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Weyl Fermion
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4 x 4 matrix 4 x 4 matrix 2 x 2 matrix

where

Nielsen-Ninomiya theorem: (Nuclear Physics B185 (1981) 20-40)

Equal numbers of 𝜒 =+1 and -1 WFs. 



Weyl semimetal 

Weyl semimetals:

1. Provide the realization of Weyl fermions

2. Extend the classification of topological phases of matter beyond insulators

3. Magnetic monopole in k-space (topological number called “chiral charge”)

4. Host exotic Fermi arc surface states

Weyl semimetal
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Weyl semimetal (topological phase)

(1) robust (2) topological invariant number (3) gapless surface states  



Weyl semimetal (robust)
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Weyl semimetal (robust)

𝐻 = 𝑘1𝜎𝑥 + 𝑘2𝜎𝑦2D

perturbationE

k
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𝐻 = 𝑘1𝜎1 + 𝑘2𝜎2 + 𝑘3𝜎𝑧3D

perturbation

𝐻 = 𝑘1𝜎𝑥 + 𝑘2𝜎𝑦 + 𝑘3𝜎𝑧 +𝑚𝜎𝑧

E

k

= 𝑘1𝜎𝑥 + 𝑘2𝜎𝑦 + (𝑘3 +𝑚)𝜎𝑧

E

k

= 𝑘1𝜎𝑥 + 𝑘2𝜎𝑦 + 𝑘′3 𝜎𝑧

In the presence of translation invariant, small perturbation cannot destroy the node. But 

only move the node.

Graphene

Weyl



Weyl semimetal (annihilate)

move

Left-hand Right-hand

move
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Step 1

Step 2

Step 3

Two Weyl cones kiss 

(4x4 matrix, m=0)

open a gap

(4x4 matrix, m≠0)

Move Weyl cones

(2x2 matrix)



Weyl semimetal (topological invariant number)

Chiral Charge

Berry connection

Berry curvature

Chiral quantum number: χ

𝜒 = 𝑖𝑛𝑡𝑒𝑔𝑒𝑟
topological non-trivial

P. Hosur et al., C. R. Physique 14 (2013) 857
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Magnetic field

Vector potential

A

Classical

Gauss’s law for magnetism



Weyl semimetal (pseduo-magnetic monopole)

Chiral Charge

Berry connection

Berry curvature

Chiral quantum number: χ

𝜒 = 𝑖𝑛𝑡𝑒𝑔𝑒𝑟
topological non-trivial

ky

monopole anti-monopole

𝜒 = 1 𝜒 = −1

P. Hosur et al., C. R. Physique 14 (2013) 857

Weyl node

Berry curvature

(pseudo-spin)

kx



Weyl semimetal (Fermi arc)

𝜒 = 1 𝜒 = −1

A BA B

χ=0 χ=1

χ=0 χ=1
χ=0

Berry curvature

ky
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kz

A: χ=0 => topological trivial => no edge state
B: χ≠0 => topological non-trivial => edge state



Weyl semimetal (Fermi arc)

𝜒 = 1 𝜒 = −1

A B

collect => arc

χ=0 χ=1
χ=0
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Weyl semimetal (Fermi arc)

E=EF

WP WP

arc
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ky
E>EF
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FS FS
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1. Gapless linear band

2. Spin singly degenerate

3. FS = discrete points

4. Non-zero chiral charge

5. Fermi arc surface state

Some features of 

Weyl semimetal



Previous works

S. Murakami et al., PRB 78, 165313 (2008)

S.-N. Huang et al., Nat. commun. 6, 7373 (2015)



Previous works

TI-BI superlattice

Magnetic 

moment

A. A. Burkov et al., PRL 107, 127205 (2011)

Topological insulator

Band insulator

Weyl semimetal



Previous works

U=0 U=1.5 U=2Y2Ir2O7



Previous works



Previous works

J. Liu et al., PRB 90, 155316 (2014)



The light of hope



Weyl semimetal: TaAs



Weyl semimetal: TaAs



Weyl semimetal: TaAs (ARPES)

Science 349, 613 (2015)

Fermi arc 

Weyl nodes

TheoryARPES

bulk linear band

NbAs

S-.Y. Xu… T.-R. Chang et al 

Nat. Phys. 11, 748 (2015)

TaP

S-.Y. Xu… T.-R. Chang et al 

Sci. Adv. 1, e1051092 (2015)

NbP

I. Belopolski … T.-R. Chang et al 

PRL 116, 066802 (2016)



Weyl semimetal: NbP

Theory EXP (QPI)EXP (STM)

H. Zheng… T.-R. Chang et al 

ACS nano 10, 1378 (2016)

G. Chang… T.-R. Chang et al

Phys. Rev. Lett. 116, 066601 (2016)
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Advertisement



D. Kang et al., Nat. com. 6, 7804 (2015)M. N. Ali et al, Nature 514, 205 (2014)

PRB 58, 2788 (1998)

WTe2: Weyl candidate



Symmetry operation of WTe2

1. C2 (glide)

2. ky=0 mirror

3. kx=0 mirror (glide)

4. time-reversal

no inversion symmetry

 No crystal inversion symmetry

 SOC band inversion gap on 

mirror plane

Weyl candidate
W-d Te-p

Γ Y Γ Y

WTe2: Weyl candidate



WTe2: Weyl candidate

(insulator)WTe2

gap ~ 1 meV

Γ

Y
M

X

Schematic



WTe2: Weyl candidate

(insulator)WTe2

gap ~ 1 meV

Γ

Y
M

X

Schematic

we hope…



Mo doping

reduce strength of SOC 

and/or 

lattice constants

=> Weyl phase in WTe2

(insulator) (Weyl)WTe2 Mo0.2W0.8Te2

gap ~ 1 meV

Weyl state in MoxW1-xTe2



position of WPs (Mo 20%)

C2T=C2*T

Weyl state in MoxW1-xTe2

W1

W2

Z2=1

Z2=0 Schematic net flux ≠ 0
net flux = 0



position of WPs (Mo 20%) WPs distance (topological strength)

move

Left-hand Right-hand

move

robust

WPs distance =  topological strength

delicate

C2T=C2*T

Weyl state in MoxW1-xTe2

touch gap

topological strength can be tuned 

by varying Mo doping concentration



Weyl state in MoxW1-xTe2

Schematic of Fermi arc

varying energy map
surface onsite = 0 surface onsite = -0.11 eV

surface onsite = -0.11 eVsurface onsite = 0Surface spectral 

weight simulation



ss1

ss2

Weyl state in MoxW1-xTe2

C=0 C=1 C=0
cut1 cut2 cut3cut1

cut2 cut3



Doping = 0% Doping ~ 1% Doping ~ 20%

topological strength can be tuned by varying Mo doping concentration

Tay-Rong Chang et al. Nat. Commun. 7, 10639 (2016)



ARPES

Theory

Theory
time-resolve ARPES

I. Belopolski … T.-R. Chang et al 

Weyl state in MoxW1-xTe2

MoWTe2 is a Weyl semimetal

arXiv:1604.01706, arXiv:1603.08508, arXiv:1604.00139, 

arXiv:1604.04218, arXiv:1604.02116, and arXiv:1604.07079



Type-II Weyl semimetal

Type-I Type-II Type-I Type-II



Weyl+symmetry: High chiral charge

S.-M. Huang … T.-R. Chang et al 

SrSi2



Weyl+symmetry: High chiral charge



1. Introduction
Band theory

Topology in condensed matter physics

Basics properties: Robust, invariant number, gapless surface states

Comparing with Landau’s approach

Density functional theory (DFT)

2. Topological insulator (quantum spin Hall insulator)
Strong topological insulator, weak topological insulator, topological crystalline 

insulator, topological Kondo insulator, quantum anomalous Hall effect…etc

3. Topological semimetal
3D Dirac semimetal, Weyl semimetal, Nodal-line semimetal, topological 

superconductor, New Fermion

Nodal-line semimetal



metallic phaseinsulating phase

Topological phases

Red: bulk bands

Blue: surface bands

drumhead



Nodal-line semimetal: topology 

NL

Conduction

Valence kx

ky

E nodal line

Chan et al., arXiv:1510.02759 (2015)

 g p = ±1

winding number

bulk-boundary correspondece

topo. surface states

E-k map

Fermi 

surface



without SOC

with SOC

PRL 115, 036807 (2015)

Cu3PdN
PRL 115, 036806 (2015)

Cu3ZnN

Without SOC => Nodal-Line

With SOC => gap (or partially gapless)

Graphene Networks
PRB 92, 045108 (2015)

APL Mat. 3, 083602 (2015)
Ca3P2

ZrSiS
arXiv:1509.00861 (2015)

Previous works



(1) Layer structure 

avoid complex 3D band structure

(2) Breaking either time-reversal symmetry or inversion symmetry

coexistence of both TR and I symmetries is too restrictive for a line touching to 

occur

(3) planer-like crystalline symmetry

rotational symmetry protect a part of band touching points

NL

Conduction

Valence

Simplest case:

the crossing points of 

two paraboloids 

bands.
kx

ky

E

Strategy



Nodal-line candidate



mirror

reflection 

plane

Nodal-line candidate: PbTaSe2

G. Bian, Tay-Rong Chang* et al. Nat. Commun. 7, 10556 (2016)



Pb-p

Ta-d

Ta-d

Se-p

GGA w/o SOC

Ta-d

Pb-p

SOC

gaped out ? 

or 

NL survived?

NL

Pb-p

Ta-d

Nodal-line (spinless): PbTaSe2



NL evolve under SOC

Pb-p

Ta-d

GGA

Nodal-Line

H



NL evolve under SOC

Nodal-Line

Pb-p

Ta-d

GGA

GGA+SOC

H

H

Pb1

Pb2

Ta1

Ta2

SOC
(1) band splitting



NL evolve under SOC

open

gap

GGA+SOC

H

Pb-p

Ta-d

GGA

H

Pb1

Pb2

Ta1

Ta2

SOC
(2) open gap



s3

s4

s3

s4

s3 s3 s3 s3 s3 s4 s3 s4

Same eig. values => gap Different eig. values => crossing

Nodal-line (spinful): PbTaSe2

Nodal lines are protected 

by mirror symmetry!

+,-: mirror eigenvalues
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Nodal-line: PbTaSe2



Nodal-line: PbTaSe2



H
π-π

Analogy to graphene

NL

k

E

Nodal-line PbTaSe2: topology

NL

Berry curvature

nodal line

Chan et al., arXiv:1510.02759 (2015)



Se-termination

Pb-termination

Theory

Theory Theory

Theory

 g p = ±1

winding number

bulk-boundary correspondece

topo. surface states

Nodal-line PbTaSe2: surface states



Nodal-line PbTaSe2: Experiments

S.‐Y. Guan, P.‐J. Chen, 

M.‐W. Chu et al, 

unpublished

STEM



Nodal-line PbTaSe2: Experiments

Ta

Ta
Pb

PbTaSe2

TaSe2

H L

Ta
Pb

Ta

PbTaSe2

TaSe2



Nodal-line PbTaSe2: Experiments

ARPES 1st-principles



ARPES 1st-principles

Ta
Pb

Ta
Pb

Editor: Nodal-line shape band appearing

near Fermi level hosts unique properties in

topological matter, which has yet to be

confirmed in real materials. Here, the authors

report the existence of topological nodal-line

states in the non-centrosymmetric single-

crystalline spin-orbit semimetal PbTaSe2.

Nodal-line PbTaSe2



NL

PRB 93, 12113 (R) (2016)

(1) Single Nodal-ring below 

EF

(2) Exotic surface states

Nodal-line semimetal: TlTaSe2

surface spectral weight


