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Heavy fermion systems
From quantum criticality to electronic topology
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• Electronic topology: Noninteracting Weyl semimetals

• Discovery of the Weyl-Kondo semimetal

• Can strongly correlated topology be tuned?

• New strongly correlated topological materials

• Correlation-driven topology as emergent phase?
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Topological bandstructures via strong spin-orbit coupling
.
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Weyl semimetals:

• Strong SOC →

band inversion

• TRS or IS broken

→ crossing

points may

remain gapless in

the bulk → Weyl

nodes

• Weyl nodes are

sources and

sinks of Berry

curvature in k

space (“magnetic

monopoles”)(Sun et al., PRB 92 (2015) 115428)
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Noninteracting Weyl semimetals

• Visualization via ARPES + DFT: Bulk dispersion + surface states

seen

 on
 Se

pte
mb

er 
28

, 2
01

6
htt

p:/
/sc

ien
ce.

sci
enc

em
ag.

org
/

Do
wn

loa
ded

 fro
m 

(Yang et al., Nat. Phys. 11 (2015) 728; Liu et al., Nat. Mater. 15 (2016)

27; Xu et al., Science 349 (2015) 613)
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(Yang et al., Nat. Phys. 11 (2015) 728; Liu et al., Nat. Mater. 15 (2016)

27; Xu et al., Science 349 (2015) 613)

• Identification of topological characteristics in transport challenging:

Background, current jetting, “normal” semimetal features, “nor-

mal” anomalous Hall...
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Heavy fermion phases as starting point? for robust topology
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(Custers et al., Nature Mater. 11 (2012) 189; Si, Physica B 378-380 (2006) 23)
Silke Paschen, TU Wien exosup2022 : School on Exotic Superconductivity, Cargèse, June 13-25, 2022, 10



Heavy fermion phases as starting point for robust topology?

G

JK

PS PL

AFS AFL

CPP

CeIn3/LaIn3

Dimensionality

CPS CeIn3

YRS CCA

(Custers et al., Nature Mater. 11 (2012) 189; Theory: Si et al.)SOC
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The material: The Kondo semimetal Ce3Bi4Pd3

Broken inversion symmetry

o
-Space group I43d

a ~ 10.055 A
4 f.u./u.c. 

Ce3Bi4(Pt,Pd)3

(Dzsaber et al., Phys. Rev. Lett. 118
(2017) 246601 ↑

PNAS 118 (2021) e2013386118 →)

Preserved time reversal symmetry
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FIG. 4: ZF- SR detects no TRS breaking in Ce Bi Pd . ZF- SR spectra at 0.26 and 10K, and
5mT longitudinal-field (LF) spectrum at 0.26K. The collapse of the two ZF spectra is direct
evidence that no magnetization develops in this temperature range. The weak muon spin

depolarization is mostly of nuclear origin, as confirmed by its prompt recovery in a very small
field. The solid line is a fit to the spectra by means of Eqn. S12.

by454

(12)
where and are the sample- and background-related asymmetries, respectively, the latter455

being about 15% of the former in our case.456

The ZF- SR data of Ce Bi Pd taken at 10 and 0.26K essentially collapse on top of each other457

(Fig. S4), providing direct evidence that no magnetization develops in this temperature range. Fits458

to all data sets were performed using the suite40, with the raw error bars reflecting459

the data counting statistics and the fit parameter uncertainties resulting from standard error prop-460

agation methods. The resulting fit parameters reveal that the depolarization is mostly of nuclear461

origin, which is further confirmed by the prompt recovery of the signal in a very small longitudinal462

magnetic field (Fig. S4). The electronic relaxation rate is very small and temperature independent463

within the error bars (see Fig. 2c of main part). This is unambigous evidence that, in the studied464

temperature range, TRS is preserved in Ce Bi Pd .465
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FIG. 2: Spontaneous Hall effect of Ce Bi Pd . a, Temperature-dependent Hall resistivity in
zero external magnetic field, showing a pronounced spontaneous Hall effect below 3K. Data

were taken without prior application of magnetic fields. b, Spontaneous Hall conductivity vs
temperature in units of (bottom and left axes, black, where is the lattice parameter) and vs
electrical conductivity (top and right axes, blue), with as an implicit parameter, both in zero
magnetic field. is linear in (see red straight line). c, Temperature-dependent nuclear and
electronic contributions to the muon spin relaxation rate obtained from ZF- SR measurements.
The electronic contribution is extremely small and temperature-independent within the error bars.
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The material: The Kondo semimetal Ce3Bi4Pd3

DFT bandstructure
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Ce 4f 1 electron in core:
no correlations!

(Dzsaber et al., PNAS 118 (2021)
e2013386118)
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FIG. 4: ZF- SR detects no TRS breaking in Ce Bi Pd . ZF- SR spectra at 0.26 and 10K, and
5mT longitudinal-field (LF) spectrum at 0.26K. The collapse of the two ZF spectra is direct
evidence that no magnetization develops in this temperature range. The weak muon spin

depolarization is mostly of nuclear origin, as confirmed by its prompt recovery in a very small
field. The solid line is a fit to the spectra by means of Eqn. S12.
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where and are the sample- and background-related asymmetries, respectively, the latter455

being about 15% of the former in our case.456

The ZF- SR data of Ce Bi Pd taken at 10 and 0.26K essentially collapse on top of each other457

(Fig. S4), providing direct evidence that no magnetization develops in this temperature range. Fits458

to all data sets were performed using the suite40, with the raw error bars reflecting459

the data counting statistics and the fit parameter uncertainties resulting from standard error prop-460

agation methods. The resulting fit parameters reveal that the depolarization is mostly of nuclear461

origin, which is further confirmed by the prompt recovery of the signal in a very small longitudinal462

magnetic field (Fig. S4). The electronic relaxation rate is very small and temperature independent463

within the error bars (see Fig. 2c of main part). This is unambigous evidence that, in the studied464

temperature range, TRS is preserved in Ce Bi Pd .465
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FIG. 2: Spontaneous Hall effect of Ce Bi Pd . a, Temperature-dependent Hall resistivity in
zero external magnetic field, showing a pronounced spontaneous Hall effect below 3K. Data

were taken without prior application of magnetic fields. b, Spontaneous Hall conductivity vs
temperature in units of (bottom and left axes, black, where is the lattice parameter) and vs
electrical conductivity (top and right axes, blue), with as an implicit parameter, both in zero
magnetic field. is linear in (see red straight line). c, Temperature-dependent nuclear and
electronic contributions to the muon spin relaxation rate obtained from ZF- SR measurements.
The electronic contribution is extremely small and temperature-independent within the error bars.

13

Silke Paschen, TU Wien exosup2022 : School on Exotic Superconductivity, Cargèse, June 13-25, 2022, 14



Extreme topological response 1: Specific heat
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(Dzsaber et al., Phys. Rev. Lett. 118 (2017) 246601)
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≈
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(Dzsaber et al., Phys. Rev. Lett. 118 (2017) 246601)
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Extreme topological response 1: Specific heat
.

C/T = ΓT 2 with Γ ∼ 1/v3

v = 886 m/s ≈ vF/103

noninteracting Weyl fermions with vF

give nondetectable contribution (Γ/109)

(Dzsaber et al., Phys. Rev. Lett. 118 (2017) 246601)

.

(Lai et al., PNAS 115 (2018) 93)
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The Weyl-Kondo semimetal

Microscopic model

(sketches: Dzsaber)

(Lai et al., PNAS 115 (2018) 93)

DFT bandstructure
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(Dzsaber et al., PNAS 118 (2021)
e2013386118)

A B

C
Figure 1: The 3D noncentrosymmetric lattice and associated Brillouin zone. (A) Diamond
lattice with hopping and onsite energy differentiating sublattices. The solid lines
connect nearest neighbors; (B) Interlocking tetrahedral sublattice cells illustrating how the dis-
tinction between the A and B sublattices (Zincblende structure) invalidates the inversion center
lying on the dashed black “plane”; (C) The Brillouin zone (BZ) of the diamond lattice, with
Weyl nodes shown in blue/red, and high symmetry contour used for Fig. 2 in green.
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Hall effect in noninteracting (magnetic) Weyl semimetals

(Kimbell et al., Commun. Mater. 3 (2022) 19)
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Extreme topological response 2: Spontaneous Hall effect

Spontaneous Hall resistivity Spontaneous Hall conductivity

σxy ≈ 0.3
e2

h · a
; tan(Θ) ≈ 0.5 Giant effect!

(Dzsaber et al., PNAS 118 (2021) e2013386118)
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Berry curvature-driven Hall response (broken IS, preserved TRS)

a b

Energy

kz ky

kx

kz
k II

(k2
|| = k2

x +k2
y ) Berry curvature Ω

(H. Li et al., Nat. Commun. 7 (2016) 10301)

jy = σxyEx =
e2

~

∫

d3k

(2π)3
g(k , Ex , τ )Ωz(k )Ex

(Sodemann & Fu, Phys. Rev. Lett. 115 (2015) 216806)
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Berry curvature-driven Hall response: Perturbative regime

σxy =
e3τ

2~2
ExDxz with Dxz =

∫

d3k

(2π)3
f0(k)

∂Ωodd
z

∂kx

Berry curvature dipole

→ 0ω, 2ω (Sodemann & Fu, Phys. Rev. Lett. 115 (2015) 216806)

Ab initio (DFT) calculation for TaAs

0 50 100-100 -50
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W2

W3

(c) (d)(Zhang et al., Phys. Rev. B, 97 (2018) 041101R)

tan(Θ) ≤ 10−4
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Berry curvature-driven Hall response: Perturbative regime

σxy =
e3τ

2~2
ExDxz with Dxz =

∫

d3k

(2π)3
f0(k)

∂Ωodd
z

∂kx

Berry curvature dipole

→ 0ω, 2ω (Sodemann & Fu, Phys. Rev. Lett. 115 (2015) 216806)

Ab initio (DFT) calculation for TaAs

0 50 100-100 -50
EF (meV)

W1

W2

W3

(c) (d)(Zhang et al., Phys. Rev. B, 97 (2018) 041101R)

tan(Θ) ≤ 10−4 in Ce3Bi4Pd3: tan(Θ) ≈ 0.5
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Extreme topological response 2: Beyond perturbative regime

(Dzsaber et al., PNAS 118 (2021) e2013386118)

(Vxy = αI2x )

Silke Paschen, TU Wien exosup2022 : School on Exotic Superconductivity, Cargèse, June 13-25, 2022, 24



Extreme topological response 2: Beyond perturbative regime

(Dzsaber, PhD thesis, 2020) (Dzsaber et al., PNAS 118 (2021) e2013386118)
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Extreme topological response 2: Beyond perturbative regime

(Dzsaber et al., PNAS 118 (2021) e2013386118)
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Noninteracting Weyl semimetals

• Visualization via ARPES + DFT: Bulk dispersion + surface states

seen

(Yang et al., Nat. Phys. 11 (2015) 728; Liu et al., Nat. Mater. 15 (2016)

27; Xu et al., Science 349 (2015) 613)

• Control of topology difficult:

Limited tunability in momentum space;

B field tuning dominated by orbital effects (Zeeman effect ≪)

Silke Paschen, TU Wien exosup2022 : School on Exotic Superconductivity, Cargèse, June 13-25, 2022, 28



Noninteracting Weyl semimetals: Orbital effects of B

(Zhang et al., Nat. Phys. 13 (2017) 979)

TaP

Silke Paschen, TU Wien exosup2022 : School on Exotic Superconductivity, Cargèse, June 13-25, 2022, 29



Weyl node annihilation in Weyl-Kondo semimetal
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Suppression of topology signatures at Bc1

Specific heat

� � �� �� �� ��
���

���

���

���

��� ���7

���7

���7

���7

���7

���7�35/

���7�ILW

'
C
�T
��
-
�P
R
O�
.
�
�

T
����.��

T&�7

Even-in-B Hall resistivity

� � � � �
���

�

B
HYHQ
+

U
H
Y
H
Q

[
\
��
P
:
P
�

B��7�

�����.

�����.

������.

���.

�����.

���.

�����.

(Dzsaber et al., arXiv:1906.01182)

Theory on magnetic field effect in Weyl-Kondo semimetal model:
(Grefe et al., arXiv:2012.15841)
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Suppression of topology signatures at Bc1

Hall data deconvolution Even-in-B Hall resistivity
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(Dzsaber et al., arXiv:1906.01182)

Theory on magnetic field effect in Weyl-Kondo semimetal model:
(Grefe et al., arXiv:2012.15841)
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Suppression of (background) Kondo insulator gap at Bc2

Magnetic torque
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(Dzsaber et al., arXiv:1906.01182)

KI to metal transition seen from cp(B) in Ce3Bi4Pt3:
(Jaime et al., Nature 405 (2000) 160)
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Fermi surface reconstrutions at both Bc1 and Bc2

Quantitative analysis of “normal” (odd-in-B) Hall effect
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R̃H = R̃1

H −
(R̃1

H − R̃0
H)

[

1 +
(

B/B∗
1

)p
]
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Magnetic field-tuned phase diagram of Ce3Bi4Pd3
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• WKSM signatures suppressed

at Bc1

• KI gap closed at Bc2

• Quantum phase transitions at

Bc1 and Bc2, with FS change

• Quantum criticality at Bc2

• Kondo interaction present

across entire B range

→ Kondo-driven Weyl nodes

annihilate in topological QPT

→ Genuine control of

correlation-driven topology

(Dzsaber et al., arXiv:1906.01182)
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Genuine topology control by magnetic field
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Heavy fermion systems
From quantum criticality to electronic topology

� �

• Electronic topology: Noninteracting Weyl semimetals

• Discovery of the Weyl-Kondo semimetal

• Can strongly correlated topology be tuned?

• New strongly correlated topological materials

• Correlation-driven topology as emergent phase?
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Noncentrosymmetric semimetal CeRu4Sn6

LDA + DMFT (290 K)
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(Guritanu et al., Phys. Rev. B 87 (2013) 115129)

LDA + Gutzwiller (0 K)

 0

 Z  N   !  X  P 

(Xu et al., Phys. Rev. X 7 (2016) 011027)
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CeRu4Sn6: A Weyl-Kondo semimetal?

Pressure cell Even-in-field Hall response

→ Poster Diana Kirschbaum
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Search strategy: Strong correlations & crystalline symmetry
Kondo square net lattices + space group symmetries → Weyl-Kondo
nodal-line semimetals

(Chen et al., arXiv:2107.10837)
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Heavy fermion systems
From quantum criticality to electronic topology

� �

• Electronic topology: Noninteracting Weyl semimetals

• Discovery of the Weyl-Kondo semimetal

• Can strongly correlated topology be tuned?

• New strongly correlated topological materials

• Correlation-driven topology as emergent phase?
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Quantum criticality in Kondo semimetal CeRu4Sn6

(Fuhrman et al., Sci. Adv. 7 (2021) eabf9134)
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Tentative evidence for quantum criticality in Ce3Bi4Pd3
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(Dzsaber et al., Phys. Rev. Lett. 118 (2017) 246601)
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Correlation-driven topology through quantum fluctuations?
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Summary

• Heavy fermion compounds can host robust gapless topo-

logical bands

• A new phase, the Weyl-Kondo semimetal, is established

• It has giant topological signatures

• Genuine topology control with magnetic field is realized

• New candidate materials are identified

• Are correlated topological phases emergent phases?
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