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topology

Gauss–Bonnet 
Theorem:

Genius g = 0 g = 1 g = 3

C. F. Gauss, , Werke , 8 , K. GesellschaD WissenschaD. GöFngen (1900)
O. Bonnet, J. École Polytechnique , 19 (1848) pp. 1–146

J. Kroder, et al., Chemie in  unserer Zeit 56 (2022) 12–20



topology



from molecule to solid

from orbitals to bands

Roald Hoffmann  Angewandte. Chem.  26 (1987) 846



from benzen to graphene

from bonds to bands

Dirac cone



electronic structure

Insulator  Semiconductor Metal Semi metal

Gap

J. Gooth, J. Kübler, C. Felser, Physik Journal 20 (2021) 29.



black box of the electronic structure

van Hove Singularity

new Fermion

chiral Fermion

Weyl fermion

nodal line

phase

surface state
flatbands 

v

doped semiconductors

Gooth, Felser unpublished 



Topological Quantum Materials from the Viewpoint of Chemistry, Nitesh Kumar, Satya N. Guin, Kaustuv Manna, Chandra Shekhar, and Claudia Felser, doi.org/10.1021/acs.chemrev.0c00732

spin orbit coupling
SOC

valence band 

conduc@on band

Gap inverted gap

topological insulators



B



© Nature

from all 250 000 known
inorganic compounds
25% are topological



topologicalquantumchemistry.org



chemistry

magic electron numberof p-electrons

Hückel:
4n+2 aroma8c
4n an8aroma8c

Möbius:
4n aroma8c
4n+2 an8aroma8c



topology in chemistry

Magic electron numbers

Hückel:
4n+2 aromatic
4n antiaromatic

Möbius:
4n aroma@c
4n+2 an@aroma@c



AA

AB

Unconven]onal superconduc]vity in magic-angle  …, Y Cao, , et al.,  Nature 556 (2018), 43-50, Spectroscopy of Twisted Bilayer Graphene …, Dumitru Călugăru et al., arXiv:2110.15300   

graphene – the twist



AA

AB

AA p-elektrons localised
AB p-electrons delocalised

Spectroscopy with STM

Unconven]onal superconduc]vity in magic-angle  …, Y Cao, , et al.,  Nature 556 (2018), 43-50, Spectroscopy of Twisted Bilayer Graphene …, Dumitru Călugăru et al., arXiv:2110.15300   

AB

AA

graphene – the twist



graphene – the twist

AA

AB

Unconven]onal superconduc]vity in magic-angle  …, Y Cao, , et al.,  Nature 556 (2018), 43-50, Spectroscopy of Twisted Bilayer Graphene …, Dumitru Călugăru et al., arXiv:2110.15300   

twisted graphene – aroma:c – an:aroma:c ???



Topological Quantum Materials from the Viewpoint of Chemistry, Nitesh Kumar, Satya N. Guin, Kaustuv Manna, Chandra Shekhar, and Claudia Felser, doi.org/10.1021/acs.chemrev.0c00732

spin orbit coupling
SOC

valence band 

conduc@on band

Gap inverted gap

topological insulators



semiconductor
XZ XYZ X2YZZ

J. Kroder, G. Fecher, C. Felser, Chemie in unserer Zeit 56 (2022) 12–20
N. Kumar, Satya N. Guin, Kaustuv Manna, Chandra Shekhar, and Claudia Felser, Chem. Rev. 2021, 121, 5, 2780–2815  



XZ XYZ X2YZZ



ternary semiconductor

J. Kroder, G. Fecher, C. Felser, , Chem. Unserer Zeit 56 (2022) 12–20
S Chadov, et al., Nature materials 9 (2010) 541-545

half Heusler compounds are ternary semiconductors
XZ XYZ X2YZZ

average nuclear charge Z              



gold: a topological metal

Binghai Yan at al., Nature Communica]ons 6 (2015) 10167

Inert pair effect

contraction of the 1s-orbital = 
higher s orbitals will be „core“ like



measurements

Nitesh Kumar, Satya N. Guin, Kaustuv Manna, Chandra Shekhar, and Claudia Felser, Chem. Rev. 121 (2021) 2780.

metal

R

T

R

T
copyright Shekhar Chandra et al. 

topological insulator

R

T

insulator



Hall-measurements of semiconductors

magne2c field

p-and n-type

p-type

n-type

resistance



quantum Hall effect

T. Janssen et al., 2013 Rep. Prog. Phys. 76 104501

or the beginning

Klaus von Klitzing
©mpg

quantum Hall effect:
- exo@c effect
- in complex layer systems of semiconductors
- precisely adjusted charge carrier concentra@on
- high magne@c fields
- low temperature

Klaus von Klitzing, et al., , Nature Reviews Physics 2 (2020) 397 



25

quantum Hall effect in a crystal

J. Gooth et al.,  Nature Communica]ons 12 (2021) 3197, Fangdong Tang, et al., Nature 569 (2019) 537  



Predic@on of the quantum spin Hall effect 
Solu@on: materials with large spin orbit coupling

Kane and  Mele, PRL 95, 146802 (2005)

quantum anomalous Hall – quantum spin Hall 

Predic@on of the quantum anomalous Hall effect without magne@c field
Solu@on: Magne@c materials 

Haldane, PRL 61, 2015 (1988)



topological insulators – quantum spin Hall

λSOC~ Z2 for valence shells 

Heavy insulating elements?

Strained a-Sn and Bi-bilayer

Kane and  Mele, PRL 95, 146802 (2005)

Prediction of the quantum spin Hall effect 
Solution: materials with large spin orbit coupling



Element Bismuth
Bi-Sb alloys 
Bi2Se3 and related structures

Moore and  Balents, PRB 75, 121306(R) (2007)
Fu and Kane, PRB 76, 045302 (2007)
Murakami, New J. Phys. 9, 356 (2007)
Hsieh, et al., Science 323, 919 (2009)
Xia, et al., Nature Phys. 5, 398 (2009); Zhang, et al., Nature Phys. 5, 438 (2009)

topological insulators



• protected surface states
• quan2zed effects
• large effects in response to

• the magne2c field, …

measurements



topologic or trivial

Insulator semiconductor metal semimetal

gap

J. Gooth, J. Kübler, C. Felser, Physik Journal 20 (2021) 29.

inver@erted gap

gold

topological 
Insulator

Graphene

Dirac 
semimetal



from insulator to semimetal

topological
Insulator

Weyl
semimetal

Dirac 
semimetal

Binghai Yan and Claudia Felser, Annual Review Condensed Majer Physics 8 (2017) 337, Prineha Narang, Chris]na A. C. Garcia  and Claudia Felser, Nature Materials 20 (2021) 293 



a‘= 2a
k= p/2a

semimetals are common

Roald Hoffmann  Angewandte. Chem.  26 (1987) 846



chiral electrons

A. C. Niemann, et al.,  Physik in unserer Zeit 49 (2018) 168-175

in bulk



chirality





synthesis

M. Scheffler et al., Nature 604 (2022) 635–642



chiral anomaly 

Adler, Phys. Rev. 177, 2426 (1969)
Bell and. Jackiw, Nuovo Cim. A60, 47 (1969)
Zyuzin,  Burkov - Physical Review B (2012)

Burkov, Balents, PRL 107, 12720 (2012)
Burkov, J. Phys.: Condens. Ma[er 27, 113201 (2015) 

Volovik, The Universe in a Helium Droplet (Internaaonal Series of Monographs on Physics, Band 117) ISBN: 9780199564842

Chiral anomaly is the anomalous non-conservation of a chiral current. 
A sealed box with equal numbers of positive and negative charged particles is found when it is opened to have more 
positive than negative particles, or vice-versa. 
Prohibited from classical conservation laws, but can be broken in a quantum world. 
Universe contains more matter than antimatter Wikipedia



Weyl semimetals

3D topological Weyl - transport measurements: 

1. Giant responses to an external s8muli
2. Fermi arc
3. Chiral anomaly
4. Axial gravita8onal anomaly

Burkov, Balents, PRL 107 12720 (2012) 
Burkov, arXiv:1704.05467v2
Burkov, J. Phys.: Condens. Ma[er 27 (2015) 113201 Johannes Gooth et al., Nature 547 (2017) 324



chiral anomaly

S. L. Adler, Phys. Rev. 177, 2426 (1969)
J. S. Bell and R. Jackiw, Nuovo Cim. A60, 47 (1969)
AA Zyuzin, AA Burkov - Physical Review B (2012)

Na3Bi

Jun Xiong, S. Kushwaha et al., Science 2015 Hirschberger et al., Nature Materials, 2016 

Na3Bi GdPtBi



Weyl semimetals

NbP, NbAs, TaP, TaAs



S.-Y. Xu, et al.,  Science 349 (2015) 613

angle resolved Photoemission

Weng, et al. Phys. Rev. X 5, 11029 (2015)
Huang  et al.  preprint arXiv:1501.00755

NbP, NbAs, TaP, TaAs

En
er

gi
e

Impuls  

Weyl semimetals

chemical vapor transport



Weng, et al. Phys. Rev. X 5, 11029 (2015)
Huang  et al.  preprint arXiv:1501.00755

Shekhar, et al. , Nature Physics 11 (2015) 645 
Frank Arnold, et al. Nature Communica]on 7 (2016) 11615

NbP, NbAs, TaP, TaAs

NbP

TaAs

TaP

𝜒 = −1𝜒 = +1

NbP

TaP

TaAs

Weyl semimetals



NbP, NbAs, TaP, TaAs

Weng, et al. Phys. Rev. X 5, 11029 (2015)
Huang  et al.  preprint arXiv:1501.00755

Shekhar, et al. , Nature Physics 11 (2015) 645 
Frank Arnold, et al. Nature Communica]on 7 (2016) 11615

giant magnetoresistance

Weyl semimetals



NbP, NbAs, TaP, TaAs

Weng, et al. Phys. Rev. X 5, 11029 (2015)
Huang  et al.  preprint arXiv:1501.00755

Shekhar, et al. , Nature Physics 11 (2015) 645 
Frank Arnold, et al. Nature Communica]on 7 (2016) 11615

giant mobility

Weyl semimetals



chiral anomaly

conservation of chirality 

E

kxky

V

I

𝜒 = −1𝜒 = +1

Lucas, A., Davison, R. A. & Sachdev, S. PNAS 113, 9463–9468 (2016).
Landsteiner K., et al. Gravitational anomaly and transport phenomena. Phys. Rev. Lett. 107, 021601 (2011). URL
Jensen, et al. Thermodynamics, gravitational anomalies and cones. Journal of High Energy Physics 2013, 88 (2013). 

J. Gooth et al., Nature 547 (2017) 324 arXiv:1703.10682.
J. Gooth, J. Kübler, C. Felser, Physik Journal 20 (2021) 29.

3 K



chirale Anomalie

E

kxky

V

I

𝜒 = −1𝜒 = +1

B

Lucas, A., Davison, R. A. & Sachdev, S. PNAS 113, 9463–9468 (2016).
Landsteiner K., et al. Gravita]onal anomaly and transport phenomena. Phys. Rev. Lej. 107, 021601 (2011). URL
Jensen, et al. Thermodynamics, gravita]onal anomalies and cones. Journal of High Energy Physics 2013, 88 (2013). 

J. Gooth et al., Nature 547 (2017) 324 arXiv:1703.10682.
J. Gooth, J. Kübler, C. Felser, Physik Journal 20 (2021) 29.



Erhaltung der Chiralität

E

kxky

𝜒 = −1𝜒 = +1

Johannes Gooth et al., Nature 547 (2017) 324 arXiv:1703.10682

Erhaltung der Chiralität

V

I

chiral anomaly



E

kxky

V

I

𝜒 = −1𝜒 = +1

DT

3 K

NbP

Johannes Gooth et al., Nature 547 (2017) 324 arXiv:1703.10682
Lucas, A., Davison, R. A. & Sachdev, S. PNAS 113, 9463–9468 (2016).
Landsteiner K., et al. Gravita]onal anomaly and transport phenomena. Phys. Rev. Lej. 107, 021601 (2011). URL
Jensen, et al. Thermodynamics, gravita]onal anomalies and cones. Journal of High Energy Physics 2013, 88 (2013). 

axial graviConal anomaly



E

kxkyI

B

E

kxky

𝜒 = −1𝜒 = +1

VDT

3 K

NbP

J. Gooth et al., Nature 547 (2017) 324 arXiv:1703.10682.
J. Gooth, J. Kübler, C. Felser, Physik Journal 20 (2021) 29.

axial graviConal anomaly



chiral anomaly 

Anna Corinna Niemann, Johannes Gooth et al. Scien]fic Reports 7 (2017) 43394 doi:10.1038/srep4339 preprint arXiv:1610.01413 

Ga-doping relocates the Fermi energy in NbP close to the W2 Weyl points
Therefore, we observe a negative MR as a signature of the chiral anomaly, that survives up to room temperature

NbP



chiral and axial gravitaConal anomaly 

Johannes Gooth et al., Nature 547 (2017) 324 arXiv:1703.10682

A posi've longitudinal magneto-thermoelectric conductance (PMTC) in the Weyl semimetal NbP for collinear temperature gradients and 
magne'c fields that vanishes in the ultra quantum limit. Lucas, A., Davison, R. A. & Sachdev, S. PNAS 113, 9463–9468 (2016).

Landsteiner K., et al. Gravita]onal anomaly and transport phenomena. Phys. Rev. Lej. 107, 021601 (2011). URL
Jensen, et al. Thermodynamics, gravita]onal anomalies and cones. Journal of High Energy Physics 2013, 88 (2013). 

NbP



NbP Bi1-xSbx

Dung Vu, et al., Nature Materials 20 (2021) 1525–1531Johannes Gooth et al., Nature 547 (2017) 324.

chiral and axial gravitational anomaly 



the universe in a crystal



Andrei Bernevig, Claudia Felser, Haim Beidenkopf,   Nature 588 (2022) 

magneCc Weyl

Liu, et al. Nature Physics 14 (2018) 1125 

chiral anomaly in
Co3Sn2S2Co3Sn2S2



anCferromagneCc topological materials



antiferromagnetic topological materials

Strong interac@on drives a quantum 
phase transi@on to a topological 
insulator phase

Band inversion between d and f 
bands of different parity 
PuTe under pressure has a band 
gap up to 0.4 eV

Xiao Zhang, Haijun Zhang, Claudia Felser, Shou-Cheng Zhang, Science 335 (2012) 1464,                                                                                        Y Xu, et al., Nature 586 (2020) 702

Higher Order topological 
insulator



Heusler Verbindungen

T. Graf, C. Felser, and S. S. P. Parkin, Prog. Solid State Chem. 39, 1 (2011) 

XZ XYZ X2YZZ



topological Heusler compounds

reciprocal space

real space

A

D

B

C

Heusler compounds



magneCc Weyl semimetals

Weyl points at low symmetry points 

breaking time reversal symmetry 
§ magnetic field  
§ all crossings in the band structure in 

ferromagnets are Weyl points





Heusler X2YZ L21

Heusler compounds

T. Graf, C. Felser, and S. S. P. Parkin, Prog. Solid State Chem. 39, 1 (2011) 



Heusler Verbindungen

T. Graf, C. Felser, and S. S. P. Parkin, Prog. Solid State Chem. 39, 1 (2011) 

Al Cu2MnAlMnCu

Heusler X2YZ L21



topological Heusler compounds

reciprocal space

real space

A

D

B

C

Heusler compounds



Synthesis

VFe2 Al

EF

§ magic valence electron number:  24
§ valence electrons = 24 + magne6c moments

MnCo2 Ga

X2YZ

2 * 8 + 5 + 3 = 24 2 * 9 + 7 + 3 = 24 + 4

Kandpal et al., J. Phys. D 40 (2007) 1507
Balke et al. Solid State Com. 150 (2010) 529
Kübler et al., Phys. Rev. B 76 (2007) 024414

Kübler et al., PRB 28, 1745 (1983)
de Groot RA, et al. PRL 50 2024 (1983)
Galanakis et al., PRB 66, 012406 (2002)

magnetic Heusler



Kandpal et al., J. Phys. D 40 (2007) 1507
Balke et al. Solid State Com. 150 (2010) 529
Kübler et al., Phys. Rev. B 76 (2007) 024414

Kübler et al., PRB 28, 1745 (1983)
de Groot RA, et al. PRL 50 2024 (1983)
Galanakis et al., PRB 66, 012406 (2002)

Co2TiAl:    2´9 + 4 + 3 = 25  Ms = 1mB

Co2MnGa: 2´9 + 7 + 3= 28  Ms = 4mB

Co2FeSi:   2´9 + 8 + 4 = 30  Ms = 6mB

X2YZ

EF

EF

half metallic Heusler



2000%
Yamamoto Sapporo 

Tunneling magnetoresistance effect in Heusler





Co2TiSn
Co2TiSi: 2´9 + 4+ 4 = 26  Ms = 2µB

semimetallic Heusler compounds

Phys. Rev. Lej. 117, 236401 (2016)
Sci. Rep. 6, 38839 (2016)

Symmetry and 
electronic 

structures depend 
on the 

magne@za@on 
direc@on

With SOC

4a

8c

4b
Co

Y

Z



meas.  S/cm 2000
calc.  S/cm 1800 

»

=

xy

xy

s

s

Giant AHE

Kübler, Felser, EPL 114 (2016) 47005. 
Kübler, Felser, PRB 85 (2012) 012405
Vidal et al., Appl .Phys. Lett. 99 (2011) 132509 

Heusler, Weyl and Berry

Nodal lines
and Weyl 
points

Berry 
curvature
enhancement

Co2MnAl



Berry curvature and anomalous Nernst 

Jonathan Noky, Claudia Felser, and Yan Sun, Physical Review B 99 (2019) 165117



Berry curvature design

• giant anomalous Hall
• giant anomalous Nernst

J. Noky et al., Phys. Rev. B 98, 241106(R) (2018), Fu et al.,  APL Mat.  8 (2020) 040913, Jonathan Noky, et al., npj Comput Mater 6 (2020) 77

M

Co2MnGa

4a

8c

4b
Co

Y

Z



Belopolski, et al., Science  (2019) preprint arXiv:1712.09992Series of ARPES cuts through the candidate line node

ARPES
Co2MnGa

4a

8c

4b
Co

Y

Z



Belopolski, et al., Nature | Vol604 | 28April2022 | 647

ARPES

Co2MnGa



Hall Effect

I

H

+ + + + ++

- - - - - - VH

V¹ 0 

Anomalous Hall Effect

I

M

+ + + + ++

- - - - - - VH

V¹ 0 

diamagne@c semiconductor - ferromagne@c material

Hall effect

T. Graf, C. Felser, and S. S. P. Parkin, Prog. Solid State Chem. 39, 1 (2011) 
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Manna et al., Phys. Rev. X 8  (2018) 041045, arXiv:1712.10174 

Kübler, Felser, PRB 85 (2012) 012405
Vidal et al., Appl .Phys. Lej. 99 (2011) 132509 

Anomalous Hall

Co2MnGa
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Manna et al., Phys. Rev. X 8  (2018) 041045, arXiv:1712.10174 

Kübler, Felser, PRB 85 (2012) 012405
Vidal et al., Appl .Phys. Lett. 99 (2011) 132509 

Anomalous Hall

Naoto Nagaosa and Yoshinori Tokura 2012 Phys. Scr. 2012 014020 

Co2MnGa
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Satya N. Guin, et al., NPG Asia Mater. 11, 16 (2019),  arXiv:1806.06753
Sakain et al. Nature Physics 2018
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J. Noky et al., Phys. Rev. B 98, 241106(R) (2018)

anomalous Nernst Effect

Co2MnGa



Noky, J., Xu, Q., Felser, C. & Sun, Y. Large anomalous Hall and Nernst effects from nodal line symmetry breaking in Fe2MnX (X = P, As, Sb). Phys. Rev. B 99, 165117 (2019). 

Nernst Effect of iron compounds



topological Heusler compounds

reciprocal space

real space

A

D

B

C

Heusler compounds



Heusler compounds with crystalline anisotropy

Mn3Ga Mn3Ge Mn3Sn

Tetragonal Cubic Hexagonal



Tetragonal Cubic

§ Materials with low magne8c damping
§ Materials with low magne8c moments
§ Materials with high perpendicular anisotrop

Heusler compounds for STT MRAM

Co2-xMnxGa Co2MnGaMn3Ga



Stuart S. P. Parkin, et al.: Magne+c Domain-Wall 
Racetrack Memory, Science 320 (2008) 190–194

AnCskyrmions in Heusler compounds

Antiskyrmions
T=300 K, H= 0.24 TT=300 K, H= 0.29 T
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A. K. Nayak, et al., Nature 548 (2017) 561
Mn1,4PtSn



topological Heusler compounds

reciprocal space

real space

A

D

B

C

Heusler compounds



Kagome laOce

Cubic Hexagonal

• Dirac cone, 
• flat band, and 
• van Hove singularity Mn3Ga, Mn3Ge, Mn3Sn

Kübler, Felser EPL 108 (2014) 67001,



anCferromagneCc topological materials

Y Xu, et al., Nature 586 (2020) 702



anCferromagneCc materials

The anomalous Hall conduc@vity in an an@ferromagne@c metal  is zero

Manna et al., Phys. Rev. X 8  (2018) 041045, arXiv:1712.10174 
Manna et al., Nature Review Materials, 3 (2018) 244 arXiv:1802.02838v1

Berry curvature

Ru2MnSi



anCferromagneCc topological materials

Chen, Niu, MacDonald, PRL112 (2014) 017205,  Kübler, Felser EPL 108 (2014) 67001, Nayak et al., Science Advances 2 (2016) e1501870, Nakatsuji, et al., Nature, doi:10.1038/nature15723

Mn3Ge, Mn3SnMn3Ge, Mn3Sn



MagneCzaCon dependence of the spontaneous Nernst effect for 
ferromagneCc metals and Mn3Sn

Giant anomalous Nernst effect





Kagome laOce

Nature, 2018, doi:10.1038/nature25987

Looking for Weyl fermions on a ferromagne2c 
Kagomé la6ce with out of plane magne2sa2on.  

Enke Liu, et al. Nature Physics 14 (2018) 1125 , preprint arXiv:1712.06722 

Co3Sn2S2Fe2Sn3 Co3Sn2S2



Liu, et al. Nature Physics 14 (2018) 1125 , preprint arXiv:1712.06722 

Co3Sn2S2

D. F. Liu, et al., Science 365 (2019) 1282

Kagome laOce

half metallic chiral anomaly

Co3Sn2S2



Kagome laOce

Morali et al., Science a365 (2019) 1286, preprint arXiv:1903.00509

STM and ARPES confirms Weyl and Fermiarcs

D. F. Liu, et al., Science 365 (2019) 1282

Co3Sn2S2



Kagome laOce

ARPES confirms Weyl and Fermiarcs

D. F. Liu, et al., Science 365 (2019) 1282

Co3Sn2S2



Liu, et al. Nature Physics 14 (2018) 1125 , Guin, et al. Adv. Mater. 2019, 1806622, arXiv:1712.06722, arXiv:1807.07843, arXiv:1806.06753

Naoto Nagaosa and Yoshinori Tokura 2012 Phys. Scr. 2012 014020 

Giant anomalous Hall effect



Giant anomalous Nernst effect

Guin, et al. Adv. Mater. 2019, 1806622, Liu, et al. Nature Physics 14 (2018) 1125 , arXiv:1712.06722, arXiv:1807.07843
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Giant anomalous Nernst effect

Guin, et al. Adv. Mater. 2019, 1806622, arXiv:1712.06722, arXiv:1807.07843, arXiv:1806.06753

magne8c Weyl 
semimetals as a recipe
for large Nernst effects



Satya N. Guin, et al.  Chandra Shekhar, Andrea Damascelli, Yan Sun, and Claudia Felser, Advanced Materials DOI: 10.1002/adma.202006301

from 3D to 2D quantum effects



Sean Howard, Lin Jiao, Zhenyu Wang, Chandra Shekhar, CF, Taylor Hughes, Vidya Madhavan, preprint arXiv:1910.11205 

Quantum anomalous Hall effect?



Berry curvature design
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Satya N. Guin, et al.  Chandra Shekhar, Andrea Damascelli, Yan Sun, and Claudia Felser, Advanced Materials DOI: 10.1002/adma.202006301

Lian, et al., PNAS 2018

Qubit based on topology
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anCferromagneCc topological materials

Y Xu, et al., Nature 586 (2020) 702



canting and anomalous Hall

Congcong Le, Claudia Felser, and Yan Sun, Phys. Rev. B 104, 125145
model calcual@ons for CaMnBi2



non-collinear anCferromagnet YbMnBi2

magne&c ordering below 290K 
canted Mn atoms

Sergey Borisenkoet al., Nature Communications  10 (2019) 3424



non-collinear anCferromagnet YbMnBi2

Pan et al., Nature Materials 21, 203–209 (2022), JP Heremans, S Watzman, N Trivedi, T Mccormick, C Felser, US Patent App. 16/157,522

nodal line

Berry curvature

evidence for a small
moment 0.0015 µB per Mn

μm = 3.48 ×10 cm V s 



non-collinear anCferromagnet YbMnBi2

Pan et al., Nature Materials  21,  203–209 (2022), JP Heremans, S Watzman, N Trivedi, T Mccormick, C Felser, US Patent App. 16/157,522



chirality



Bradlyn et al. Science 353, (2016) 6299

new fermions

Weyl                        Dirac                 new Fermion       chiral Fermion

chiral, 2-fold               4- fold 6-fold                 chiral n-fold

free fermionic excita2ons in solid-state systems that have
no high-energy counterparts.
Some of these new Fermions are even chiral
• Chiral Crystals 

B20, Skyrmions, CoSi, MnSi, PdGa, RhSi
• Superconductors 

A15 superconductors: Nb3Sn, Li2Pd3B



Bradlyn et al. Science 353, (2016) 6299

chiral fermions

chiral Fermion

chiral n-foldCoSi

RhSi



Carlo Beenakker Commentary 
Heisenberg (1930): We observe space as a con8nuum, but we might 
entertain the thought that there is an underlying laUce and that 
space is actually a crystal. Which par8cles would inhabit such a 
laUce world? Werner Heisenberg Gi#erwelt (laUce world) hosted 
electrons that could morph into protons, photons that were not 
massless, and more peculiari8es that compelled him to abandon 
“this completely crazy idea”



chiral crystals
op&cal ac&vity
…

topological crystals
unusual surface states
large photogalvanic effect
…

new Fermions
largest Fermi arc
Quan&zed circular photogalvanic effect
…

chirality and topology
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𝜒 = −1𝜒 = +1

J. Gooth et al., Nature 547 (2017) 324 arXiv:1703.10682.
J. Gooth, J. Kübler, C. Felser, Physik Journal 20 (2021) 29.

chirality and chiral anomaly
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chirality in chemistry

Lord Kelvin: An object or a system is chiral if it is 
dis8nguishable from its mirror image; that is, it cannot 
be superposed onto it.

In terms of point groups, all chiral molecules lack an 
improper axis of rota8on (Sn)

Molecules with different chiralities
have different optical and catalytic 
properties

https://en.wikipedia.org/wiki/Mirror_image
https://en.wiktionary.org/wiki/superposed
https://en.wikipedia.org/wiki/Point_groups


chirality in chemistry

Chiral space groups contain symmetry opera8ons of the 
first kind (rota8on). There are 11 pairs of 
enan8omorphic space groups (e.g. P61 and P65) which 
are chiral. 43 achiral space groups can host a chiral 
crystal structure. 

Molecules with different chiralities
have different optical and catalytic 
properties



CoSi

RhSi

PdGa: Chiral-1, Right handed

PdGa: Chiral-2, Leq handed

PtGa

Chemical vapor transport,
Bridgman, Flux

Flux + 
Bridgman

Self-Flux

Self-Flux

Self-Flux

Self-Flux

synthesis

Nitesh Kumar, Satya N. Guin, Kaustuv Manna, Chandra Shekhar, and Claudia Felser, Chem. Rev. 121 (2021) 2780.

PtAl



chiral crystals which host new fermions

Schröter et al., Nature Physics 2019, Schröder et al., Science 369 (2020) 179, Sanchez et al. Nature 2019, Sessi et al., Nature Communications 11 (2020) 3507  

Compounds with the B20 structure

PdGa: Chiral-1, Right handed

PdGa: Chiral-2, Leq handed

PdGa crystallizes in space group P213 (No. 198)  4- and 6- fold degenerate
Fermions: more examples include CoSi, RhSi, PtAl, CoGe, RhGe, PtGa, 
PtAl and magne2c MnSi and FeGe

Enantiomer A and Enantiomer B  
Crystal structure

PdGa

PdGa



homochiral crystals

Compounds with the B20 structure

Fermions: more examples include CoSi, RhSi, PtAl, CoGe, RhGe, PtGa, 
PtAl and magne2c MnSi and FeGe

Enan2omer A and Enan2omer B  
Crystal structure

CoSi

• X- ray (volume sensitive) 
• electron backscatter diffraction

(EBSD) (surface sensitive) 

Kikuchi pa2ern



new fermions with chiral surface states

Schröter et al., Nature Physics 2019, Schröder et al., Science 369 (2020) 179, Sanchez et al. Nature 2019, Sessi et al., Nature Communications 11 (2020) 3507  

the band structure is the same for both enan2omers
however the Weyl points have different chirality



new fermions with chiral surface states

Schröter et al., Nature Physics 2019, Schröder et al., Science 369 (2020) 179, Sanchez et al. Nature 2019, Sessi et al., Nature Communicaaons 11 (2020) 3507  

PtAl



new fermions with chiral surface states

Schröter et al., Nature Physics 2019, Schröder et al., Science 369 (2020) 179, Sanchez et al. Nature 2019, Sessi et al., Nature Communicaaons 11 (2020) 3507  

PdGa: Chiral-1, Right handed

PdGa: Chiral-2, Left handed

The crystal structure is chiral, the electronic structure is iden8cal, however, the Weyl points and the Fermi arcs are chiral

PdGa

PdGa



new fermions with chiral surface states

Schröter et al., Nature Physics 2019, Schröder et al., Science 369 (2020) 179, Sanchez et al. Nature 2019, Sessi et al., Nature Communications 11 (2020) 3507  

PdGa: Chiral-1, Right handed

PdGa: Chiral-2, Leq handed

The crystal structure is chiral, the electronic structure is identical, however, the Weyl points and the Fermi arcs are chiral

PdGa

PdGa



Schröter et al., Nature Physics 15 (2019) 759, Schröder et al., Science 369 (2020) 179, Sanchez et al. Nature Nature 567 (2019) 500 

PdGa

Weyl electrons and the Fermi arc chiral

chiral Fermions



new fermions with chiral surface states

Schröter et al., Science 369, 179–183 (2020)

PdGa



new fermions with chiral surface states

Schröter et al., Science 369, 179–183 (2020)

PdGa



new fermions with chiral surface states

S. Sanchez, K. Manna et al. Nature 567, 500 (2019). 

Fermi Surface (CoSi)

CoSiRhSi



quantum oscillaCons of PtGa

Yao et al., Nature Communicaaons 11 (2020) 2033, 

PtGa



chiral surface states with STM 

Sessi et al., Nature Communicaaons 11 (2020) 3507  

From STM inves@ga@ons: 
(i) the perturba@on developing
around na@ve defects is chiral
(ii) the scatering vector
associated with scatering
events between opposite Fermi 
arcs is also chiral

Quasiparticle interference of two PdGa(001) enantiomers

Quasipar@cle interference of two PdGa(001) enan@omers

PdGa



Chiral Fermions
With circular polarized light we can visualize the difference in the band structure

Orbital angular momentum, <111> 
Yao et. al., to be published

PdGa

chiral electrons in the bulk



QuanCzed circular photogalvanic effect

Rees et al., Science Advances 6 (2020) eaba0509, preprint  arXiv:1812.04466

PredicCon: ExcitaCon of Weyl fermions –
a current that is quan2zed in units of material-independent 

fundamental constants over a range of photon energies

The rate of change of the difference in photocurrent
generated by leO-circularly and right-circularly polarized light, 
dj/dt, is quanCzed to the Chern number

Experiment: Frequency-independent plateau at low photon
energy abruptly falls-off above 0.66 eV  

RhSi



Quantized circular photogalvanic effect

Rees et al., Science Advances 6 (2020) eaba0509, preprint  arXiv:1812.04466

PredicCon: ExcitaCon of Weyl fermions –
a current that is quan2zed in units of material-independent 

fundamental constants over a range of photon energies

The rate of change of the difference in photocurrent
generated by leO-circularly and right-circularly polarized light, 
dj/dt, is quanCzed to the Chern number

Experiment: Frequency-independent plateau at low photon
energy abruptly falls-off above 0.66 eV  

RhSi



Quasi-symmetry-protected topology

Chunyu Guo,et al. , Nature Physics online arXiv:2108.02279 and new and views from Marc A. Wilde and Chrisaan Pfleiderer

a new concept of hidden or quasi symmetries:
avoided crossings with small gaps but large 
Berry curvature in the electronic bands of the
topological semimetal CoSi.

CoSi



chiral surface states in CoSi
RhSi and CoSi: with mul@ple helicoid arc saddle points: type-I and type-II van Hove singulari@es. 

CoSi



chiral surface states in CoSi and RhSi
RhSi and CoSi: with mul@ple helicoid arc saddle points: type-I and type-II van Hove singulari@es. 

NixRh1−xSi 



Surface State of PlaCnum

be_er than Pt for hydrogen evolu2on reac2on (HER) 
and IrO2 (OER, oxygen evolu2on reac2on)

X. Xu et al. Phys. Rev. B 99 (2019) 195106

Nodal line in IrO2 

Pt and IrO2 are topological
rela2vis2c effects and spin orbit coupling

Topology + Achiral

ΔE

ΔE

Pt

p

s

d

Pt-d

Pt + Topology + Chiral

Ef

B. Yan, et al. Nat. Commun. 2015, 6, 10167. 

Q. Yang, et al, Adv. Mater., 2020, 32,1908518.
Chiral crystals for Water electrolysis and fuel cells, European patent, 19211719.0, submission 27.11.2019

new catalysist with chiral surface states



Pd

Rh

Pt

NbP

TaP

TaAs

NbAs

Qun Yang, et al. Advanced Materials 32 (2020) 1908518 

new catalysist with chiral surface states



oxida@on of Dopa on the surface of PdGa
all the measurement condi@ons are kept the same except the chirality of the PdGa crystal
D-DOPA and L-DOPA show different oxida@on  behaviors, depending on the chirality of PdGa

0.2 0.4 0.6 0.8 1.0
0

300

600

900

j (
µA

)

V vs Ag/AgCl

 L-DOPA
 D-DOPA

0.2 0.4 0.6 0.8 1.0
0

150

300

450

j (
µA

)
V vs Ag/AgCl

 L-DOPA
 D-DOPA

absorpCon and oxidaCon of chiral molecules



Chiral electrons – molecules, surfaces and crystals

physics meets chemistry



parity violaCon

direc&on of
electrons

Wu experiment
b-decay



Chiral chirality in Charge density wave systems

Guo et al., Nature accepted, preprint arXiv:2203.09593



Chiral chirality in Charge density wave systems

TaS2



summary
• topologically protected surfaces edge or edge states in crystals
• new quantum effects in crystals
• in semimetals one observes giant effects in response of magnetic, 

electric field, light etc. 
• Fermi arcs
• arcs extended over the recirpoken space in chiral crystals
• high mobilities, free electron path lengths up to mm 
• giant Nernst effect and magnetic Seebeck effect
• giant photovoltaic effect - quantized
• Weyl semimetals as model systems for high energy and

astrophysics
• Parity violation E*B in Weyl semimetals
• chiral anomaly
• axial graviation anomaly
• topological catalysis

Berry Phase 



summary
- more than 25% of all inorganic compounds are topological 
- quantum simulator for high energy and astro-physics  
- paramagnetic Weyl semimetals, which break inversion: chiral anomaly in thermal and electrical transport
- chiral new Fermions: giant Fermi arcs, strong Berry curvature effects, new chiral optical effects
outlook
- chirality and magnetism 
- beyond the single particle picture – topology in correlated materials 
- experiments and understanding of 3D quantum Hall effects 
- connect chiral molecules and catalysis with Berry curvature  

- the interplay between chiral structure/surface state/orbital moment

potential applications 
- energy conversion

- catalysis …

- spintronics 
- quantum computing 

arXiv:1511.07672v1



- Crystal growth of both enantiomers of topological chiral compounds
- interfaces, grain boundaries, chiral phonons, magnons, … 
- Investigation of the interplay between structure, chiral surface state, orbital angular momentum, spin 

momentum locking …
- strain and magnetic field 

- Chiral electrons, chiral Fermions, chiral surfaces and catalysis 
- enhanced light matter interaction and magnetic field

- Non local transport in chiral crystals 
- spin polarized currents over µm

- Chirality plus magnetism, correlations, superconductivity
- Skyrmions, Antiskyrmions … 

Vision



Verluscreier Elektronentransport

Neue Elektronik – Spin 

Ultraschnelle Quantencomputer

PotenCelle Anwendungen

New Konzepte zur Energiekonversion



Johannes Gooth
Andrei Bernevig

Maia VergnioryNiels Schröter

Thank you!
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