to a longitudinal temperature gradient, an analogy to the electric Hall effect in
metallic systems. The THE phenomenon bridges thermodynamics and quantum mechanics,
probing exotic quasiparticles such as magnons, phonons, and their hybridization (i.e, magnon-
polarons), serving as an important complementary tool to inelastic neutron scattering. Importantly,
the THE can provide crucial insights into nontrivial topological character and chirality of these
quasiparticles. In this program, we have homebuilt a multifunctional setup which allows to
investigate the THE of various quantum materials.

B.1) Thermal Hall effect driven by topological magnons. We had initiated studies of thermal
transport properties in a honeycomb ferromagnet VI3, in which the symmetry-allowed
Dzyaloshinskii—Moriya interaction (DMI) is anticipated to give rise to topological magnetic
excitations (magnons). We have observed a large THE over a wide range of temperature in VI3
with the thermal Hall conductivity k,, reaching a value of ~0.01 W K “Im~1 which is an order



in magnitude larger than the thermal Hall signal observed in other ordered magnets. The thermal
Hall signal persists in the absence of an external magnetic field with x,,, being nearly the same as
the saturated value, suggesting the nature of anomalous THE. In conjunction with theoretical
calculations, we showed that VI3 exhibits a dual nature of the THE, which is dominated by
topological magnons hosted by the ferromagnetic honeycomb lattice at higher temperatures and
by magnon-polarons via magnon-phonon hybridization at lower temperatures (Figure 3(a-¢)). Our
results not only position VI3 as the first material to investigate THE arising from topological
magnons and magnon-polarons, but also render it as a potential platform for spintronics/magnonics
applications. In contrast, in another honeycomb ferromagnet Crlz, in which previous inelastic
neutron scattering studies have suggested topological nature of its magnetic excitations, we found
that that the long-sought thermal Hall signal anticipated for topological magnons is fairly small
(Figure 3(f-g)). These findings are anticipated to stimulate further neutron scattering studies on
Crls, which can shed light on the intrinsic topological nature of magnetic excitations.
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Figure 3: Thermal Hall effect of vdW honeycomb magnets. (a) The schematic crystal
structure of VI3 and Crl3 viewed in the ab plane. Vanadium/Chromium atoms are in red and
Iodine atoms are in purple. (b) A schematic of the experiment set-up. The color indicates
temperature profile. (c) Thermal Hall conductivity k,, (H) measured at various
temperatures of VIs. (d) The calculated magnon and phonon bands with the magnon-
phonon coupling of VIs. (e) Comparision of experimental data (red) of anomalous k., (T)
of VI3 with the calculated values without (blue) and with (green) the magnon-phonon
coupling being considered. (f) Temperature dependence of the anomalous component of
thermal Hall conductivity and longitudinal thermal conductivity of Crls. (g) Calculated
thermal Hall conductivity Crls as a function of temperature based on a Hamiltonian of 2D
honeycomb lattice with various DM interactions.

B.2) Thermal Hall effect driven by topological magnon-polarons. We also studied thermal
transport properties of other van der Waals magnets, such as FeClo which is a triangular
antiferromagnet. We revealed large magneto-thermal conductivity and thermal Hall effect in this
material. The magneto-thermal conductivity reaches over ~700%, indicating strong magnon-
phonon coupling. Furthermore, we found an appreciable thermal Hall signal which changes sign



concurrently with the spin-flip transition from the antiferromagnetic state to the polarized
ferromagnetic state (Figure 4). And our theoretical calculations suggested that the large Berry
curvature induced at the anticrossing points of the hybridized magnon and acoustic phonon modes
of FeCl can lead to the observed thermal Hall effect.
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Figure 4. Magnetic and thermal transport properties of a triangular antiferromagnet
FeClz. (a) Schematic crystal structure showing a triangular lattice of Fe** ions. (b)
Isothermal magnetization curves measured at various temperatures showing a spin-flip
phase transition. (c) Temperature dependence of longitudinal thermal conductivity K,
measured at various fields showing strong magnon-phonon scattering. (d). Magnetic field

dependence of thermal Hall conductivity k,, measured at various temperatures.
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