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Quantum matter: asking “why?”

• Fundamental particle properties

• Collective: from many to one

• Condensed matter physics frontiers



Discoveryàcommercial: superconductivity

Meissner effect (1933)

SCMagLev Trains (2027)Magnetic Resonance Imaging (1980)

Zero resistance < Tc (1911)
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Band insulator Topological insulator Bi2Se3

Xia, Y., et al. Nature Phys 5, 398–402 (2009)



Electron interactions

Strong:
Depends!

Interaction strength: U/D

Non-interacting:
Bloch waves
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Outline

1. Topological Weyl semimetal

2. Strongly correlated Kondo physics

3. The Weyl-Kondo semimetal

4. Future projects



Hermann Weyl’s equation

Herring (1937), crystal eigenenergy touching:

Dirac (1928), massive relativistic spin-1/2:

𝑖ℏ
𝜕𝜓
𝜕𝑡

= ±c𝛔 * 𝒑𝜓Weyl (1929), massless relativistic spin-1/2: 

,𝐻 = ±𝑣)𝛔 * 𝒌
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How do we know it’s topological?

Berry curvature: 𝜴- 𝒌 = 𝑖⟨𝛁𝒌𝑢-𝒌|×|𝛁𝒌𝑢-𝒌⟩

𝐶- =
1
2𝜋
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𝜴-(𝒌) * 𝑑𝑺Topological invariant:
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Bulk-surface correspondence: 
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The Weyl semimetal is observed

Xu et al., Science 349:6248 (2015)

Lu et al. Science 349:6248 (2015)
Lv, et al. PRX 5:031013 (2015)

EF



Strongly correlated matter

Many-body physics: from Kondo to Hubbard, eds. E. Pavarini, E. Koch, P. Coleman (2015)



The Kondo effect

W. J. de Haas, G. J . van den Berg, Physica 3, 440 (1936)

2011

1936: Magnetic impurities

Kondo (1964)
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Resistance of gold vs T

𝜌 𝑇 ~𝜌)7 + 𝜌78 + 𝑐9 ln
𝜇
𝑇

T<TK



Heavy fermion systems

δ = JK/I

AFM:  I Kondo: JK Why ‘heavy’?
• C ∝ ɣ T
• ɣ ∝ m*

JK >> I

T<TK



Topology across the correlation spectrum

Will strong correlations 

destroy topological 

semimetal states?

Heavy fermion system
+

Weyl semimetal

Ta

Ce



The Anderson lattice model

hybridization

Coulomb 
repulsion

AFM:  I Hybridization: V

localized level



Conduction electrons
=nearest

neighbor
hopping

+break inversion 
symmetry

+spin-orbit 
coupling

= Weyl semimetal*
R. Roy, http://cmt-roy.physics.ucla.edu/content/nonsymmorphic-crystals

http://cmt-roy.physics.ucla.edu/content/nonsymmorphic-crystals


SEG, H. H. Lai, S. Paschen & Q. Si, PNAS 115 93-97(2018) and PRB 101, 075138 (2020)

The Weyl-Kondo semimetal

• D≫	kBTK
• vF ≫	vF*
• Nodes at EF

R. Roy, http://cmt-roy.physics.ucla.edu/content/nonsymmorphic-crystals

,𝐻 = ±𝑣)∗𝛔 * 𝒌

http://cmt-roy.physics.ucla.edu/content/nonsymmorphic-crystals


SEG, H. H. Lai, S. Paschen & Q. Si, PNAS 115 
93-97(2018) and PRB 101, 075138 (2020)

Bulk-surface correspondence

v* ~kBTK
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SEG, H. H. Lai, S. Paschen & Q. Si, PNAS 115 
93-97(2018) and PRB 101, 075138 (2020)

Topology and Berry curvature
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Kondo-pinning effect

SEG, H. H. Lai, S. Paschen & Q. Si, PNAS 115 93-97(2018) and PRB 101, 075138 (2020)



Probing topology across correlation scales

TaAs

• kBTK~1meV
• Cv ~	(T/v*)3
• v*~103m/s

Xu et al., Science 349:6248 (2015) S. Dzsaber et al, PRL 118, 246601 (2017)

Ce3Bi4Pd3



Probing topology across correlation scales

B.J. Ramshaw et al, Nat Comm 9, 2217 (2018)

TaAs

S. Dzsaber et al, Nat Comm 13, 5729 (2022)

Ce3Bi4Pd3



Γ

LX

L

W

X

ky
M0

kz

kx

Correlations enable fine tuning

SEG, H. H. Lai, S. Paschen & Q. Si, arXiv:2012.15841 (2020)

0

WKSM KI

X-W     Γ-X            Γ-X - Γ-L
M0 = 0         0.13      0.29 0.61

S. Dzsaber et al, Nat Comm 13, 5729 (2022)



Ongoing and future projects

Nonlinear optical properties  Nonequilibrium response New models for applications



Giant topological Hall response

S. Dzsaber et al., PNAS, 118 8, (2021)

T<T*

• ρxyodd seen in TRSB WSMs
• ρxyeven consistent with B=0 2ω:

1ω: ???



Fully nonequilibrium Ce3Bi4Pd3

• Ω(kW) pinned close to Fermi surface
• Small electric fields à fully nonequilibrium

2ω:

1ω: ???



High-harmonic generation

W. Zhu et al, PRB 103 224305 (2021) Chacón et al., arXiv:1807.01616J. Lim et al, IPS Mtg. 2022, 9/28-30



Strongly correlated topological semimetals

L. Chen, S. Setty, M. G. Vergniory, SEG, A. Prokofiev, S. 
Paschen, J. Cano, Q. Si, Nat Phys 18(11):1341-1346 (2022) 

Weak

Strong

TaAs
Cd3As2
etc...

Ce3Bi4Pd3
Ce2Au3In5
CePt2Si2
CeRh2Ga2
Y(Pt,Pd)Bi
CeAlSi
RAl(Si,Ge)
YbMnSb2
…
…
…
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Symmetry-constrained emergent excitations



In conclusion...

v* ~kBTK
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Auxiliary boson treatment

• U→∞  Coulomb repulsion 

• enforces 1 f / site

• Treat hole fluctuations 

away from 1 as boson

Crystal symmetry + topology:
Gaplessness guaranteed at n-
odd-quarter fillings: n/(spin per 
unit cell)

à r



SEG, H. H. Lai, S. Paschen & Q. Si, PNAS 115 93-97(2018) and PRB 101, 075138 (2020)

Kondo-driven

Weyl-Kondo semimetal properties



Weyl-Kondo semimetal with spin-orbit 
coupling hybridization

• SOC between f and c
species

• Quarter filling
• nc+nd=1 per site

SEG, H. H. Lai, S. Paschen & 
Q. Si, in preparation.



Zeeman field: uncorrelated model

Metallic

WSM

WSM

WSM

Conduction electron-only model
• Diamond crystal structure

SEG, Hsin-Hua Lai, Silke Paschen, Qimiao Si, JPS Conf. Proc. 30, 2020

• Hopping (t) & chemical potential

• Inversion symmetry breaking, m / t

• Zeeman exchange field, Mz / t
• Spin-orbit coupling



Peierls treatment and current 
• Light pulse – vector potential field

• Pulse envelope

• Operators get phase factor

• Only kinetic (hopping) terms affected

• Generalized current expression that contains all 
harmonic orders:

vij

vij



HHG: WKSM vs. KI

WKSM, r large

WKSM, r small

KI, r large: ω0<Δ

KI, r small: ω0>Δ

• Contrasting high harmonic 
response

• Both: smaller r à stronger 
renormalization à signal 
weaker

• WKSM: low ω, linear 
dispersion

• KI: interband, nω

• Future work:
• More realistic model 

systems
• Compare with totally 

uncorrelated models
• Energy-momentum 

resolved spectra
• …


