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Human History
Discovery and use of new materials



Origin of different properties of matter
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Classification of materials
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How to see real space details

ARPES:
k-space Microscope



Iƻǿ ǘƻ άǎŜŜέ ōŀƴŘ ǎǘǊǳŎǘǳǊŜǎ

Energy Conservation
EB= hn-Ekin -F

Momentum Conservation
K || = k||+ G||

Angle Resolved Photoemission Spectroscopy (ARPES)

ARPES:
k-space Microscope
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http://en.wikipedia.org/wiki/Image:Heinrich_Rudolf_Hertz.jpg
http://en.wikipedia.org/wiki/Image:Albert_Einstein_Head.jpg
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Angle resolved Photoemission Spectroscopy

Probe the band structure directly



General principle
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Y. L. Chen, Frontiers of Physics, 7, 175 (2012)



3D FS
(e.g. FS from bulk state)
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2D FS
(e.g. FS from surface state)

How to discriminate bulk & surface?
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Synchrotron based ARPES station

2D Electron 

analyzer

Photon

in

Experiment

Chamber

Sample

ALS Bemline10



ARPES data taking

Data acquiredExperimental setup
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Application of ARPES

Simple metals Heavy fermions High Tcsuperconductors

Topological metals Topological insulators

Χ



Application of ARPES to topological materials

Photon in

Me
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Regular matter:
Spontaneously

Broken symmetry Translational
symmetry

Rotational
symmetry

Gauge
symmetry

2005

Topological insulators
Topological order

Topological insulator

Topological invariant:
άZ2 numberέ

1980

Integer quantum Hall effect

Quantum Hall system
Topological order

Time

Topological invariant:
άChernnumberέ

Klaus Von Klitzing

Lev Landau

Classification of matter



An Insulator that conducts

What is a topological insulator (TI) 

3D real space Band structure

In gap 2D
surface state

Conduction

band

Valence

band

Band structure

In gap 1D
surface state

Valence band

Conduction band

2D real space

We also live on the 
ǎǳǊŦŀŎŜΧ



²Ƙȅ άǘƻǇƻƭƻƎƛŎŀƭέ

Sphere Torus

Regular insulator Topological insulator

Topologically distinct objects 



No back-scattering rule 
(by non-magnetic impurities)

ά[ƻŎƪƛƴƎέ ōŜǘǿŜŜƴ ŎǳǊǊŜƴǘ ϧ ǎǇƛƴ

Unique surface state properties of TIs

Robustness of the topological surface state

Surface state in topological insulator

robust
Surface state in regular insulator

vulnerable



(Wilczek, 1987)

(Qi, et. al., 2009)

(Qi, Hughes & Zhang, 2008)

MajoranaFermion

Akhmerov, Nilsson, & Beenakker, 2009

Scientific implications

Image magnetic monopole from 
a source charge

Half charge on a magnetic 
domain wall

Axionelectrodynamics

ΧΧ



Application potentials

Electronics more efficient
(Longer functional time)

Spintronics without magnet
(Faster & less consumption)

Quantum Computation

ΧΧ

Higher density integrated 
circuit

Thermoelectric 
generators



How to find TIs 
Search for their unique band structures

Topological insulator 

Regular conductor

Regular insulator



ARPES application to topological insulators

Y. L. Chen, et. al., Science  325, 178 (2009)

Bi2Te3

Bi2Se3

Dispersion Comparison Surface & bulk states

And many other works from: Hasan, XueΣ !ƴŘƻΣ IƻŦƳŀƴƴΣ ±ŀƭƭŀΣ YŀƳƛƴǎƪƛΣ ½ƘƻǳΣ CŜƴƎΣ {ƘƛƴΣ 5ƛƴƎΣ Χ

Y. L. Chen, et. al., Science  329, 659 (2010)



3D Dirac 
Fermion

?

/ŀƴ ǿŜ ŦƛƴŘ άо5 ƎǊŀǇƘŜƴŜέΚ

1D Dirac fermions

Valence band

Conduction band

QSH edge state

2D Dirac fermions

3D TI surface stateGraphene



Projection to (kx , ky , E) space

Fermi-surface Band dispersion

Constant energy 
contours

Vx= 2.75 Ŝ±ω!or  4.17×105m/s
Vy= 2.39 Ŝ±ω!or 3.63×105m/s

Z.K. Liu, et. al., Science, 343, 864 (2014)



Band dispersions

Projection to (ky , kz, E) space

Strong anisotropy

Vx= 2.75 Ŝ±ω!or  4.17×105m/s
Vy= 2.39 Ŝ±ω!or 3.63×105m/s
Vz= 0.6   Ŝ±ω!or 0.95×105m/s

Z.K. Liu, et. al., Science, 343, 864 (2014)



Transition from Dirac to Weyl



Surface Fermi arcs in TaAs

L. X. Yang, et. al., Nature Physics, 11, 728 (2015)

3D Topological Weyl Semimetal TaAs



Bulk dispersions near the Weyl points 

3D Topological Weyl Semimetal TaAs



Evolution of band structures with SOC
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Fermiology Evolution of Weyl Semimetals
Z. K. Liu, et. al., Nature Materials, 15, 27 (2016) 



TRS-breaking Weyl Semimetal Co3Sn2S2
D. F. Liu, et. al., Science 365, 1282 (2019) 

Advantage of a TRS-breaking TWS



Bulk and surface band structures

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

Bulk 
Weyl point

Surface
Fermi-arcs

TRS-breaking Weyl Semimetal Co3Sn2S2



Other interesting topological phases



Why Chiral Topological Semimetal

άI call any geometricalfigure, or group of
points, 'chiral', and say that it has
chirality if its image in a plane mirror,
ideally realized, cannot be brought to
coincidewith ƛǘǎŜƭŦέ



Why Chiral Topological Semimetal

k

E

EC+

EC-

E

EC

Nat. Commun. 8, 15995 (2017)

Quantized chiral photogalvaniceffect 

Phys. Rev. Lett. 116, 77201 (2016)

Gyrotropicmagnetic effect

Many interesting properties show in chiral systems



Chiral topological semimetal
N. Schröter , et. al., Nature Physics 15, 759 (2019)

Crystal structure

Identification of 4- and 6-fold Fermions Unusually long Chiral SFAs



Magnetic topological insulator
Y. J. Chen, et. al., Phys. Rev. X, 9, 041040 (2019)

Topological band structures and the temperature evolution



Type-II Weyl Semimetal
J. Juan, et. al., Nature Communications, 8, 13973 (2017) 



Line-node Semimetals - InBi

Observed Line-node dispersion

S. Ekahana, New Journal of Physics, 19, 065007 (2017) 

Crystal and electronic structures of InBi



Extremely large magnetoresistance

M. Ali, et. al., Nature, 514, 205 (2014) 

Observation of XMR in WTe2

C. Shekhar, et. al., Nat. Phys., 11, 645 (2015) F. Tafti. Nat. Phys. 12, 272 (2016) W. Gao, et. al., PRL., 118 256601 (2017)

é

XMR in other compounds



General Band structure of LaBi
J. Jian, et. al., Phys. Rev. Materials, 2, 024201 (2018) 

M Zheng, et. Al., arXiv:1504.03492

F. Tafti. Nat. Phys. 12, 272 (2016)
N. Kumar, et. al., Phys. Rev. B 93 , 
241106(R)



s

Unusually large carrier imbalance

Fitting of experiments gives ne/n p Ғ лΦо

²ƘŀǘΩǎ ǘƘŜ ƎŜƴŜǊŀƭ ƳŜŎƘŀƴƛǎƳ ƻŦ ·awΚ
Precise compensation?

Topological origin?
Or else?



Topological states in Half-Heusler compounds

S. Chadov., et. al., Nature Materials, 9, 541 (2010), H. Lin, et. al., Nature Mateirals, 9, 546 (2010)

A big family of materials with rich properties



Unconventional spin-3/2 superconductivity

P. Brydon, et. al., Phys. Rev. Lett., 116, 177001 (2016)
L. Savary, et. al., Phys. Rev. B, 96, 214514 (2017)
W. Yang, et. al., Phys. Rev. B, 95, 144514 (2017)

H. Kim, et. al., Sci. Adv. 4. eaao4513 (2018)
J. Venderbos, et. al., Phys. Rev. X, 8, 011029 (2018)

Χ



Unusual topological states in LnPtBi(Ln=Lu, Y)
ZK Liu, et. al., Nature Communications, 7, 12924 (2016) 

General band structures of LuPtBi



Topological states in LuPtBi

Observation of topological surface states

ZK Liu, et. al., Nature Communications, 7, 12924 (2016) 



Topologicalelectronic structures in LnPtBi?

Observation of topological surface states in YPtBi



Progress of research on TQMs

Topological insulators

Quantum Hall effect

Quantum Spin Hall Effect

Topological Crystalline
insulators

Topological Dirac Semimetals

Topological Weyl Semimetals

Topological nodal line Semimetals

Topological
superconductors

Quantum Anomalous Hall Effect



Classifying all known materials

Needed: a systematic method to survey the rich material database 



Topologicallytrivial Topologicallynon-trivial

LǘΩǎ ǘƛƳŜ ǘƻ ŜƳōǊŀŎŜ ǘƘŜ ƴŜǿ ǿƻǊƭŘΗ



New Frontiers

üTemperature: Toward < 1K

ü Energy resolution: Getting closer to KBT (100meV)

ü Signal Intensity: Limited by Coulomb repulsion

Time Spin

1D 2D 3D

3D TOF
1D 2D

Location



Complete photo-electron 

spectroscopy

f(k,E,r,s,t)

Position

Spin

Time

Energy

Momentum

New Frontiers



Electronic structures with precise spatial info

LƴŘƛǾƛŘǳŀƭ ¢va ǿƛǊŜǎΣ ǊƛōōƻƴǎΣ ǇƭŀǘŜǎΧ

20 mm

3
45

6QL2
1

20 mm

Measure band structure under stimulation
(e.g. Simultaneous ARPES/Transport)

5 mm

10mm

50 mm

Complete photo-

electron spectroscopy

f(k,E,r,s,t)

Micro- and Nano-ARPES



Band evolution in TMD materials

Direct to indirect gap transition from 1- to 2-layers

HT Yuan, et al., Nano Letter 16, 4738, (2016)



Complete the table of Hall effects



Comparison between typical ARPES and Spin-ARPES

Regular ARPES
3Dstructure

Spin-ARPES
1Dstructure

Y. L. Chen, et. al., 

Phys. Rev. Lett., 105 266401 (2010)

Souma, et. al.,  

Phys. Rev. Lett., 106, 216803 (2011) 

TlBiSe2

Y. L. Chen, et. al., 

Science 325, 178 (2009)

D. Hsieh, et. al., 

Nature 460, 1101 (2009)

Bi2Te3

Y. L. Chen, et. al., 

Science 329, 659 (2010)

Bi2Se3

C. Jozwiak, et al. 

Phys. Rev. B. 84, 165113 (2011)

Band structures with precise spin info



Three generations of spin detectors

Generation 1st 2nd 3rd

Data dimension
(Single measurement)

0D 1D 2D

Efficiency
(Comparedto regular ARPES)

10-6~10-5 10-4~10-3 10-2~10-1

Operation principle
Mott scattering

+ Hemispherical analyzer
Exchange Scattering

+ TOF analyzer
Exchange Scattering/SOI

array + Hemispherical

Schematics

Heavy
nuclei target

e-counter

e-

e- +

Magnetic
thin film

e-

e-

e-counter

e-counter

Magnetic
thin film

e-counter

Underlined principles

Complete photo-

electron spectroscopy

f(k,E,r,s,t)



2nd Generation
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1st Generation 3rd Generation

Three generations of spin detectors



Pump Pulse

Probe Pulse

Photoelectron

Sample

Data collection
& analysis

Explore electron dynamics



An example of time-resolved ARPES
Long lived of hot surface carriers on Bi2Se3

J. Sobota, et al. Phys. Rev. Lett. 108, 117403 (2012)

Physical process Measurement



Photon energy of UV laser is very limited

Limit of laser TrARPES

Photoemission cross-section is very different for different elements 

J.-J. Yeh and I. Lindau: ñAtomic Subshell Photoionization Cross Sections and Asymmetry Parameters: 1 <Z< 103,ò

At. Data Nucl. Data Tables 32, 1 (1985).



We need to characterize band structures in full 3D Brillouin-zone

Z. K. Liu, et. al., Science, 343, 864 (2014)

Dispersion across 3D Dirac points

L. X. Yang, et. al., Nature Physics, 11, 728 (2015)

Dispersion across 3D Weyl points
3D Materials

2D Materials

Laser friendly materials

Limit of laser TrARPES



Brighter   Coherent   Faster





Itôs a laser

Time-, spatial, spectral coherence

Ultrahigh brightness Ultrafast pulse

1022 increase in brightness !

X-ray free electron laser



LCLŜ 2009̃ ȁSACLÂ 2011̃ ȁSwissFEL
̂2017̃ ȁSXFEL̂ 2019̃

LCLS-IÎ2021̃ ȁSCLF̂ 2024̃

X-ray free electron laser

Low rep-rate

High rep-rate



New Frontiers

Time Spin

1D 2D 3D

3D TOF
1D 2D

Location



XFEL is compatible with high efficiency detectors

Synchrotron + SDA Analyzer XFEL + TOF Analyzer

ü The 1MHz XFEL pulse make SCLF compatible with TOF analyzer, which can 
increase the data taking efficiency by an additional factor of 102!



New Frontiers

Time Spin

1D 2D 3D

3D TOF
1D 2D

Location



Pump Pulse

Probe Pulse

Photoelectron

Sample

Data collection
& analysis

Explore electron dynamics



ü The need to change photon energy to study different materials (elements)

Why we need XFEL for TrARPES?

Photoemission cross-section is very different for different elements 

J.-J. Yeh and I. Lindau: ñAtomic Subshell Photoionization Cross Sections and Asymmetry Parameters: 1 <Z< 103,ò

At. Data Nucl. Data Tables 32, 1 (1985).



3D FS
(e.g. FS from bulk state)
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2D FS
(e.g. FS from surface state)

How to probe bands across 3D BZ?
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Y. L. Chen. Frontiers of Physics, 7, 175 (2012)



Why we need XFEL for TrARPES?

Z. K. Liu, et. al., Science, 343, 864 (2014)

Dispersion across 3D Dirac points

L. X. Yang, et. al., Nature Physics, 11, 728 (2015)

Dispersion across 3D Weyl points 3D Materials

2D Materials

Laser friendly materials

ü The need to characterize band structures in full 3D Brillouin-zone



The need for high repetition rate of XFEL
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Sample Sample 

Strong pulses weak pulses
Energy Uncertainty &

Deteriorated resolution

XJ. Zhou, et. al., 
J. Electron. Spectrosc. Relat. Phenom. 142 27 (2005) 

ü High rep-rate increases energy and momentum resolution
ü High rep-rate reduces samples heating and damage



New Frontiers

Time Spin

1D 2D 3D

3D TOF
1D 2D

Location



Method 1:  Beam-focusing scheme

Schematic of a m-ARPES spectrometer



ARPES Mode

PEEM Mode

Dual Mode
Electro-static lens system

Schematic of the Spin-K-PEEM spectrometer

Method 2: Full field imaging scheme

C. Tusche, A. Krasyuk& J. Kirschner,Ultramicroscopy 159 520, (2015)



New Frontiers

Time Spin

1D 2D 3D

3D TOF
1D 2D

Location



Why we need XFEL for Spin-ARPES?

3rd Gen Synchrotron
ARPES Now

Spin detector 3rd Gen Synchrotron
Spin-ARPES

SCLF XFEL
Spin-ARPES

1 day Gen. 1 ~300 years ~ 10 days

1 day Gen. 2 ~ 3 years ~ 2.4 hours

1 day Gen. 3 ~ 10 days ~ 1.5 Minutes

ü Compensate for the low efficiency of electron spin detection 



New Frontiers

Spin

1D 2D 3D

3D TOF
1D 2D

Time

ü fs-scalepulsewidth
ü Variablephoton energy
ü Highrep-rate in FEL

Location

ü Coherentlight
ü Variablephoton energy
ü Highrep-rate

ü Pulsedsourcewith proper rep-rate

ü Highintensity
ü Variablephoton energy
ü Highrep-rate



From observation to manipulation

Doping Straining Use heterostructure Gating



Oxygen Hydrogen Carbon monoxide Carbon dioxide Potassium

�«
Surface doping

Y. L. Chen, et. al., Science 329, 659 (2010)

TRS protection ςsurface doping

(i) (ii) (iii) (iv) (v)

Photo assisted surface Oxygen doping


