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Outline

e |ntroduction to angle-resolved photoemission spectroscopy
(ARPES)

— The concept of energy band.
— The principle of ARPES.

— Scientific case : cuprates, graphene, TMDs and topological
insulators.

e Probe the electronic structure of emergent materials
— Scientific opportunities in nanoARPES.
— The challenge and design concept of nanoARPES.
— Beamline and end station design.

e Summary
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What we are interested in .......
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What we are interested in .......
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Wijeratne, Kosala, Conducting Polymer Electrodes for Thermogalvanic Cells (2018)



Silicon technology
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https.//theweek.com/articles/634470/next-great-race-between-china-over-computer-chips



What is single crystal

High quality single crystal

mingle crystal FPolycrystal Amorphous solid
Periodic across the Periodic across Mot perodic, |
whaole volune. each graim.
E- | %34 —d
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https.//www.doitpoms.ac.uk/tlplib/atomic-scale-structure/intro.php



Crystal structures
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The energy level of hydrogen atom
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* Deeply bound “core” electrons remain basically unchanged

* Outermost “valence” electrons hybridize forming continuous
“energy bands”
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Na metal (Ne + one 3s electron)

) BR /A S 88T

National Synchrotron Radiation Research Center

Kyle Shen, IGERT Lecture 2003



Band Theory

Two approximations

Nearly free electrons. Electrons are non-interacting in a
periodic crystal potential which is relatively weak and can be
treated as a perturbation. As in the free-electron-gas model,
they are still subject to the Pauli exclusion principle.

Free electron gas :

The interactions between electrons and
between electrons and nuclei are turned off,
subject only to the Pauli exclusion principle.

Tightly-bonding approximation

Electrons are tightly bound to particular atoms, overlapping only
weakly with neighbors.



The main features of the E-k relation of GaAs

E,=142eV
Er=1.71¢V
Ex =130 eV
Eoo =034 eV

 Wave vector

{a) Energy
A
A-Valley
L-valley
Ey
**_'||||u|'|n,:.> =111
L
Ee, Heavy holes
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Light holes

Split-off band
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Direct and Indirect Band Gap

Energy (eV)

Conduction

Valance
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Energy band structures of GaAs and Si
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. . . . Almost every electronic
Fermi-Dirac Distribution  i1ansport property of solids

is proportional to D(&).

Thermal Properties of Free
Electron Gas:

Cermi funct (&)= 1 RT ~ 25 meV
ermi runction . T () kgT . ~
(Fermi-Dirac distribution) GL | +1 4KT broadenlng 100 meV
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Measurement of the Fermi level

:  Gold
2 : .
g O data E hv = 6,904 ¢V
5| — fit ! T-=29K
; L
5 a

s 1 05 K
Rinding cnergy (meV)

Fig. 2.3. Ultra-high resolution photoemission spectrum on a polyverystalline gold
sample (evaporated Au film) for the determination of the energy resolution. The
Fermi edge was measured at T'=2.9 K using a frequency tripled (KBe>:BO3F5 erys-
tal, KBBF) YVOj3 laser for the photoexcitation (hir=6.994eV) [15]
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Hufner, Very high resolution photoelectron spectroscopy




Energy Band Diagram
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What is photoemission?

Photon In —> electron out (emission)
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\What Is photoemission spectroscopy?
(photoelectron spectroscopy) (PES)

Electron energy analyzer

hy  Monochromatized
photons eci
\\ / &

O p*

sample

Initial state: ground (neutral) state  Final state: hole (excited) state

Conservation of energy

N(Eg)
E, = hv + E; - E; (most general expression) «j\\/L
—}ER

E, : photoelectron kinetic energy

E; (N) : total initial state system energy = Energy Distribution Curve (EDC)

E; (N-1): total final state system energy  (Spectrum)




Conservation of energy in PES

Energetics in PES

Hki:n“ Spectrum

E * Sample [
| [

Er F
Walence Band
3

hy

Core Levels

E“ e e

= M(E)

> N(Eyip)

hv

Hufner, Damascelli
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Conservation of energy

E, : vacuum (energy) level
E.: Fermi (energy) level

¢ = E,— E: work function
E, : bottom of valence band
V,= E,— E, : inner potential

E, ™ marks Er in spectra
Eg measured relative to E.= 0

Usually fixed photon energy
scanning not needed



Energy Distribution Curve (EDC)
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Energy distribution curve (EDC)
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The Principle of Photoemission Spectroscopy

Analyzer for

Photon Source kinetic energies

(c) F. Maller
Experimental Physics

» X-ray tube Sanvtand Univorsily
* UV lamp

* Laser

» Synchrotron

A v
: . Typical XPSpectra
. " . detector (of some metals)
"‘z,‘ Aol -
FRBLENS ’ * _ Photoelectrons 3 3d
¢ 3s
M J 4s 4p v
g 3d =
z dn ol
(2}
g 5 P . "
c |4s P
= DL —
Sample v
(with different degrees of freedom p P 4d A
for rotation nad translation) — - VB
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electron binding energy (eV)
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What are the Samples and Probed States

e Atoms
e Molecules

e Nanoparticles

e Solids

(=) BR R 5185351 5 P <
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atomic orbitals (states)
molecular orbitals

core level states (atomic like)
valence bands/states

core level states (atomic like)
valence bands

core level states (atomic like)
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What are the samples and probed states

e Atoms atomic orbitals (states)
e Molecules molecular orbitals

core level states (atomic like)
e Nanoparticles valence bands/states

core level states (atomic like)
e Solids valence bands

core level states (atomic like)
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what is AIPES?
Angle-lesolved Photoemission Spectroscopy

Conservation of Energy
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Energy Distribution Curve (EDC)
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what is ARPES?

Angle-Resolved Photoemission Spectroscopy

Angular Resolved Photoemission Spectroscopy{ARPES)

photoelectrons

exciting photans

(energy RW,;
vector potential A
angie of

incidence ) \

W

single crystal lerystal face: Xz plane: crystal

surfoce structure}

lenergy Eyin
exitangles 3,p;

aperture AGY)
2m :
z ki=,—FE, -smé
nt "
L}X

k,(A")=0.5123,/E (V) -sin®

i
=

k (inside) = k (outside)

. _ Conservation of liner momentum
Electron emission angle: @

Photon incident angle: y, s- and p-polarization  Important for 3D and 2D band mapping
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Conservation of linear momentum parallel to surface

Kinemaltic relations
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what is ARPES?

Angle-Resolved Photoemission Spectroscopy

Angular Resolved Photoemission Spectroscopy{ARPES)

photoelectrons

exciting photans

(energy RW,;
vector potential A
angie of

incidence ) \

W

single crystal lerystal face: Xz plane: crystal

surfoce structure}

lenergy Eyin
exitangles 3,p;

aperture AGY)
2m :
z ki=,—FE, -smé
nt "
L}X

k,(A")=0.5123,/E (V) -sin®

i
=

k (inside) = k (outside)

. _ Conservation of liner momentum
Electron emission angle: @

Photon incident angle: y, s- and p-polarization  Important for 3D and 2D band mapping
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What is ARPES?

A
¢
N )
-(; hy Intensity o< S K flp e Al 4k ) F(B)
- if
«— A \ detector Ak, ) E)
3
-
|\\\ /!
v / yd - Ak, E)TE)
5]
_A_— Ak, E)(E) ' -
— T o
sample -
Ak, E){E)
! -
a ) :
Electron momentum P A=K,y | !
Parallel to the surface 1s i S
conserved A ks =
k =
K*|( o |
K
-
K'||

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).

Binding energy K

k, =0.5123,/(E,;, c0s? 0 +V,)
k, =0.5123,/E,. sin&

29




Light sources and terminology

e 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.

e 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

e Synchrotron radiation
— continuous tunable wavelength
— valance band and core level

wacy ) B R J51 3~ BB AFHT I P &
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Light sources and terminology

UV lamp (He I, 21.2 eV, He 1l,40.8 eV)

Capillary

Differential pumping

Lamp head

Monochromator

) BR /A S 88T
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What is ARPES?
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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).

Binding energy K

k, =0.5123,/(E,;, c0s? 0 +V,)
k, =0.5123,/E,. sin&
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Light sources and terminology

Photon energy

defines the detectable area of Energy
E.=hv-¢

kin

defines the accessible area of BZ

1 .
k, = ?«,JZmEm sinf

I

(e) Hole bands “Folded” hole band

0.0 0.5 1.0 15
Phys. Rev. B 84, 014509 (2011)




Light sources and terminology

Photon energy

O defines the detectable area of Energy

E. =hv-¢

kin

4 defines the accessible area of BZ

1 :
k, = ?-\/2111Em sinf

l

)ands “Folded™ hole band

ke (17A) =
Phys. Rev. B 84, 014509 (2011)




Light sources and terminology

WL W 15
Photon energy =
__Proonenegy  [SN

defines the detectable area of Energy sample 2l
E.=hv-¢

kin
defines the accessible area of BZ

1 .
k, = ?«,JZmEm sinf

I

“Folded” hole band

Phys. Rev. B 84, 014509 (2011)




Light sources and terminology

Surface

Electron escape
depth: ~SO0A

Photon Escape
Depth: sin( g/ )~1000A

-

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.
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Light sources and terminology

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

so useful as probes o
bulk sensitivity

of surfaces?

I Rrglr=l=mize] [ sl | I T T TTTT |

Or
Not so useful for 4
studying bulk
properties !l

=Tt T=To0

MEAN FREE PATH (A)

10

: ) BRE S EHFFIR P ald__ 9 ¢ poippal Ll L1l l

National Synchrotron Radiation Research Center 2 5 10 50 100 500 1000 2000
ELECTRON ENERGY (eV)




Light sources and terminology

e UHV environment : better than

1x101° Torr
e Fresh vacuum cleave T=20 K
. . . . — ) Days old
e Single crystals or in-situ growth thin —— § Days old (no bulk bands)
. e A fter cleaning sample at T=200K
films
. — Bulk oxygen
e Conductors or semiconductors z j
f=]
e Tunable photon energies £
; o R -.:if Surface oxygen
t :iﬁi—:lﬁyh%wm g ™~
1 1 1
545 540 535 530 525
H Binding energy (eV)

Figure 5.2: (color) The oxygen 1s peaks from Bi2212 at different times after the
cleave. A constant background was subtracted from each spectrum to allow direct
comparison. The peak derived from bulk oxygen is stable over time, while the
surface oxygen peak grows as more oxygen sticks to the eold surface.
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HC Hsu, Ph.D. Thesis NTNU(2010)
Koralek, U. Colorado Ph.D. Thesis (2007)



Light sources and terminology

Scienta
hemis?hencal
analyzer Plane
mirror Undulator
Entrance slit =

i 4-jaw

. aperture
pherical

Ex — Electrostatic lens mirror
Detector
. Planet_
gratings
Toroidal \
Sample mirror Exit slit Scan
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Scientific Case : High- Tc Superconductor

Superconducting gap
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Hufner, Very high resolution photoelectron spectroscopy



Scientific Case : High- Tc Superconductor

HgBa,CuO,,; YBa,CuOg.; La,,Sr,Cu0, TI,Ba,CuOq,;
(Hg1201) (YBCO) (LSCO) (TI2201)

) BR /A S 88T
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Scientific Case : High- Tc Superconductor
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Scientific Case : High- Tc Superconductor

Photoemission Intensity

~——

Sample #1
Te =78K

® ---20K
O -—-—-85K

TP
|

04 03 -02 -01 0 01 02

Energy Relative to the Fermi Level (eV)

Overdoped Bi-2212 sample at two different
momenta in the Brillouin zone.

These results strongly suggest that the
superconducting gap is anisotropic and, in
particular, consistent with a d-wave order
parameter (Scalapino, 1995). Together with
the microwave penetration depth results
(Hardy et al., 1993), this direct evidence for
gap anisotropy played a major role in the
early debate on the pairing symmetry (Levi,
1993).

43
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Scientific Case : High- Tc Superconductor

) B3RS

/  National Sy

Temperature (K)

300

200

100

insulator

Antiferromagnetic

Doping dependence of FSs

P

T
seudogag/'/
state / T,

/

d

pseudogap

N
N/ |

0 0.1 0.2
underdope optimal dope
hole density/Cu

0.3

overdope

Phase diagram of hole-doped high-Tc superconductors
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Scientific Case : High- Tc Superconductor

Bilayer band splitting in overdoped Bi-2212 (Tc = 65 K)

AB BB AB'BB (T, m)

i

:

~ 0.4 -0.2 0
I (m.,0) Binding energy (eV)
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Scientific Case : High- Tc Superconductor

(@) . Doping
i '®. dependence
e

7 8. g
- :,'.g?..g.’..‘:..i

T=10K

'
o ,: 1| @ Antinodal gap
7 '

'-. B Near-nodal gap (v,)

4
d 1 1 1 1 1

ok :
»0.06 0.08:0.10 0.12 0.14 0.

(0,m);

: Doping

I
16

(m,m)

{ imostly PG

: node:
: mostly SC

T anti-node: (b)

Gap (meV)

20 40 60 80 100
Temperature (K)

(m,0)

Intensity (a.u.)

UD92
Antinode

Sr,IrQ,

T=10K

-

\

iy

(n, ™)

0.8

0.8

8.6°

-02 -01 0.0 01 0.2
E-E; (eV)

46
Kim et al., Nat. Phys. (2015)



Scientific Case : High- Tc Superconductor

Z}{\(qﬁf H,|9,)

Matrix element Spectra function

ejected photoelectron ./

we believe the properties of
the photoelectron reflect the
properties of the injected hole

namely,

Er we can learn about the
band scattering and lifetime of the
injected hole

“hole” left behind

@ “photoinjected” hole

Eli Rotenberg, ALS summer school



Scientific Case : High- Tc Superconductor

The carriers have a finite lifetime due to absorption and emission
of phonons and other excitations

w-Aw ' electron emits a phonon :
kg change of energy w and
momentum k

electron emits and reabsorbs a
phonon :Change of mass and slope

_ _ The mass of carrier is increased
The measured state is broader in

momentum and energy

w, k,

there is no direct way to probe
these processes except through
ARPES measurments

Eli Rotenberg, ALS summer school



Scientific Case : High- Tc Superconductor

The quantity determined in ARPES
experiments is the single-particle spectral

function

G(K, o) = L
w—¢ —2(k, o)
Ak, @) = ImZ(k,Za)) 2
[0— ¢, —ReZ(k,w)]" +[ImZ(k, )]
>=ReX+1ImX
Dispersion: l

Scattering rate

E-k Relation (Velocity;
(Lifetime)

Effective mass etc.)

S

RE S8BT P &
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Optimally doped Bi-2212 cuprate

k=0.446 A"

L (mev)

=114 eVA

0,25 0,30 0,35 0,20 0,45 0,540 0,55 0,50
k(A7)
hv
fiv, AK = —k = ‘2 ImX(k, a))‘
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Scientific Case : High- Tc Superconductor

Line shape analysis

140
100
. 120
100 S 100
. )
3 - 5
%—200 E 80_
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600 ' ' ' : I I | I
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Scientific Case : High- Tc Superconductor

LaOFeAs
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Scientific Case : High- Tc Superconductor

FS shapes of SrFe,(As, ¢sP; 35), and
k, dependence of the FSs

% 181

EO % s o [ -0.5 0.0 05 1.0 1.5 2.0
~ | o8 PR K, (n/a)

(n/a,n/a)

-1 _|hv=24eV . — xz/yz

—22

(n/a,n/a)

Linearly polarized light
i ]
-1 0 1
ky(m/a) ky=0

k, =0.5123,/(E,;, cos? 0 +V,)
k// — 05123 Ekin Sin 0 Suzuki et al., PR35?2017)




—— Achromatic
— — k-image
Efég; P—
= —
) e —
. = Spin filter

e

I I 4

Zoom optics 1 Zoom optics 2

Sample
Real-space image
with field aperture

) DR S BT b

/' National Synchrotron Radiation Research Center

/“I Energy dispersion

Field-free drift section

Delay-line
detector

Scientific Case : Direct 3D Fermi surface mapping
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Scientific Case : Direct 3D Fermi surface mapping

W(110)

) B R/ 88T o
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Scientific Case : Direct 3D Fermi surface mapping

a hv =357 eV b hv =574 eV c hv =1,200eV
k; =356y k, = 4.5Gyg k, =656y

R G S
/ / ' \

»

(=) BB 2 5 9B 1457F 5 P -
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Scientific Case : Direct 3D Fermi surface mapping

National Synchrotron Radiation Research Center
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Scientific Case : Graphene




Scientific Case : Graphene
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What we expect to observe in ARPES
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Scientific Case : Twisted Bilayer Graphene

The simulated band structure of ]
twisted bilayer graphene
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Scientific Case : Twisted Bilayer Graphene

The simulated band structure of twisted bilayer graphene

Hexagonal boron nitride
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Cao et al., Nature (2018)



ARPES — Characterization of emergent quantum materials

(a) Dangling bonds (¢) (d) (e) Cr0,, CrS,, etc. Graphene, etc.

(may form traps) . o
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e Fra e Oxideo e 35 Oxide' 33 A
& Bulk S8 3F . /bb X
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Figure 1. Schematic illustrating advantages of 2D materials: surfaces of (a) 3D and (b) 2D materials. The pristine interfaces
(without out-of-plane dangling bonds) of 2D materials help reduce the interface traps. Mobile charge distribution in (c¢) 3D
and (d) 2D crystals used as channel materials. The carrier confinement effect in 2D materials leads to excellent gate
electrostatics. (e) Various types of 2D materials from insulator to superconductor. Eg denotes the band gap.
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Transition Metal Dichalcogenides : MoS.

MoS., 8-layer MoS, 6-layer

monolayer

bilayer

monolayer
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Kuc et. al., PRB (2011)




Transition Metal Dichalcogenides : MoSe,
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Binding energy (eV)

Transition Metal Dichalcogenides :MoSe,

Undoped e Undoped f Doped
EF ----------- EF ---------------------
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Scientific Cases: Topological protected surface state

Shou-Cheng Zhang (1963-2018)

10
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National Synchrotron Radiation Research Center

Strong spin-orbital interaction

Heavy elements
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29 30 31 35
Cu Zn Ga Br
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79 80 81 85
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111 112 113 117
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Scientific Cases: Topological protected surface state

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



Scientific Cases: Topological protected surface state

a trivialinsulator b topological insulator

conduction band

conduction band

urface
Fermi Ieue

state
valence band

Energy

Energy

Fermilevel

0 momentum

momentum
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Scientific Cases: Topological protected surface state
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Topological Insulators probed by ARPES
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Scientific Cases: Dirac semimetal and Weyl semimetal

Twisted AA
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Scientific Cases: Dirac semimetal and Weyl semimetal

(a) (b) (c)

Trivial insulator Dirac semimetal Topological insulator

Fermi level
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Scientific Cases: Dirac semimetal and Weyl semimetal

B Topological Dirac’Semimetal (TDS) C w ‘ Na
| Pl 2% OB

Regular insulator

0.5¢
- (c=9.655A)

Band inversion

D E F
3D Dirac cone kP -k° k2-k®,
(4D space object) 2D Dirac Cone 2D Dirac Cone
K
? Projection to
&
3D space
kD

y
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Scientific Cases: Dirac semimetal and Weyl semimetal

A Fine-tuning (topo . trivial) Dirac semimetal B BiTI(S,sSes),

Trivial Dirac at Topological SOC
insulator critical point insulator
Topological Dirac semimetal D
/\ 3D Dirac multlplet
Trivial f,m RS Topo. semimetal SOC
insulator
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E Topo. semi:netal F Topo. Insulator
Bulk Siggularity1 ——
&t ol B | {
L marity?\, SS pres “— SS cgntour
R 3

) BR/E S B HFFI P

National Synchrotron Radiation Research Center




Scientific Cases: Dirac semimetal and Weyl semimetal

a 3D Dirac semimetal Top view of lower cone
(Cd3A32, Na3B|)

E=E.
B Bl
b Fermi surface
E=Ep+AE EnE E=Ep-AE
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Scientific Cases: Dirac semimetal and Weyl semimetal

3D semimetals with linear dispersion

Weyl semimetal Dirac semimetal
(non-degenerated bands) (doubly degenerated bands)

e &

e ‘\_ TaAs \ 7 ZrTes
\ 7 / \ DB , NasBi.
,. \ l / Cd,As,

4 TaP

* The Dirac point can split into two Weyl points either by breaking the
crystal inversion symmetry or time-reversal symmetry.

* |In condensed matter physics, each Weyl point act like a singularity of the
Berry curvature in the Brillion Zone — magnetic monopole in k-space

BROOKHRVEN
Brookhaven Science Associates NATIONAL LABORATORY
CINIJEES 'Coitiss bievzic Clet 'l JOVvIE
CWIZ2019, Sose, Ligzin — Oct, |, 2015




Scientific Cases: Dirac semimetal and Weyl semimetal

Dirac semimetal Magnetic semicond. Weyl semimetal Line node semimetal
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Scientific Cases: Dirac semimetal Na;Bi
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Scientific Cases: Dirac semimetal and Weyl semimetal

SOC increasing
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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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How to Conduct ARPES Experiment

An introduction to
Angle-Resolved Photo-
Emission Spectroscopy

(ARPES)

@ diomond

((sep) B3R5 S 8253 T P
/’ 7, /  National Synchrotron Radiation Research Center



Future and outlook

* Spin and dynamic behavior
— Topological insulator, 2D materials, superconductors, complex oxides,
graphene-based materials....
— Time-resolved ARPES
— Spin-resolved ARPES

(=) B 37 5985357 5 b
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Time-resolved ARPES

Table 1. Some typical laser light sources used in ARPES.

Pho. Max.Pho. Tem.
Laser Applica- energy Pulse width Rep.rate  flux Energy res.  Res.
catagory  Generation tion (eV) (ps, fs) (kHz, MHz) (photons s " (meV) (fz) References Remarks
Quasi-CW  NLOcrystal High-res 7 ~10 ps 80 MH= 1510 0.26 meV ! Liu et al [21] ia)
SFG+5HG ARPES
[i] ~T0 fs 100 MHz 05 4.7 meV ! Koralek er al [20] by
(seed)
T ~10 ps 120 MHz  Unknown 0025 meV [ Okazaki et al [186] (c)
537 5ps 76 MH= ~101 Unsecified / Jiang et al [87] id)
CwW NLO crystal High-res 6.05 Infinite Infinite 1 s 104 0.01 / Tamai et al [37] ie)
SFG+5HG ARPES
6.49 Infinite Infinite 1.25 % 1045 ~107 " meV  / Scholz et al [54] ()
Pulsed NLO crystal Tr- 1.5.6 50fs, 160 fs 80 MHz Unspecified <22 meV 163 fs  Sobota et al [41] (gh
laser SFG+SHG ARPES
1.5.6,04 35fs,55fs 250kHz ~10" 40 meV 65 fs  Faure et al [40]
1.48, 170 fs,- 250 kHz Unspecified 2103 meV 2240  Ishida et al [149]
5.02 fz
HHG Moble gas Tr- 1.58, 40 fs, 100 fs 10 kH=z 16107 90 125 fs  Fnetsch et al [43] ih)
HHG ARPES 1540 meV @ 35.6
eV
1.6.22.1 30fs,11fs 10kHz Unspecified 170 meV 13fs  Rohde er al [42] (i)
1.57, 30fs 1 kHz Unspecified Unspecified 30fs  Petersen et al [31]
204
Mod.f Mixed rare High-res 10.5 10ps, 0.2-8 g 10 <1 meV ! Bemtsen et al [T5]  (j)
Reson. gas ARPES MHz
type HHG

10.9 100ps, 1-20 MHz 4 13 <2 meV / Yu He et al [T6] (k)

@ FEL Long undu-  Tr- 26-300 30-150ps =10 Hz Very high 300 meV 700 fs  Hellmann et al [59]
lator ARPES




Time-resolved ARPES

2PPE =
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Time-resolved ARPES

Probing unoccupied states
of Bi,Se; with 2PPE
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Time-resolved ARPES

adapted from Petek and Ogawa, Prog. Surf. Sci. 56, 239 (1997)

linewidth (eV)
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Time-resolved ARPES

High repetition rate/ lower photon flux in single pulse
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Time-resolved ARPES

N
Hemisphere analyzer
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Time-resolved ARPES

Bi,Se,

Conduchon band
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Time-resolved ARPES : THz exciting source

z: [0001]

y: [21-1_ 0]

x: [0110]
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Reimann et al., Nature (2018)



Time-resolved ARPES :THz exciting source

a k, (A7) b k, (A7) c
0.1 005 0 005 01 01 -0.05 0 005 01
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1 1
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Future and outlook

* Spin and dynamic behavior
— Topological insulator, 2D materials, superconductors, complex oxides,
graphene-based materials....
— Time-resolved ARPES.
— Spin-resolved ARPES

* Discovery and characterization of advanced materials
— Novel materials fabricated with the CVD method, micro-mechanic
exfoliation... usually have smaller domain size in the early stage of material
discovery. (van der Waals heterostructure, twisted bilayer graphene, 2D
materials)
— Single crystals with broken surface after in-situ cleaving.
— Gating Effects in 2D Materials
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Future and outlook : Circular Dichroism (CD)-ARPES

LH/LV

RC/LC
hv

M I M M I M M I M
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Prie,
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LC

Eunsook Lee, Sci. Rep. (2016)



Future and outlook : Spin-resolved ARPES

Rashba Splitting in
Au(111)
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Future and outlook

* Discovery and characterization of advanced materials
— Novel materials fabricated with the CVD method, micro-mechanic
exfoliation... usually have smaller domain size in the early stage of material
discovery. (van der Waals heterostructure, twisted bilayer graphene, 2D
materials)

(=) MR S 181151 T2 b
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Nano Everywhere

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

Large MgB5 single crystal ~200 um-

available two years after discovery

10 um - available shortly after / o
discovery aaw Y560 iov;

MgB5 wire - available few months

after discovery

}) B R S $BAHTR b &
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Van der Waals Heterostructures

e

@ LHS with rough interface C LHS with smooth interface
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Magic Angle in Twisted Graphene

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

a Unit cell of Enlarged b

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

Future and outlook

e Spin and dynamic behavior
— Topological insulator, 2D materials, superconductors, complex oxides,
graphene-based materials....
— Time-resolved ARPES.
— Spin-resolved ARPES

e Discovery and characterization of advanced materials
— Novel materials fabricated with the CVD method, micro-mechanic
exfoliation... usually have smaller domain size in the early stage of material
discovery. (van der Waals heterostructure, twisted bilayer graphene, 2D
materials)
— Single crystals with broken surface after in-situ cleaving.
— Gating Effects in 2D Materials

National Synchrotron Radiation Research Center
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Single crystals with broken surface

Anomalously large gap anisotropy in the a-b plane of BSCCO

PHYSICAL REVIEW LETTERS

VOLUME 70, NUMBER 10 8 MARCH 1993

!_" I ML 1 T | I

M Paint | Sample #2
T e =36HK - Te = 88K
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Energy Relative to the Farmi Level (V) [ e lwh |
FIG. 1. High resolution photoemission spectra from sample | -0.2 EX o

recorded at k-space locations A and B, as illustrated in the in- Energy Ralativa to the Fermi Lewal (&)

set. The spectra at & were measured before those at 4, The

FIG. 2. Spectra fi at M i
spectral changes above and below T, are cuused by the opening pectra from sample 2 recorded at M at different

of the superconducting gap. The change at A is guite visible,
yielding a larger gap. The change at £ is hardly visible, sug-
gesting a very small or null gap.

ing of the superconducting energy gap. At the same

times after the sample was cleaved and kept at low temperature.
As the sample ages, the superconducting gap becomes smaller.
The numbers marked are the gap size and its aging time after
the cleave, A decrease of the intensity of the — 80 meV dip is
clearly visible. The clean sample surface can be regencrated by
warming up the sample to room temperature, and then cooling
down again.
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Single crystals with broken surface

YBa,Cu,Ogq4 studied with nano-ARPES at 105 beamline, DLS
Beam size ~ 500 nm

(a)

(d) (e)

Sample vertical, Y=Y, (um)

200 -100 O 100 200
Sample horizontal, X—X_{um)
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H.lwasawa, PRB 99, 140510 (2019
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Single crystals with broken surface

YBa,Cu,Ogq4 studied with nano-ARPES at 105 beamline, DLS
Beam size ~ 500 nm
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Future and outlook

* Spin and dynamic behavior
— Topological insulator, 2D materials, superconductors, complex oxides,
graphene-based materials....
— Time-resolved ARPES.
— Spin-resolved ARPES

e Discovery and characterization of advanced materials
— Novel materials fabricated with the CVD method, micro-mechanic
exfoliation... usually have smaller domain size in the early stage of material
discovery. (van der Waals heterostructure, twisted bilayer graphene, 2D
materials)
— Single crystals with broken surface after in-situ cleaving.
— Gating Effects in 2D Materials
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Gating Effects in 2D Materials

f ng (103 cm2)
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Paul V. Nguyen et al., Nature (2019)



Gating Effects in 2D Materials
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Future and outlook

e Spin and dynamic behavior
— Topological insulator, 2D materials, superconductors, complex oxides,
graphene-based materials....
— Time-resolved ARPES.
— Spin-resolved ARPES

* Discovery and characterization of advanced materials
— Novel materials fabricated with the CVD method, noi echanic

exfoliation... usually have smaller domai stage of material
discovery. (van der Waals u bilayer graphene, 2D
materials) ith be

— Singl rface after in-situ cleaving.
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With spatial and momentum k information

Electronic and Chemical imaging of Band structure of transition metal
Nanowires and patterned Samples dichalcogenides and their correlation effects

Conduct ARPES experiment for much smaller sample size

) B R S AT R e
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nanoARPES : X-ray focusing optics

X-ray focusing optics:

zone plates, mirrors, capillaries

A &(FS‘XPS.

 XANES

Zone Plate optics - circular
grating with decreasing width:
from ~ 200 to ~ 10000 eV
Monochromatic:

Resolution achieved 15 nm in
transmission

concentrator

Normal incidence:
spherical mirrors with multilayer interference
coating (Schwarzschild Objective)
Monochromatic, good for E < 100eV

Resolution: best ~ 100 nm Resolution: > 3000 nm

National Synchrotron Radiation Research Center

@ B 3R /3 5~ BB A3 T T P

Capillary: multiple reflection

KP-B mirrors each focusing in
one direction: soft & hard X-
rays: ~ 100 nm
Soft & hard x-rays!
achromatic focal point, easy
enerqgy tunability, comfortable
working distance
Resolution < 100 nm

Refractive lenses

B 0000NEE

Hard x-rays ~ 4-70 keV
Resolution: > 1000 nm




nanoARPES : Curved Mirror Optics

Schwarzschild-optics

Kirkpatrick-Baez-optics

=) B 5 A S TR P
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nanoARPES : Curved Mirror Optics

Wolter optics type I:

-""--.,j—lyperbola

Wolter optics type Il:

.....

Ellipse ../ .
__________ Fo” (o

/_‘Eﬁﬂ&ﬁhﬁﬁf
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nanoARPES : Curved Mirror Optics

Nest of Grazing-Incidence Mirrors

Field-of -View
-5Deg \

p%

Doubly /‘
S

Reflected -~ %ocal

Fout Nested Hyperboloids X-rays -7 Surt
riace

-
= A
" - / Doubly
a»” - ’ /
i Reflected
A X-rays /
: & 10 Meters
J
NG ¥
X-rays
-~ If
X-rays
-~ ;f

Mirror elements are 0.8 m long and from 0.6 m to 1.2 m diameter

Mirror Design of Chandra X-Ray Telescope
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Capillary focusing method

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

 Cutacapillary in half and attempt to use
3 differential deposition to smooth out inner
H surface.
z
= ‘GOIQIC«\' lPosmor; (mauo\nu
A /
P,
Pin hole
il OO :
Beam Direction spo 1 mm
" Mic
blocked direct 'li)’-‘(.:" Focus s"‘é’a’;'::r‘;“e :.';; SKLY-Setestor
| shiang bt
i \\’43‘ S
N Beam Beam'\ | in unce
I § i\?i moniior ‘<\_' f rs.\p?lllivl;o ! I / —
R L U, 7
I Fluorescence 0 ;,/,’ :‘:‘;:' Beam LS 113
screen siage \\// stop monitor viC-AMultilaver

Vionochromato



Evaluation of Capillary focusing method

P ¥ Secondary
. s ’ focus {a}
Source “ gooncary
Primary Oplics source Capillary
Secondary
< source SEF:&?W
Source N

Primary Optics Capillary

The secondary focal size is 0=F+60, where F is the focal length of secondary
optics and 8 is the incident beam divergence

(em}) BB JF| S~ 9B AT 5L P
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Evaluation of Capillary focusing method

Figure 1
Top: far-field image without beam stop; the ruler shows the actual size of
the image (approximately 25 mm outer diameter). Bottom: the same rings
with external lights turned off for better contrast, and its ray-tracing
simulation.

@ B R /= S 8B AFHT I P <
115

National Synchrotron Radiation Research Center

Barrea et al., J. Synchrotron Radiation (2008)



X-ray

\
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nanoARPES : Fresnel Zone Plate

For f >> nN2, which corresponds to a small NA lens

the radius of the nth zone is given by:

> A real first focus is achieved when

successive zones increase in nﬁby

» FZP are highly chromatic

B R S $B T P
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nanoARPES : Fresnel zone plate

-2. order cone

-1. order cone

2. order focus \

zone plate

/ 0. order beam
A order sorting aperture

1. order focus

) B R S 8B FI bt
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nanoARPES : Fresnel zone plate

ZTN AT'N

Working distance @ 100 eV ~ 4 mm Focal length f = —=

higher-order
7 light ®)

/] higher-order
! A4 light
i r'e 19

first-order
focus

first-order
focus

focal plane

| focal plane
zone plate  OSA off-axis zone plate CS
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nanoARPES : Beamline design

Pre-focusing Mirrors Exit Slit Double PseudoWolter Zone plate Electron analyser

Refocusing Mirrors
§
=
o

B,
l
47' ~
‘/

/

4

]

~y

—

Q.

VLSVGP Plane G
Monochromator
Pinhole
Order Sorting
Aperture (0SA)
x-y-Z translator
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Beamlines in light sources worldwide for micro- or nano-ARPES

L -

g valence band

k}. nanoARPES

o operating:
* * Elettra, Soleil, DLS

\ planning/commissioning:

TPS, NSLS-2

}) BRE S $BHHTR P &
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The challenge of nanoARPES end station

— nanoARPES - With spatial and
Interferometer . . . .
contrgliers || | momentum k information in the electronic

structure

Spatially-resolved ARPES
Zone-plate focusing: beam size ~ 100 nm

_ chamber angular rotation ~“45°
combine with

electron deflection £30°

'3, total polar angle range ~75°




Optical Layout of TPS 39A nanoARPES Beamline

Core techniques: _ _ BL specification:
Probe the electronic structure of solids |, photon energy: 20 - 650 eV

~ UWARPES (TPS3 9A1)
Beam size ~ 10 um

v nNanoARPES (TPS 39A2)
Beam size ~ 100 nm

Resolving power >10°
e Flux~ 10%2 ph/s with 10* resolving
power

Energy range (eV) | 20-200 | 50-700

N, (//mm) 600 1200
20 (degree) 155 160
EPU168
nanoARPES

(TPS39 A2)

AM-PGM design
(increase resolving power)

(TPS39 A1)  nrema



Optical Layout of TPS 39A nanoARPES Beamline
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Insertion Device of TPS 39A nanoARPES Beamline

* Gap operation : 28 ~ 120mm/ 4.3 m length with 23 periods

EPU19608_H EPU168 _CP
SN s
e 4 VN T
] / 1,51\ 10° 1E17 - /
— ol \ 170 \ ]
X 165 <
E 7 \\ 6.0 \ 104 S
I o ¢t
2 ] | es 12\ {03 T £ ey
& Jod @\ . &
_.é‘ 35 L >
2 130 \ 402 @
8 125 ] @
o 1E15 4 ] ] \ G1.2 mm Q
] 1 2.0 1 \ Ey::gg w 1E15—:
115 G130mm \\Ez.st sosev ] O ]
1.0 y:0.0598 N\
Tos ] Ky:0.939 N
177 7] Tst: 352¢’ —~—
0.0 4+ 0.0 R
10 100 1000 20 40 60 80 100 120 140 160 180 200 10 100 1000
Energy (eV) gap (mm) Energy (eV)
Mode Magnetic field K Elst Partial power within 4.4 Partial power on B1 chamber
(M) (eV) sigma (kW) Miss steering 2mm/0.2mrad (W)
Horizontal linear By<0.516 Ky < 8.1 215 0.568 ~0
Circular By=Bx <0.223 Ky=Kx < 3.5 239 ~0 40/16
Vertical linear Bx <0.223 Kx <3.5 272 0.237 3.6/2




Beam Size and Resolving Power of TPS 39A nanoARPES

Opening Beam size Beam size Photon flux | Photon flux | Resolving
width of exit at 20 eV at 100 eV at 20 eV at 100 eV power
slit (E slit) (HxV) (HxV) (photons/s) E/AE
High energy resolution 2 pm 8 x 7 pm? 5Xx 4 pm? 2x10° 4x10% 100,000
Medium photon flux 10 pm 9 x 16 pm? 6 X 16 um? 1.2 x 10%0 2x1012 20,000
High photon flux 20 pm 10 x 32 pm? 7 x 32 pm? 3 x 10%° 4x10%2 8,000
High energy resolution Medium photon flux High photon flux
10" 10" 10"
—=— 600 I/mm —s— 600 I'mm —=— 600 I/mm
1012, —a— 1400 Ifmm | | 1012, —a 1400 /mm | | 1012, —=— 1400 Ifmm | |
600 l/mm 800 I'/mm 800 l'mm
1011, 1011, 1011,
1010_ 1010_ 1010_
10% 10°¢ 10°%
Photon flux Photon flux Photon flux
10° 20 40 60 100 200 400 600 10t 10° 20 40 60 100 200 400 600 1000 10° 20 40 60 100 200 400 600 1000
) BRA S BHFTR P2
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The end station of TPS 39A1

MARPES — led and constructed by Prof. Deng-Sung Lin
(NTHU) from an user community
Spatially-resolved ARPES/Spin-resolved
ARPES/Conventional ARPES
Temperature range 5 — 1500 K
In-situ thin film preparation
2D-VLEED spin-detector

v" Assembled in February 2018

v’ Located at TPS 39A1

v" Conducted Spin-resolved ARPES/Conventional
ARPES with He-lamp before the completion of
beamline construction

) BR /A S 88T
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The end station of TPS 39A2

Core techniques:
Probe the electronic structure of solids with much
smaller domain size
~ nanoARPES (TPS39 A2)
v Beam size ~ 100 nm
v Bendable mirrors for HRFMb & VRFMb

PGM

E-slit ol AM

nanoARPES HRbe

End station ¥
ZP-slit VRFMb

HPM

Two focal points of KB bendable

mirrors

e At ZP-slit with ZP focusing

e Behind ZP-slit ~ 2.5 m without ZP
focusing

VFM

EPU168
~VPM

V-slit

128




Simulation result of zone plate & KB focusing stage at TPS

300
- Beam size for KB =— Beam size_H (um)
Z.P. object distance 2250 mm 250l — Beam size V (um)
Z.P.image distance 6 mm
200t
Z.P. diameter 0.9 mm
KB focus positin (after HRFMb) 2500 mm 150y
Z.P. position (after HRFMb) 4750 mm 100}
Foocus2 position (after HRFMb) 4756 mm 5ol T
0 L L L L
50 100 150 200
10" . 600
" Photon flux Flux : Beam size for ZP _
il a Sample - 500! - Beam size_H (nm)
10 _ : - Zone Plate _ = Beam size_V (nm)
400~
300~
200r '\K
100" e
108 - - _ 0z

50 100 150 200 50 100 150 15200



Experimental Sequence of nanoARPES

With KB focusing ~50 um 5mmx5mm 100 nm
With ZP focusing ~100 nm 200 pmx200pum 20 nm

v" With KB focusing, we can make a large area mapping of core level to find
the position and bonding termination of sample.

v' With ZP focusing, we can make a fine scan of band structure and Fermi
surface mapping for sample area.

(=) B 37 5985357 5 b
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The end station design of NanoARPES branch

nanoARPES - With spatial and momentum
k information in the electronic structure

Goal : Spatially-resolved ARPES
Zone-plate focusing: beam size ~ 100 nm

Sample stage :

v' 6-axis degrees of freedom
(x,v,z,yaw,roll,pitch)

LHe & LN, cooling : 45K & 100 K
Optical hutch required

Monitor the position of sample, OSA
and ZP stages with laser interferometer
v" UHV compatible stages

AN

UHV environment/UHV compatible stage
v’ Baking temperature
Magnetic field shielding
v" Motor with long traveling length
6-axis sample stage with high spatial
resolution

v’ Stability
Very short working distance for ZP in VUV
region

v low photon energy (50-200 eV)
Vibration control (<30 nm)

v Environment, pumps...
Temperature drift

v’ Optical hutch required
Space charging issue

(%) BR A 5 8835 5o p e
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The end station design of NanoARPES branch

Sample preparation
chamber

7l

Eb' \ Mli[ /

_-J Sample stage

analyzer

@ B R S B TR P
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The end station design of NanoARPES Branch
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The end station design of NanoARPES branch




The end station design of NanoARPES branch




The end station design of NanoARPES branch




In-operando setup

Top gate Monolayer MoS,

Drain / Source

Hf0, —

$i0;—»

Si substrate

| ﬂ i
€ e o




nanoARPES in Exfoliated Graphene on h-BN

Low [T | High ON OB OC 03-00-G3 G2 03000

6.66 A

NanoARPES image

0 P ‘v‘;a'/
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Typical result at MAESTRO beamline, ALS

WS, s—

Graphene

, SRR 8 0

e P OO W
C.Kastl, MF Zpm = 4 4 b 5 ‘ A
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Summary

* With spatial and momentum-resolved information in electronic structure,
nanoARPES is a powerful tool for probing the band structure of solids
with small domain size.

 Combine with Time-resolved ARPES and Spin-resolved ARPES, extensive
scientific topics can be studied.

* With an in-operando setup, a gate configuration of 2D materials is
possible to conduct ARPES for probing the effect of gate voltage.

* In conventional ARPES, non-layer structure of crystals are difficult to
measure its band structure, such as YBCO.... With nanoARPES, we can
revisit these interest topics.

(=) B RS- 4B AT T b

J  National Synchrotron Radiation Research Center




Constrution Team

Insertion Device
Dr. Ting-Yi Chung, Dr. Ching-Hsiang Hwang

Beamline construction :
Huang-Wen Fu, Dr. Gung-Chian Yin, Ming-Ying Hsu, Dr. Bo-Yi Chen,
Liang-Jen Huang, Chao-Yu Chang, Ming-Han Lee, Dr. Yi-Jr Su, Robert Lee,
Dr. Chien-Te Chen

TPS 39A1 : UARPES
Prof. Deng-Sung Lin (NTHU)

TPS 39A2 : nanoARPES
Cheng-Maw Cheng, Ping-Hui Lin

(=) BR34BTt Re b

/' National Synchrotron Radiation Research Center




Acknowledgement

* Dr. Jose Avila *  Dr. Moritz Hoesch
* Dr. Maria Carmen Asensio P04 XUV beamline, PETRA IlI,
ANTARES beamline, SOLEIL, France DESY, Germany

* Dr. Eli Rotenberg
*  Dr. Aaron Bostwick
MAESTRO beamline, ALS, USA

) B R/ - $BITI b

National Synchrotron Radiation Research Center




