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Outline

• Pioneering days 

• Case Study – Angle-resolved photoemission from quantum materials

• Building an ecosystem – bridging other activities at SLAC and Stanford

• Some reflections
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Historical Context—Motivation

• State of the art high energy physics storage ring, 
SPEAR, began operation at SLAC in 1972

• Would be used to study uncharted territory in particle 
physics and ultimately discovered quarks and lepton

• Could this source of high intensity x-rays be used to 
do something novel for materials/chemistry/biology?

• Demonstration experiment showing that an x-ray 
beam could be extracted from SPEAR and some 
useful science could be performed



Pioneering Days
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Spicer’s 1968 letter to Panofsky

Doniach
Bienenstock 
Winick

Proposal led by Doniach, 
Spicer and Bienenstock (1972)

Spicer and Lindau



Pioneering Days - Seeing the Light, 1973
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Ingolf and Piero



First Public Reports, 1974
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Lindau, Pianetta, Doniach, Spicer, Nature 250, 214 (1974)

Photoemission from Au 4f

Eisenberger, Kincard, Hunter, Sayers, Stern, and Lytle (1974)



“Those were such happy times – and not so long ago”
Some VUV and Soft X-ray Experimenters
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Ingolf Shozo Zahid Chuck Piero Ingolf

Joe

Dave



Semiconductor and Metal Surfaces
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Photoemission Study of Correlated Materials
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Jim Allen

Dan Dave



Scientific foundation for next generation quantum materials 

First generation quantum theory played a 
vital role in the development of “1st 

generation of quantum technologies” like 
semiconductors.

Invention of transistor (1957 
Nobel Prize)

Invention of Integrated 
circuit (2000 Nobel Prize)

Adequate quantum theory is yet to be 
developed for other classes of quantum 

materials, for example cuprate high 
temperature superconductors. 

Precision measurement of key quantum 
parameters is imperative to the development 
of “next generation quantum theory” – in the 

search for the next “magic material”
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Data processing
/Simulation

Scientific issues

Materials/Samples environment

Instrumentation

Photoelectric Effect

Modern Angle-Resolved Photoemission Spectroscopy (ARPES)

Virtuous
Ecosystem

DonghuiMakoto



7-35 eV
E/ΔE~20,000

> 2×1011 ph/s @ 10,000 RP
0.2(H)×0.1(V) mm2 (FWHM)
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Evolution of ARPES Program at SSRL 

2000

BL5-4
GU Program

BL5-4
Scienta R4000

BL5-2
GU Program

2017

20-200 eV
E/ΔE~40,000

> 1×1012 ph/s @ 10,000 RP
30(H)×5(V) µm2 (FWHM)
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VLS Gratings
Apertures

APPLE-II, 31-pole, 140 mm 
period, 
12.6 mm gap, LH, LV, CL/CR

BL 5-3 (Before 1999) BL5-4 (2000 – ) BL5-2 (2017 – )

Δ E 
(meV)

Δ θ Θ

< 2000 20-40 2° 2°

now 2-5 0.3° 30°

BL5-2
Scienta DA30-L

BL5-3
VSW HA50

Multi-channel detector (1991)

BL-5 produces ~ 30% of synchrotron related ARPES papers in high impact journals 
– Science, Nature journals, PRL, PRX, PNAS (1990-2022)



Probing important quantum numbers of electrons
Angle-resolved photoemission spectroscopy (ARPES)

High temperature 
superconductor

Topological insulator

K.M. Shen, 
Science 2005

Dessau et al., Phys. Rev. Lett. 66, 2160 (1991)
Z.X. Shen, et al, Phys. Rev. Lett. 70, 1553 (1993)
B.O. Wells et al., Phys. Rev. Lett 74, 964 (1995)
Z.X. Shen et al., Science 267, 343 (1995)
A.G. Loeser et al., Science, 273, 325 (1996) 
A. Lanzara et al., Nature, 412, 510 (2001)
N.P. Armitage et al., Phys. Rev. Lett. 87, 147003 (2001)
K. Tanaka et al. Science, 314, 1910 (2006)
D. Hsieh et al., Nature 452, 970 (2008)
Y. L. Chen et al., Science 325, 178 (2009)
Y. He et al., Science, 362, (2018)
S.D. Chen et al., Science, 366, 6469 (2019)
Z.Y. Chen et al., Science, 373, 1235 (2021)
S.D. Chen et al., Nature, 601, 562 (2022)

Synchrotron based photoemission records 
energy and momentum of electrons



14

One EDC with 30 meV & ±1° resolution :

3 hours per spectrum

1993 : Detection of  an anisotropic d-wave gap

Shen, Dessau, Wells,  et al., PRL 70, 1553 (1993)

ARPES : Then and Now

+

+
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30 years ago 

http://www.lbl.gov/
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P. Bogdanov, Y.L. Chen Ph.D Thesis (2001)

D-wave Superconductivity

Not enough data

20 years ago 

M. Hashimoto et al., Nature Physics 6, 414-418 (2010)



Precision Measurement of  the d-Wave Node

I. M. Vishik et. al., PNAS (2012)

10 years ago

Inna 
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Topological states of quantum matter
Discovery of 3D topological insulators using synchrotron 
lightsources – role of wavefunctions

Synchrotron-ARPES reveals key features of 
topological insulators in momentum space:
• Bulk band gap with band inversion
• Odd number of robust Dirac cones on the surface
• Massive Drac surface states by time-reversal 

symmetry breaking 

D. Hsieh et al., Nature 452, 970 (2008)
Y. L. Chen et al., Science 325, 178 (2009)
Y. L. Chen et al., Science 329, 659 (2010)



E
F
(undoped)

BCB bottom

Dirac point position

Undoped Under-doped
Optimally-

doped
Over-doped

BVB top

“Hydrogen Atom” of topological insulator - Bi2Te3

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

Sample 
Fisher group

Quantum Anomalous Hall

Chang et al. 2013, Science 340, 167-170

Yulin



University Groups trained by the ARPES program at SSRL

Ming Yi
Rice 

Peter Armitage
Johns Hopkins

Dan Dessau
UC Boulder

Zahid Hasan
Princeton

Alessandra Lanzara
UC Berkeley

Shuolong Yang
U of Chicago

Yu He
Yale

Barry Wells
U Connecticut

Kyle Shen
Cornell

Inna Vishik
UC Davis

Tanja Cuk
UC Boulder

Heike Pfau
Penn State



Building Science Ecosystems

SSRL played a vital role incubating several Joint SLAC-Stanford 
interdisciplinary Research Institutes and Centers:

• Photon Ultrafast Laser Science and Engineering (PULSE):  
https://ultrafast.stanford.edu/ 

• Stanford Institute for Materials and Energy Sciences (SIMES):  
http://simes.stanford.edu/

• SUNCAT: http://suncat.slac.stanford.edu/

20

https://ultrafast.stanford.edu/
http://simes.stanford.edu/
http://suncat.slac.stanford.edu/


Building an Ecosystem
Synergetic activities using advanced instrumentation, synthesis/control and simulation

Jonathan Patrick

Lab based 
tools

Tom

Towards complete experiments to advance quantum materials – 
energy, momentum, spin, time, space …



Bridge to LCLS and LCLS-II
How do electrons and atoms behave on their natural length and time scales?

Linac Coherent Light Source (LCLS)
SLAC National Accelerator Lab

10-12-13 m 10-13-15 sec

F. Schmitt et al., Science 321, 1649 (2008)
J.A. Sobota, et al., Phys. Rev. Lett., 108, 117403 (2012)
S.L. Yang et al, Phys. Rev. Lett. 122, 176403 (2016)
S. Gerber, et al, Science 357, 71 (2017) 
J.A. Sobota et al., Rev. Mod. Phys. 93, 025006 (2021)
S. Sakamoto et al, Phys. Rev. B. 105, L161107 (2022)
J.A. Sobota et al, Phys. Rev. B. 107, 014305 (2023)

Electrons Atoms

• Thin Films grown at 
SSRL were important 
for this experiment

• “THz lock-in” using 
LCLS achieved 
precision not possible 
any other way

• Harmonious 
cooperation of 
electrons and atoms 
enhances properties

Ultra-bright & ultra-fast x-ray laser for recording 
movies of electrons and atoms in motion

Rob Moore

Jonathan

Simon

Shuolong

Patrick

Wei-Sheng

Diling
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Expanding Soft X-ray Capability at SSRL 

• micro(nano)-focused beam
• Soft x-ray for ARPES (heterostructure)
• Lasers for ultra-high-resolution, 

spin-resolved, and time-resolved  ARPES

e-

in-situ device fabrication & 
versatile sample environment

• in-situ clean environment (inert gas, UHV) for sample 
exfoliation/device fabrication

• micro(nano)-precision sample manipulator

QIS materials & devicehν
in

hν’
ou

t

Multimodal 
characterization tools

Complementary 
light sources

• ARPES (+ multi-channel spin detector)
• Momentum microscope (PEEM)
• STM, AFM

• RSXS/RIXS with advanced detector
• X-ray Raman spectroscopy

Donghui Makoto Jun-Sik 



Historical Context — Reflection

• State of the art high energy physics storage ring, 
SPEAR, began operation at SLAC in 1972

• Would be used to study uncharted territory in particle 
physics and ultimately discovered quarks and lepton

• Could this source of high intensity x-rays be used to 
do something novel for materials/chemistry/biology?

• Demonstration experiment showing that an x-ray 
beam could be extracted from SPEAR and some 
useful science could be performed



Historical Context — Reflection

• Could this source of high intensity x-rays be used to do 
something novel for materials/chemistry/biology?

• What we have learnt?

• Open to new ideas – also partnership SLAC/Stanford

• Build a transformative tool in a science rich environment  
(1973-1975 – “November Revolution” and beyond … )

• Invest in young people … creating a pipeline of young 
talent



SSRL 50 Years – the Future is Bright
April 20, 2023
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