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Overview

AMotivation for kagome metals
ANew kagome systems A,Sh: (A=K,
Rb, Cs)
ACDW order

ASuperconductivity
Alntertwined CDW and SC order

AOther recent materials/candidates

ANew series of R\,Sn, systems (R=Y,
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AOther classes

AProspects




Collaborators

Brenden Ortiz Sam Teicher Yuzki Oey  Farnaz K. LinusKautszch Ganesh Pokharel

UCSPB Leongalents  cHESS ) b Ruft McMaste

L G Luk Girsh
Ram Seshadri oo University B2 raeme Luke
| | Blumber
—==—""" John Harter = g

S o

qg BROWN  Vesna Mitrovic

_ JJ;;~ Ricardo Comin o
Eric Toberer II" Nuh Gedhik ‘@&  Liang Wu

Mike Graf Ece Uykur Yu Song aneis
t AV Maz Ali Huigiu Yuan -
llija Zeljkovic Argonne 7.} Zahir
. AI d Junfeng He NATIONAL LABORATORY ISIam
(W PRINCETON : exander
Zahid Hasan .
'UNWERSITY lN k Tsirlin Yong Hu



Kagome lattice as promising structural motif

Bieriet al., PRB (2015)
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Diversity of noncoplanar
and spin liquid states

Han et al., Nature (2012)
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Fractionalized spin excitations
Quantum spin liquid candidate
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Kagome lattice band structure
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Examples in:

Fe,Sn,: FMCherninsulator (Ye et al., Nat. 2018)

H=-12, (cicj+H.c.) + V2 1j | FeSn FM 2D Dirac (Kang et al., Nat. Mat. 2020)

Co,SnS,: Magnetic Weyl (Liu et al., Nat. Phys. 20
CoSnDirac (Liu et al., Nat. Comm. 2020)
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TbMnSn: QAH, Chern gap (Yin et al., Nature 201




Electronic instabilities on

Kieselet al., Phys. Rev. Lett. (2013)
n=>5/12+0.02

(a) n=>5/12 (VHF) (b) 4
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J. Wen et al., Phys Rev. B (2010laldane et al., PRL (1988)

kagome lattice

AVariety of interaction -driven
iInstabllities predicted at different
fillings

A Charge density wave order
A Bond density wave states
A Chiral spin density waves
A Superconductivity

ASaddles points at select fillings give
rise to van Hove singularities (e.g.
5/4 electrons per band)

A Wan-sheng Wang et al., Phys. Rev. B
(2013)

A Kieselet al., Phys. Rev. Lett. (2013)

ASublattice interference amplifies
influence of U,




AV,Sb. (A=K, Cs,Rb)



Kagome lattice of AV ;Sb:; (A=K, Rb, Cs)

Ortiz et al., Physical Review Materials (2019)

V1 Sb1 Sh2
Kagome net Graphite net
o o
0 0

V-V 2.74A
V-Sb 2.74A

Vanadium metal: V-V 2.6 A

Sb-Sb 3.16A

A New phase found in ternary phase diagram of A-V-Sb
A Layered,exfoliable material with perfect (P6/mmm) Kagome nets of V-ions
A V-V distances are small (~2.75 A), suggesting Vions are nonmagnetic




Electronic structure of AV ,Shb.

Ortiz et al., Physical Review Materials (2019
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Alnitial DFT modeling shows Fermi level close to saddle points at M
AElectronic structure similar across the A\4Sh: series




VHs In multiband CsV ;Sb.

Single orbital picture

Energy

T I
r M K r
Momentum

FS at p-type vHs FS at m-type vHs

Mingu Kang et al., Nat. Phys. (2022)

DFT analysis of multiorbital Cs\(Sb,
1.0 7 T T N T

Energy (eV)

-2.0

Momentum

AThreevHs close to E-
A p-type (dy/do.y0) + m-type (d,,/d,,) just below
A p-type (d,/d,,) a bit lower

A Electronic structure similar across the A{Sh: series




Topological classification: Z2 metal
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Normal state band structure

categorized as Z2 topological metal
Surface states reasonably close to E
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Good agreement between DFT and
observed band structure




CDW order in AV ,Shb. (A=K, Cs,RDb)



High temperature phase transition in AV ,Sbc

AQuasi-2D electron transport
AHigh-temperature Pauli paramagnetism
A T*anomalies in c(T),r (T), G(T)
AStrong MR turns on below 7*

Ortiz et al., Phys. Rev. Lett. (2020)
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CDW state

In AV,;Sb.

YuXiao Jiang et al, Nature Materials (2021)
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3Q CDW ordering

2X2 reconstruction in
ab-plane

He Zhao et al, Nature (2021)
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Partial gap opening at M -point below 7%

Mingu Kang et al., Nat. Phys. (2022) E. Uykur et al., Phys. Rev. B (2021)
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Partial gap opens at M-points, proposed nesting driven by m-type vHs
Nesting alone likely insufficient (Farnaz Kaboudvand et al., APL (2022))




Bulk probe of CDW via quantum oscillations

Ortiz et al, Phys. Rev. X (2021)
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AReconstruction of V-orbits below CDW nduced
ALight cyclotron masses in new orbits

ANew orbits have F ;= p
A Fu et al., Phys. Rev. Lett. (2021)
A Shersthaet al., Phys. Rev. B (2022) e




Models for charge density wave state

Undistorted CsV;Sbs

ATwo likely distortion modes in
kagome plane
AeSt ar otM BaAk i d¢ (
AzeTHe x ag oM aNM (

ADFT f aviexsagedmal ¢
- A~10 meV/unit cell below SoD
ASIGETIN By, Eie S Sl AHengxin et al. PRL (2021)

(=== H-) (+.+,+,+/-) : : :

: AModulation along c -axis can arise
from phasing of Q in-plane or
mixture of two distortion types

"Star of David" (SoD) "Tri-Hexagonal" (TrH)
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Christensen et al., PRB (202

dy.v = 2.58A, 2.68A, 2.82A



3D CDW-coupled distortion in CsV ,Sb.
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(0.5, 0.5, 0.25)type peaks consistent with 2x2 in-plane CDW




Structure of the CDW state in CsV ;Sb.

CsV,Sbs
2x2x4 Superlattice (P3)
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Alnversion symmetry
preserved

ASecond harmonic
generation data

AModulation between
strongly distorted TrH and
weakly distorted SoD
layers

AAverage structure
A2 domains included
ALikely missing twinning
effects due to subtle
orthorhombic distortion




Indications of both SoD and TrH in ARPES

Yong Hu et al., arxiv: 2201.06477 Minggu Kang et al., arxiv:2202.01902 Christensen et al., PRB (2021)
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APhotoemission resolves band folding near K and M points
AFolding suggestive of both SoD and TrH models
AConsistent with 3Q=(L L) order (but both are 2x2x2 cells)



Out-of-plane modulation suffers from local minima

(a)  Stahletal, arXiv:2112.02559v1 (2022) Qian Xiao et al., arXiv (2022) unpublished
I | I | Ll | | | 1 | I I I I I I I
= . » T=10K, H=1.5, K=1.5
2x2x2 2x2x4 1xlx1] 3501 [-0.5,-0.5, -6.75] (c) oK M1 Ke1e quenched
: 1 300t
(hk3) - plane )
_10F 10K i 250+ +
% - \ ) 1.
5 . 2 1 200 gtaple-state z
2 . 8
= L < }.50 B B
g5F : )
= F i ey 100} |{3 ++
| @(0.5,2.5,-0.50) 50| lejueniht dljljsi“aiﬂf
- (0525025 4 d ]
0 1 | 1 | 9 1 | 1 ._‘ U C, ) . ) . (-] | | ] | | |
0 20 40 60 80 100 40 60 80 10 e X ’ *
Temperature (K) Temperature (K)
AOthers: Q. Chen et al., arXiv (2022) Haoxiang Li et al., PRX (2021)

A Out-of-plane modulation depends on growth/disorder + thermal history
AQuenching vs slow cooling
Alrreversible changes after thermal cycling




3D CDW-coupled distortion in ( K Rb)V She

YuXiao Jiang et al, Nature Materials (2021) 0
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Original data unpublished

g=(0.5, 0.5, 0.5); same for RbYSh.




Unconventional behavior in CDW

Yu et al., PRB (2021)
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A Extraordinarily large AHE
A Yang et al., Science Advances2020)

A AHE appears coincident with CDW
Yu et al., Phys. Rev. B (2021)

A Weak depolarization consistent with
nuclear moments

A msRmeasurements performed by Mike
Graf at Boston College




Hints of TRSB In AV,Sh.

‘ STM X-ray scattering study of CDW superlattice
(0.5,0.5,0.25), 61 shots, 4 kV, T=82.5K
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Not observed in other studies of KV ,Sb; Sigma DSO time (1e-5 s)
(Hong Li et al., Nat. Phys. (2022)) No signature of CDW superlattice coupling to pulsed field
unpublished



Other hints of TRSB Iin AV,Sh.

sR studies

Kerr rotation CsV,Sb.

Scanning Kerr rotation

C. Mielke Ill et al.,
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Circular dichroism AV,Shb.

Yishuai Xu et al.,
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Scanning optical studies cont.

Birefringence map CD map
7 e @: ACs\,Sh. shows
£ . birefringence domains
> 2500, 1 § 2500 with mixed CD character
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Variety of flux phases predicted

Xilin Feng et al., Phys. Rev. B (2021)
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Also:
Lin and Nandkishore Phys. Rev. B. (2021)
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Park, Ye, andBalents,, Phys. Rev. B (2021)

AChiral flux states
A Orbital antiferromagnets

APrimary and secondary orders

AReal and &i magi n:




SC Iin AV,Sb: (A=K, Cs,RDb)



Superconductwﬂy In optimized AV ,Sb
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Also Rb\;Sh.

Yin et al., Chin. Phys.
Lett. 38, 037403 (2021)
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SC state In AV,Sb.

[T A, =1.19 meVg

Lichang Lin et al., Phys. Rev. B. (2021)
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Chen et al., Nature (2021)
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AEvidence for multiband,
multigap superconductivity

Alsotropic, gap and singlet
pairing

ATDO measurements Weiyin
Duan et al., Sci. China Phys. Mect
Astr.. (2021).

ANMR measurements' Chao Mu et
al., Chin. Phys. Lett. (2021)

+ ot hersb

Open questions:

Thermal transport
C. C. Zhao et al. arXiv:2102.08356

V-shaped gap and PDW instability
Hui Chen et al., Nature (2021).

Little-Parks effect
Jun Ge et al. arXiv:2201.10352

Nodal SC state,nsR
Z.Guguchiaet al., 2202.07713v1




Interplay between CDW and SC order



TSS near E and potential coupling to CDW

Ortiz et al., Phys. Rev. Lett. (2020) Hong Yu et al., Science Bulletin (2022)
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ATopological surface states ~50 meV above E-in
undistorted structure

AARPES shows TSS pushed down to-Below % 0.
CDW k, (1/A)

ASuggests TSS participates in conduction at7,




Staged CDW order

Y. Xiang et al, Nat. Comm. (2021)
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A1D charge stripes appear below ~60K in Cs\{Sh.
A Coexists with 3Q order

AAlso observed in RbV;Sh; (rarely in K\V;Sh)
ABulk vs surface effect debated
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Quasli-1D quasiparticle scattering

High

Low

Hong Li et al., arXiv2203.15057

AUnidirectional quasiparticles appear far below CDW

ASTM sees quasilD quasiparticle interference appear
below 30K

A(biorl?es from a state where rotational symmetry is already
roken




