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Intro. Quantum matter phenomena and the kagome lattice

+ Part 1 - Topological Dirac fermions and flat bands in kagome metals

Part 2 - van Hove singularity and electronic symmetry
breaking in kagome superconductor AV,Sb.
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Introduction

Quantum matter phenomena and the kagome lattice



Motivation. New physics from topology + correlations Mir
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Intro. The 2D kagome network: lattice structure
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Intro. The 2D kagome network: electronic structure Mir

Kagome lattice
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Intro. The 2D kagome net as a new platform for quantum matter Mir
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Intro. The 2D kagome net as a new platform for quantum matter Mir

Nontrivial topology Kagome lattice Electronic symmetry breaking
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Intro. The 2D kagome net as a new platform for quantum matter Mir

Nontrivial topology Kagome lattice Electronic symmetry breaking
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PRL 106, 236802 (2011) PHYSICAL REVIEW LETTERS 10 JUNE 2011
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High-Temperature Fractional Quantum Hall States

Evelyn Tang,' Jia-Wei Mei,' and Xiao-Gang Wen'
lDeparfmem of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
*Institute for Advanced Study, Tsinghua University, Beijing, 100084, People’s Republic of China
(Received 14 December 2010; published 6 June 2011)

We show that a suitable combination of geometric frustration, ferromagnetism, and spin-orbit
interactions can give rise to nearly flatbands with a large band gap and nonzero Chern number. Partial
filling of the flatband can give rise to fractional quantum Hall states at high temperatures (maybe even
room temperature). While the identification of material candidates with suitable parameters remains open,
our work indicates intriguing directions for exploration and synthesis.




Intro. Materials hosts for the 2D kagome network Mir
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Intro. Materials hosts for the 2D kagome network Mir
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Intro. Materials hosts for the 2D kagome network Mir

-Various form of intrinsic magnetism  /

- Spin-orbit coupling from 3d-orbitals /

- Intermediate Coulomb interactions \/




Part 1

Topological Dirac fermions and flat bands in kagome metals




Transport signatures of topology in kagome metal Fe;Sn, Mir
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Observation of Massive Dirac fermions in Fe;Sn,

—— Momentum —» Angle-resolved Photoemission
Spectroscopy (ARPES)
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Observation of Massive Dirac fermions in Fe;Sn, i

Calculating AHC from experimental band structures
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In search of the flat bands... Ui

Chemical potential tuning via electron filling

1. Simplest structure with isolated 2D kagome layers 2. Fermi level tuning (electron filling)

E. of CoSn

E. of Fe;Sn,




Topological flat bands in CoSn Mir
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- We could directly observe the flat band near the Fermi level at the -0.27 eV binding energy

- Flat band acquires small dispersion only near the K point (likely due to NNN hopping).
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Topological flat bands in CoSn Mir

No dependence on out-of-
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Topological flat bands in CoSn Mir
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Part 2

van Hove singularity and electronic symmetry breaking
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Quantum matter in AV;Sb, — CDW & superconductivity IMir
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Quantum matter in AV;Sb, Mir

W

=~ 94K ~94~70K ~60K ~ 35K ~ 25K
Charge order Loop current order Uniaxial stripe order  Electronic nematicity Superconductivity, PDW
STM: Nat. Mat. 20, 1353-1357 (2021). STM: Nature 599, 216-221 (2021). STM: Nature 599, 222-228 (2021).
XRD: Phys. Rev. X 11, 031050 (2021). STM: Phys. Rev. B104, 035131 (2022).
MSR: Nature 602, 245-250 (2022). Strain: Nature 604, 59-64 (2022).
mMSR: ArXiv:2107.10714 (2021). STM: Nat. Phys. 18, 1-6 (2022).
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AV,Sb, - Fermiology & symmetry breaking I

What’s the role of the electronic band structure in the formation of the CDW state?
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At the van Hove singularity fillings (5/12, 3/12) one finds:
1) Diverging density of states

2) Perfectly nested Fermi surface Nesting wave vector Q = (1/2, 0),
Ideal conditions for electronic instabilities consistent with 2x2 charge order




Electronic band structure of CsV,Sb. — DFT (undistorted) Mir

Reality Expectation
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M. Kang, S. Fang, ..., RC. Nature Physics 18, 301 (2021)




Electronic band structure of CsV,Sb. — DFT (undistorted) Mir

Three main kagome-derived
bands from V-3d orbitals:

* K1band -hasd,/d,,,, (in-plane)
character and a p-type vHs near
E; at the M point

* K2band - hasd,,/d,, (out-of-
plane) character and a p-type
VHs near E; at the M point

* K2’ band has d,,/d,, (out-of-plane)
character and a m-type vHs near
E; at the M point

M. Kang, S. Fang, ..., RC. Nature Physics 18, 301 (2021)



Electronic band structure of CsV;Sb. — van Hove singularities Mir
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Electronic band structure of CsV;Sb. — van Hove singularities Mir
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Electronic band structure of CsV;Sb. - CDW gap Mir

Fermi surface @ k,=0 (DFT)

The K2'band is almost
perfectly nested




Electronic band structure of CsV;Sb. - CDW gap Mir

A clear CDW gap is found
along the K2’ Fermi contour

Intensity (arb. uni.)

ool | R
0.4 \ 0.2 0.0 0.2 0.4
Energy (eV)




Electronic band structure of CsV;Sb. - CDW gap Mir
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The K1 band has its vHs almost precisely at the M point,
and is strongly renormalized




Electronic band structure of CsV;Sb. - CDW gap Mir

So...what's making the system unstable toward translational symmetry breaking?

What is the relative role of the high DOS near £, (van Hove singularity) or the high
joint DOS (nesting effects)?




Electronic band structure of CsV;Sb. — k, dependence Mir

A key element is the dimensionality of the band structure.
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Electronic band structure of CsV,Sb. — Electron-lattice coupling Mir

The lattice distortion pushes bands apart by ~ 100 meV and removes the vHs from £,
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Electronic band structure of CsV,Sb. — Electron-lattice coupling Mir

The lattice distortion pushes bands apart by ~ 100 meV and removes the vHs from £,
LLL CDW amplitude amplify*0
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Takeaways Mir

Physics of van Hove singularities —— —— Collective electron phases in CsV,;Sby, ——

1. Diverging DOS 2.FSnesting at vHs ~94K Chiral charge order
STM: Nat. Mat. 20, 1353-1357 (2021).

~70K  Flux phase (Tr-symmetry breaking)
USR: ArXiv:2107.10714(2021).
USR: Nature (2022).

Energy
|

~60K  Uniaxial stripe ordering
STM: Nature 599, 216 (2021).
STM: Phys. Rev. B104, 035131 (2022).

| I
DOS (arb. unit.)

~35K Electronic nematicity
STM: Nat. Phys. (2022).
Transport: Nat. Comms. 12:6727 (2021).
NMR + Strain: Nature (2022).

~3K  Superconductivity, Pair density wave
STM: Nature 599, 222-228 (2021).




Outlook - quantum matter phenomena Mir

Twisted bilayer graphene
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