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100 Years of Photoemission



What is photoemission?





The energy level of hydrogen atom



Kyle Shen, IGERT Lecture 2008



Hydrogen atom spectrum
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http://www.assignmentpoint.com/science/physics/introduction-of-hydrogen-spectrum.html



Gas phase test



what we are interested in .......



The crystal structure and momentum space

Z. Hussain, ALS summer school 
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Kyle Shen, IGERT Lecture 2008



Band theory



Many properties of a solids are determined by electrons near EF

(conductivity, magnetoresistance, superconductivity, magnetism)

what we are interested in .......



RT ~ 25 meV



Hufner, Very high resolution photoelectron spectroscopy



Fermi Surface



Example: the electronic structure of 
graphene
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H 𝑘 =

𝐸0 + ∆ 𝛾0𝑓(𝑘)

𝛾0𝑓
∗(𝑘) 𝐸0

𝛾1 𝛾4𝑓
∗ 𝑘

𝛾4𝑓
∗(𝑘) 𝛾3𝑓(𝑘)

𝛾1 𝛾4𝑓(𝑘)

𝛾4𝑓(𝑘) 𝛾3𝑓
∗(𝑘)

𝐸0 + ∆ 𝛾0𝑓
∗(𝑘)

𝛾0𝑓(𝑘) 𝐸0

𝑓 𝑘 = exp  𝑖𝑘𝑥𝑎0 2 3 + 2exp(  −𝑖𝑘𝑥𝑎0 2 3)cos(  𝑘𝑦 2)

𝑘 = (𝑘𝑥, 𝑘𝑦)

SWMc Hamiltonian of bilayer graphene

A. Gruneis et al., PRB (2008)



Pure 2D material : graphene



Pure 2D material : graphene



1400 oC  2min

SLG+BLG
1400 oC  6 min

SLG+BLG
1400 oC  10 min

SLG+BLG

The band structure of graphene/SiC
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Coletti et al., PRB (2013)



Why orientation of solid so important

26



How to probe the electronic structure 
of solids

27



The principle of photoemission spectroscopy

28





Kyle Shen, IGERT Lecture 2008

The principle of photoemission spectroscopy



What are the samples and probed states?

• Atoms atomic orbitals (states)

• Molecules molecular orbitals

core level states (atomic like)

• Nanoparticles valence bands/states

core level states (atomic like)

• Solids valence bands

core level states (atomic like)





Photoemission Core Level Spectroscopy





Photoelectron probing Depth

The powerful spectroscopic tools such as XPS and UPS might be 

limited in in-situ chemical analysis because of the short penetration 

depth of electrons.



Why are electrons

so useful as probes

of surfaces?

or 

Not so useful for 

studying bulk 

properties !!

Electron Escape Depth : Surface Sensitivity

Minimum due to electron-electron scattering, 

mainly plasmons

PES is a surface sensitive technique! (requires 

UHV)

High energy photoemission: several keV to 

increase bulk sensitivity



Why ARPES - key technique for the electronic structure 
mapping

‒ Angle-resolved photoemission spectroscopy (ARPES) is the 
most general tool to probe band structure, electronic 
interactions or spectral function mapping.

‒ Broad applications: surfaces, thin films, bulk materials, 
superconductors, magnetic/spin systems, complex materials, 
topological insulators, graphene based materials, charge 
density wave materials, low-dimensional systems, artificial 
stacks, device configurations, etc.
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what is ARPES?

Eph= Eb+ Φ+ Ek

Conservation of Energy

Angle-resolved Photoemission Spectroscopy



what is ARPES?

Eph= Eb+ Φ+ Ek

Conservation of Energy

Angle-resolved Photoemission Spectroscopy
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Conservation of linear momentum parallel to the 
surface
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• Low photon energy provides 
better momentum resolution, but 
the covering range of BZ is also 
small.

• We expect to study the electronic 
structure of solids at VUV region 
(10 eV~ 100 eV).



Early ARPES experimental result

Now a 2-D detector with ± 30° and 0.1° angular 
resolution can be obtained.
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Typical Experimental Result with 2D detector

Accumulate spectra of Rashba effect on Au(111) as the angle is 
scanned

EDC

MDC

Emission 

angle



Krempasky et al., JESRP (2010)



Typical experimental result on graphene/SiC
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 band

 band



Experimental geometry

Eli Rotenberg, ALS summer school 



Surface state of Au(111)

Rashba splitting on Au(111) surface

Courtesy of M. Berndsen and O. Tjernberg, KTH, Stockholm



Quick Band Mapping with ARPES

Tilt angle scanAzimuthal angle scan



Map the band structure over all BZ
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Requests before ARPES experiment

52

 You need to understand the crystal structure of solids.

 The sample characterization, such as the orientation 
and crystalline, is quite important  before conducting 
ARPES experiment.

 XRD, Laue diffraction and  LEED are required.



Light sources and terminology

• Ultraviolet Photoemission Spectroscopy (UPS)

– UV He lamp (21.2 eV, 40.8 eV)

– Laser : 6 eV (BBO), 8 eV (KBBF), 11 eV (gas cell) or HHG (High harmonic 
generation)

– Valence band PES, direct electronic state info.

• X-ray Photoemission Spectroscopy (XPS)

(Electron Spectroscopy for Chemical Analysis) (ESCA)

– X-ray gun (Al: 1486.6 eV, Mg: 1253.6 eV)

– core level PE, indirect electronic state info

– chemical analysis

• Synchrotron radiation

– continuous tunable wavelength

– valance band and core level
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 Assume the work function is 4.3 eV , please estimate the largest covering range 
of BZ at the Fermi level at 6 eV, 21.2 eV, 50 eV, 100 eV and 500 eV  photon 
energy.
Answer: 0.67 Å -1, 2.11 Å -1,3.46 Å -1,  5.01 Å -1, 11.4 Å -1

 The angle between the incident beam and spectrometer is 50 degree, please 
estimate the covering range of BZ at 6 eV, 21.2 eV, 50 eV, 100 eV and 500 eV  
photon energy.
Answer: 0.51 Å -1, 1.61 Å -1, 2.65 Å -1,  3.83 Å -1, 8.45 Å -1

 The BZ in single layer graphene,  the magnitude of ΓK  is  1.703 Å -1. If you plan 
to probe the band structure of graphene near the K-point, what are the 
required angle between the surface normal and spectrometer at 6 eV, 21.2 eV, 
50 eV, 100 eV and 500 eV  photon energy?
Answer: mission impossible, 54 degree, 29.5 degree, 19.9 degree, 8.6 degree


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Lattice constant :
Graphene : 2.46 Å
Cu(111) : 2.08 Å
MoS2 : 3.12 Å
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Why are electrons
so useful as probes
of surfaces?

Or 

Not so useful for 
studying bulk 
properties !!

Electron Escape Depth : Surface Sensitivity

Minimum due to electron-electron scattering, mainly 
plasmons
PES is a surface sensitive technique! (requires UHV)
High energy photoemission: several keV to increase 
bulk sensitivity



The requirement of ARPES

• UHV environment : better than  

1x10-10 Torr

• Single crystals or in-situ growth 

thin films

• Conductors or semiconductors

• Tunable photon energies

HC Hsu, Ph.D. Thesis NTNU(2010)

Koralek, U. Colorado Ph.D. Thesis (2007)



Base pressure : 1x10-10 Torr
In-situ cleaved Bi2Se3 single crystal Park et al., PRB (2010)

Single crystals or in-situ growth well-ordered thin films are favorable 
for ARPES measurement 



Current status of ARPES end station at TLS

Energy range : 5 eV~120 eV
E/ΔE: 100,000 at 16 eV and 64 eV
Scienta R4000 analyzer
Manipulator : 6-axis motorized manipulator 
Sample Preparation: in-situ cleave, thin film growth
Measurement temperature range : 10 K~ 350 K
Base pressure : 4.5x10-11 torr

R4000

Load-lock system

Preparation chamber

62



What does ARPES measure

Matrix element Spectra function

Eli Rotenberg, ALS summer school 



electron emits a phonon :

change of energy ω and 

momentum k

The measured state is broader in 

momentum and energy

electron emits and reabsorbs a 

phonon :Change of mass and slope

The mass of carrier is increased

Eli Rotenberg, ALS summer school

The carriers have a finite lifetime due to absorption and 

emission of phonons and other excitations



Self energy in photoemission spectra
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What does ARPES measure

Matrix element Spectra function

Eli Rotenberg, ALS summer school 
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H 𝑘 =
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SWMc Hamiltonian of bilayer graphene

A. Gruneis et al., PRB (2008)



Photon energy dependent in ARPES experiment



Image : http://infared.lbnl.gov.tw

SLG

Single layer and bilayer graphene

Single layer graphene Bilayer graphene



TBM fitted results for presented BLG/SiC

r0= -3.32   ; r1= 0.46 ; 
r3= 0.25 ; r4= 0.15 



What does ARPES measure

Matrix element Spectra function

Eli Rotenberg, ALS summer school 
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H 𝑘 =

𝐸0 + ∆ 𝛾0𝑓(𝑘)
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𝑘 = (𝑘𝑥, 𝑘𝑦)

SWMc Hamiltonian of bilayer graphene

A. Gruneis et al., PRB (2008)
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(b)

(d)

82 eV of photon energy

ARPES result Calculation



Varing incident photon energies to determine the interlayer 

spacing of BLG/SiC



kz dependent in bulk band mapping
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Cu2+

Cu+

Li

O

a~2b

1. Floating zone technique
2. LEED and X-ray diffraction
3. In-situ cleave at 8x10-11 torr

CuO2 chains

Single domainTwin domains

Crystal structure of LiCu2O2

kz dependent in bulk band mapping



Photon energy dependence PES
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• The bands between about 3.6 eV 
and 8 eV display a clear dispersion 
with photon energies disclosing a 
strong coupling along the c-axis, 

• The bands above 3.6 eV until EF: 
weaker dispersion, more localized 
character within each electronic bi-
layer.



The electronic structure of BiSbSe3

with varied incident photon energies.
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The electronic structure of Sb2Te2Se

Lee et al., Scientific Reports (2016)



Using ARPES to study the electronic structure of 
emergent quantum materials
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The rise of emergent quantum materials

84
Kang, Proc. Of SPIE (2014)

Graphene and Beyond Graphene 2D Crystals 
for Next-Generation Green Electronics Topological Insulators and Their Spintronics Application  



What is Topology 

＝ ＝

＝ ＝

＝ ＝



The advantage of electron transport in TIs

• electrons cannot be scattered by defects or other
perturbations → little resistance

(a) Insulator (b)Topological Insulator

Z. Hasan and C. L. Kane. Reviews of Modern Physics (2010)



Hall Effect

e-



Quantum Hall Effect

High magnetic field
Low temperature

⊙B



Topological insulator

I. no external magnetic field
II. pairs of currents
III. Spin splitting

⊙B

High magnetic field
Low temperature

Quantum Spin 
Hall EffectSO coupling

No external 
magnetic field



The applications of topological insulators 

• Thermoelectric materials

- ZT = S2σ/κ

- Bi2Te3, Sb2Te3

• Spintronics device 
- Quantum computing

• Find predicted Majorana fermion

– topological superconductor



Band inversion in topological insulator

parity 
difference

crystal field
splitting

spin-orbital

coupling

Fermi energy

Xiao-Liang Qi and Shou-Cheng Zhang, RMP (2011)



The difference of band Structure between insulator 
and TI

time-reversal symmetry protected

http://www.scholarpedia.org/article/Topological_insulators



The electronic structure of TI 

https://www.diamond.ac.uk/Science/Research/Highlights/2015/I10-MSG-TIs.html



Predictions of 3D topological insulators

Chen et al, Science (2009)Xia et al., Nature Physics (2009)
Hsieh et al., Nature (2009) Xiao-Liang Qi, RMP (2011) 



Y. Ando, J. Phys. Soc. Japan (2013)

Spectra taken at BL21B1, NSRRC

Predictions of 3D topological insulators



D.O. Scanlon, Adv. Mat. (2012) 

Initial growth condition of Bi family TIs



Band mapping of Bi2Se3
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Band mapping of Sb2Te3-xSex with varied Se content
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Along 𝛤 𝐾

x=0 x=1 x=2 x=2.4

Manuscript in preparation



Tuning the position of the Dirac point in ternary TIs and 
doped TIs

YL Chen, Science (2014)



Reducing the thickness of Sb2Te3 thin film

100

Eschbach et al., Nat. Comm. (2015)



Spin-orbit torque and surface states in 
topological insulators
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TI
TI

https://spintronics.kaust.edu.sa/Pages/Research_Spin-
orbit%20physics.aspx



Spintronics potential at the surface of 
topological insulators

102

a pure spin current from the CoFe layer  through the TI Bi2Se3 into 

the NiFe layer, exerting a spin transfer torque.

Baker et al., Scientific Reports (2015)



The applications of topological insulators 

• Thermoelectric materials

- ZT = S2σ/κ

- Bi2Te3, Sb2Te3

• Spintronics device 
- Quantum computing

• Find predicted Majorana fermion

– topological superconductor



Superconductivity in Sb2Te3

104

Sb2Te3 crystal was synthesized under 
1.4 Mpa Te vapour pressure.

Carrier mobility increases to μ ~25,000 
due to the upshift of the Fermi energy

Zhao et al., Nat. Comm. (2015)
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Hor et al., PRL (2010)

Superconductivity in Cu doped Bi2Se3 compound

CuxBi2Se3 for 0.1<x<0.15



Superconductivity in Cu doped Bi2Se3 compound

106Tanaka et al., PRB (2012)



Superconductivity in Cu doped Bi2Se3 compound

107Kondo et al., PRL (2013)



Dirac semimetal and Weyl semimetal
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Dirac semimetal and Weyl semimetal
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Dirac semimetal and Weyl semimetal
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Dirac semimetal and Weyl semimetal

111
Liu et al., Science (2014)



Dirac semimetal and Weyl semimetal
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Xu et al., Science (2014)



Dirac semimetal and Weyl semimetal
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Neupane et al., Nat. Comm. (2014)



Dirac semimetal and Weyl semimetal
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Dirac semimetal and Weyl semimetal

115
Liu et al., Nat. Mater. (2016)



Dirac semimetal and Weyl semimetal

116

Dirac semimetal Weyl semimetal Line node semimetalMagnetic semicond.

Armitage et al., RMP (2018)



Dirac semimetal Na3Bi

117Armitage et al., RMP (2018)



Weyl semimetal TaAs

118

Yang et al., Advances in Physics :X (2018)



Summary of Dirac semimetal and Weyl 
semimetal

119

I : inversion symmetry
TR : time reversal symmetry

Yang et al., Advances in Physics :X (2018)



Graphene family

120Kang et al., Proc. SPIE (2014)



Crystal structure of GNRs
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Armchair Graphene Nanoribbons 
(AGNRs)
TB simulation : semiconducting or 
metallic depending on the width of 
AGNRs

Zigzag Graphene Nanoribbons 
(ZGNRs)
TB simulation : metallic for all ZGNRs



122Frank Schwierz, Nanoscale (2015)



Sample preparation for GNRs

123

Nevius et al., Nano Lett. (2014)
Palacio et al., Nano Lett. (2014)



Using ARPES to probe GNRs/SiC

Nevius et al., Nano Lett. (2014)
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Frank Schwierz, Nanoscale (2015 )



2D materials :potential candidates for future 
applications

126

Kang et al., Proc. SPIE (2014)



2D materials :potential candidates for future 
applications

127

Tran et al., Progress in Materials Science (2018)
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A demonstration of electric transistor fabricated with monolayer MoS2

shows high current on/off ratios of > 108 . Even the mobility ~ 200 cm2V-1s-1 is 
much lower than that in graphene. The large current on/off ratio originates from 
sizeable band gap in MoS2.



Toward transistors with 1 nm gate lengths

129

Desai et al., Science (2016)

Using a 2D material called molybdenum disulfide (MoS2), Samsung 
believes it could scale logic technology even further. Samsung and others 
are exploring so-called MoS2 FETs. ”We believe around 1nm is possible.”



The device structure of flexible OLED display with 
MoS2-based backplane circuitry

130

Choi et al., Science Advance (2018)



Benchmarks for display
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132

Kuc et. al., PRB (2011)

The band structure of MoS2



The electronic structure of MoSe2

133Zhang et al., Nat. Nano. (2013)



Alkali metal doped MoSe2

134Zhang et al., Nat. Nano. (2013)



Black phosphorus (BP)

135

Catellanoas-Gomez, J. Phys. Chem. Lett. (2015)



The degradation of black phosphorus (BP)

136Catellanoas-Gomez, J. Phys. Chem. Lett. (2015)



Anisotropic Dirac semimetal state in BP

137



Anisotropic Dirac semimetal state in BP

138
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Advanced Low-Dimensional Materials

140
Collection of the 2D materials

Graphene

Graphene is the first, but not ONLY

http://treo.typepad.com/.a/6a0120a6002285970c0168e8c8cf33970c-popup
http://treo.typepad.com/.a/6a0120a6002285970c0168e8c8cf33970c-popup


Advanced Low-Dimensional Materials
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Advanced Low-Dimensional Materials
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Nano Everywhere

Ref : Avila, Synchrotron Radiation News (2014)

Materials of interest often contain intrinsic, extrinsic, and designed nanoscale features.

Need rapid electronic structure mapping at the nanoscale

Multi-thickness  domains existed 
in an exfoliated graphene flake
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A crucial problem to understand the electronic of 
exfoliated graphene

Van der Waals heterostructures

Geim, Nature (2013)



Van der Waals heterostructures

145

Graphene 

Graphene 

MoS2

MoS2

MoS2

Ref : Shi et al., Nat. Comm. (2017)
Hsu et al., Nat Comm. (2017)



Material discovery 

146

'Magic' Twist in Stacked Graphene Reveals Potentially 
Powerful Superconducting Behavior

https://gizmodo.com/magic-twist-in-stacked-graphene-reveals-potentially-pow-1823529900


Comparison of X-ray microscopy

147



X-ray focusing optics 

148



Capillary focusing method

149

• Many capillaries have a small mismatch between 
calculated and measured profiles near the tip.

• Cut a capillary in half and attempt to use differential 
deposition to smooth out inner surface.



Fresnel Zone Plates

150



Fresnel Zone Plates

151



Fresnel Zone Plates

152



Fresnel Zone Plates

153



Light source Micro- or nano-focusing Energy range Resolving power

ALS 1.9GeV

MAESTRO

Commissioning

KB μ-ARPES

(10 x10 μm)

FZP/Capillary- nanoARPES

(goal 50 nm/200 nm)

60-600 eV for 
microfocusing

3x104

(104 for opt. flux)

SOLEIL 2.75GeV

ANTARES

FZP 

(120 nm (opened for users))
95-300 eV with FZP

2x104(10-150 eV)

104 (>150 eV)

Diamond 

I05

Commissioning

FZP

(700 nm)
60-150 eV 2x104

NSLS II 3GeV

Construction

KB μ-ARPES

(20 μm)

(AP-XPS/SPEM)

15-1000 eV

(200-2000 eV)
105 – 104

SSRF

S2-line (combination of 
Nano-ARPES and Spin-

ARPES) (BL07U)

Construction

undetermined 50 – 2000 eV unknown

Beamlines in light sources worldwide for micro- or nano-ARPES

154



First NanoARPES facility, available at SOLEIL

Microscopy using photoelectrons:

Zone Plate focalisation and sample nano-scanning  

Avila, J. & Asensio, M. C. 

Synchrotron Radiation 

News, 2014, 27,  24-30

& 2012, 25(5): 19-25

 NanoARPES

 NanoXPS

 NanoXAS

 ARPES

 XPS (< 1000 eV)

 XAS

 Elemental specificity

(Quantitative)

 Oxidation state

Chemical  information 

 Valence Band with high 

momentum resolution

Photon energy: 20 eV to 1000eV;      lateral res. < 100 nm;       energy res. < 0.9 meV;         momentum res. @ 0.001 A-1✔✔ ✔✔

Fluorescence 

detector

First TPS – SOLEIL meeting, 7th December 2017, Gif-sur-Yvette FRANCE



Rotatory

Flanges

Rotatory

Flanges

Rotatory

Flange

Source: Bostwick(ALS) 

Comparison with similar leading beamlines II

19th May 2017,  34 SAC SOLEIL, Gif-sur-Yvette, FRANCE
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Comparison with similar leading beamlines III

I05 ARPES beamline at Diamond Light Source, UK



Graphene/hBN van der Waals heterostructures

First TPS – SOLEIL meeting, 7th December 2017, Gif-sur-Yvette FRANCE



Graphene/hBN van der Waals heterostructures

First TPS – SOLEIL meeting, 7th December 2017, Gif-sur-Yvette FRANCE



TPS 39A Nano-focus ARPES

Core techniques:

Probe the electronic structure of novel materials

 μARPES :

Spatial resolution ~ 800 nm @20 eV/500nm 

for >50eV

 nanoARPES (Zone plate branch): 

Spatial resolution ~ 50 nm 

BL specification:

 Photon energy: 20 – 300 eV

 Resolving power >105

 Flux > 1012 ph/s with 104 resolving power

AM-VFM

PM-order sorting

EPU168
HFM

AM

PG

DPM

Exit Slit A

Exit Slit B

KB

μARPES 

nanoARPES KB

Entrance slit

VPM



161



162

Method to generate 
VUV light
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Summary

• ARPES can provide a deeper insight for the understanding of 
electronic property in 2D materials.

• A combination with other tools, such as XPS, XAS, STM, pump-
probe experiment …etc., can establish better  model to explain 
novel phenomena in emergent materials

• A cooperation with theorists is necessary for ARPES guys.

• Hungry for high quality single crystal or thin film



Thanks for your attention
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