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•2D materials and micro/nano structures
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Weyl semimetals

Breaking time reversal symmetry
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T he topological insulator (T I) and W eyl semimetal (W SM) or Dirac semimetal (DSM). T he topology of

both a T I and a W SM/DSM originates from similar inverted band structure. (a) T he spin-orbit coupling

(SOC) opensa full gap after the band inversion in a T I, giving rise to metallic surface states on the surface.

(b) In a W SM/DSM, the bulk bandsare gapped by the SOC in the 3D momentum space except at some

isolating linearly crossing points, namely W eyl points/Dirac points, asa 3D analog of graphene. Due to the

topology of the bulk bands, T SSs appear on the surface and form exotic Fermi arcs. In a DSM all bandsare

doubly degenerated, whereas in a W SM the degeneracy is lifted owing to the breaking of the inversion

symmetry or time-reversal symmetry or both. (c) T he type-I W SM. T he Fermi surface (FS) shrinks to zero

at the W eyl pointswhen the Fermi energy is sufficiently close to the W eyl points. (d) T he type-II W SM.

Due to the strong tilting of the W eyl cone, the W eyl point actsas the touching point between electron and

hole pockets in the FS.

which iscalled aFermi arc. T heFermi arc isapparently different from theFSof aT I, an ordinary

insulator, or a normal metal, which is commonly a closed loop. T herefore, the Fermi arc offers

strong evidence for identifying a W SM by a surface-sensitive technique such as angle-resolved

photoemission spectroscopy (ARPES). If T RS exists in a W SM, at least two pairsof W eyl points

may exist, where T RS transforms one pair to the other by reversing the chirality. T he Fermi arc

still appears, aswe discuss in this review. H owever, the AH E diminishesbecause the Berry phases

contributed from two W eyl pairscancel each other. Instead, an intrinsic spin H all effect arises(34)

that can be considered as the spin-dependent Berry phase and remains invariant under the T RS.
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Breaking symmetry

 Inversion symmetry (Strain)

Breaking time reversal symmetry 

 Magnetic field  

 Dirac points at high symmetry 

 Weyl points at low symmetry 

 All crossings in ferromagnets:

Weyl points

Binghai Yan and Claudia Felser, Annual Review in Condensed Matter 8 (2017) 337



Diamond ZnS           Heusler XYZ C1b X2YZ L21

Graf, Felser, Parkin, IEEE TRANSACTIONS ON MAGNETICS 47 (2011) 367
Graf, Felser, Parkin, Progress in Solid State Chemistry Chemistry 39  (2011) 1

the Heusler family



Synthesis

VFe2 Al

from semiconductors to half metals

EF

 magic valence electron number:  24
 valence electrons = 24 + magnetic 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)



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

tuning exchange

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



Heusler and Weyl

Zhijun Wang, et al., arXiv:1603.00479
Guoqing Chang et al., arXiv:1603.01255

Binghai Yan Claudia Felser,
Annual Review in Condensed Matter 8 (2017) 337 

Co2TiSn

Co2TiSi: 29 + 4+ 4 = 26  Ms = 2mB
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T he topological insulator (T I) and W eyl semimetal (W SM) or Dirac semimetal (DSM). T he topology of

both a T I and a W SM/DSM originates from similar inverted band structure. (a) T he spin-orbit coupling

(SOC) opensa full gap after the band inversion in a T I, giving rise to metallic surface states on the surface.

(b) In a W SM/DSM, the bulk bandsare gapped by the SOC in the 3D momentum space except at some

isolating linearly crossing points, namely W eyl points/Dirac points, asa 3D analog of graphene. Due to the

topology of the bulk bands, T SSsappear on the surface and form exotic Fermi arcs. In a DSM all bandsare

doubly degenerated, whereas in a W SM the degeneracy is lifted owing to the breaking of the inversion

symmetry or time-reversal symmetry or both. (c) T he type-I W SM. T he Fermi surface (FS) shrinks to zero

at the W eyl pointswhen the Fermi energy is sufficiently close to the W eyl points. (d) T he type-II W SM.

Due to the strong tilting of the W eyl cone, the W eyl point actsas the touching point between electron and

hole pockets in the FS.

which iscalled aFermi arc. T heFermi arc isapparently different from theFSof aT I, an ordinary

insulator, or a normal metal, which is commonly a closed loop. T herefore, the Fermi arc offers

strong evidence for identifying a W SM by a surface-sensitive technique such as angle-resolved

photoemission spectroscopy (ARPES). If T RS exists in a W SM, at least two pairsof W eyl points

may exist, where T RS transforms one pair to the other by reversing the chirality. T he Fermi arc

still appears, aswe discuss in this review. H owever, the AH E diminishesbecause the Berry phases

contributed from two W eyl pairscancel each other. Instead, an intrinsic spin H all effect arises(34)

that can be considered as the spin-dependent Berry phase and remains invariant under the T RS.
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Heusler, Weyl and Berry

meas.  S/cm 2000

calc.  S/cm 1800 
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Giant AHE  in Co2MnAl

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

𝜌𝑥𝑦
𝑀 = 𝑥𝑥 + 𝑥𝑥

2 𝑴. ???



Heusler, Weyl and Berry

meas.  S/cm 2000

calc.  S/cm 1800 





xy

xy





Giant AHE  in Co2MnAl

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

Co2MnGa

Kübler, Felser, EPL 114 (2016) 47005. 



Berry curvature design

Berry curvature design
• giant spin Hall
• giant anomalous Hall
• giant topological Hall
• giant anomalous Nernst

Nernst effect

J. Noky et al., Phys. Rev. B 98, 241106(R) (2018), arXiv:1807.07843, arXiv:1806.06753



Nernst effect

Co2MnGa
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Without SOC 

 nodal line is formed in the plane when bands of opposite mirror eigenvalues cross.
 Mirror planes are related to each other by the rotations

Co2YZ (Y = IVB or VB; Z = IVA or IIIA)

L21 space group 225 (Fmത3m)

4a

8c

4b
Co

Y

Z

Symmetry and electronic structures 
depend on the magnetization direction

With SOC M

Phys. Rev. Lett. 117, 236401 (2016)
Sci. Rep. 6, 38839 (2016)
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Heusler, Weyl and Berry
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Heusler, Weyl and Berry



4a

8c

4b
Co
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Z

Co2MnGa – ferromagnetic nodal line

Belopolski, et al., Science accepted (2019) preprint arXiv:1712.09992

Series of ARPES cuts through the candidate line node



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

Heusler, Weyl and Berry



no inversion symmetry

topology ! 

Regular-Heusler, F𝑚ത3𝑚 (no. 225) Inverse-Heusler, Fത43𝑚 (no. 216)

Half-Heusler, Fത43𝑚 (no. 216)



playing with symmetry: from Weyl to spingapless semiconductor
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Heusler, Weyl and Berry



playing with symmetry: from Weyl to spingapless semiconductor

Co2TiSn

Mn2CoGa

Ouardi, Fecher, Kübler, and Felser, Physical Review Letter 110 (2013) 100401
Manna et al., Phys. Rev. X 8  (2018) 041045, arXiv:1712.10174 
Manna et al., Nature Review Materials, 3 (2018) 244 arXiv:1802.02838v1

Heusler, Weyl and Berry



playing with symmetry:

Noky et al., in submitted

high through put



Heusler, Weyl and Berry

Manna et al., Nature Materials Review, 2018,

Tetragonal Cubic Hexagonal

Mn3Ga Mn3Ge Mn3Sn



Heusler, Weyl and Berry

Chen, Niu, and MacDonald, Phys. Rev. Lett., 112 (2014) 017205.                                                                        Kübler and Felser EPL 108 (2014) 67001

For the planar cases the AHC is connected with Weyl points in the energy- band structure. 
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Heusler, Weyl and Berry

The anomalous Hall conductivity in an 
antiferromagnetic metal  is zero Nayak et al. arXiv:1511.03128, Science Advances 2 (2016) e1501870  

Kiyohara, Nakatsuji, preprint: arXiv:1511.04619 Nakatsuji, Kiyohara, & Higo, Nature, doi:10.1038/nature15723

Mn3Ge
Mn3Sn



a) Hall resistivity, ρxz); (b) Hall conductivity, σxz, extracted from 

ρxz, ρxx, and ρzz; (c) Nernst signal, Sxz; (d) Transverse 

thermoelectric conductivity, αxz,

Magnetization dependence of the spontaneous 
Nernst effect for ferromagnetic metals and Mn3Sn

Nernst effect in Mn3Sn 



Kagome lattice

Nature, 2018, doi:10.1038/nature25987

Fe3Sn2

Kang et al., preprint arXiv:1906.02167

Mn,Fe,Co



Kagome lattice

Nature, 2018, doi:10.1038/nature25987

Looking for Weyl fermions on a ferromagnetic 
Kagomé lattice with out of plane magnetisation.  

Fe3Sn2

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

Co3Sn2S2



Weyl and Berry

Co3Sn2S2

transport: chiral anomaly

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

Weyl points are close to EF

Hard magnetic behaviour



Weyl and Berry

Morali et al., Science accepted  , preprint arXiv:1903.00509

STM and ARPES confirms Weyl and Fermiarcs

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



Weyl and Berry

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

STM and ARPES confirms Weyl and Fermiarcs



new transport properties

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



new transport properties

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

Berry curvature design
• giant anomalous Hall
• giant anomalous Nernst

Co3Sn2S2

Mn3Sn Giant Hall Angle 20%



new transport properties

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

Berry curvature design
• giant anomalous Hall
• giant anomalous Nernst

Co2MnGa
Co3Sn2S2

Mn3Sn
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new transport properties

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

Berry curvature design
• giant anomalous Hall
• giant anomalous Nernst
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quantum devices

• Towards QAHE in MBE grown thin films.
• Magnetic Weyl for QAH effect in 2D

σxy 
A

1

kz

Bulk WSM Film QAH

2 2 2

0 1( )x y zM M k k k  

Qiunan Xu, Enke Liu, Wujun Shi, Lukas Muechler, Claudia Felser, Yan Sun, preprint arXiv:1712.08915



quantum anomalous Hall

Sean Howard, Lin Jiao, Zhenyu Wang, Chandra Shekhar, Claudia Felser, Taylor Hughes3, Vidya Madhavan, submitted



vision

new physics
- Berry phase design of materials for energy conversion and Hall sensors

- Quantum anomalous Hall effect at room temperature 

- Berry curvature design in real and reciprocal space 

- devices made of thin films and crystals  

- potential applications
- spintronics 

- Racetrack memory 

- Majorana fermions

- Spin Hall based MRAM

- antiferromagnetic Spintronics

- Spincaloritronics

- quantum computing 

- energy conversion
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