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100 Years of Photoemission

X-ray'! Photoelectron spectroscopy, based on the photoelectric effect,22 was developed in the mid-

1960’s as a practical technique by Kai Siegbahn and his research group at the University of Uppsala,
Sweden.*

Wilhelm Conrad Rontgen Heinrich Rudolf Hertz Albert Einstein Kai M. Siegbahn
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. W. Réntgen, 1901 Nobel Prize in Physics “in recognition of the extraordinary services he has rendered by the discovery of the

remarkable rays subsequently named after him.”

H. Hertz, Ann. Physik 31,983 (1887).

A. Einstein, Ann. Physik 17,132 (1905). 1921 Nobel Prize in Physics “for his services to Theoretical Physics, and
especially for his discovery of the law of the photoelectric effect.”

K. Siegbahn, Et. Al.,Nova Acta Regiae Soc.Sci., Ser. IV, Vol. 20 (1967). 1981 Nobel Prize in Physics “for his contribution to
the development of high resolution electron spectroscopy.”



What is photoemission?

Photon in —> electron out (emission)
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What Iis photoemission spectroscopy?
(photoelectron spectroscopy) (PES)

Electron energy analyzer

hy  Monochromatized
photons EC%
HIH\ / &

O p*

sample

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

Conservation of energy

N(E)
E, =hv + E; - E; (most general expression) ~/\\/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)




The energy level of hydrogen atom
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Electron ionization levels are formed from discrete levels in an atom

Energy conservation : hiv—E; = KE
A
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Photoelectron
intensity

* no need to be on resonance or scan photon
energies (e.g. NMR, optical measurements).
1s Just need photons to have high enough energy!

Energy levels of
ionized Ne*
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Hydrogen atom spectrum

Blue Blue
Violet Violet green

tube containing

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




Gas phase test

Dissociatio H:
150} Limit 8
k
]

Al

oL W&MW i

Contamination: M, N,
I 1

18 17 16 15 {2V}
Bincing Energy relative to E,;

Count sec™!

/  National Synchrotron Radiation Research Center




. @ (meVY)
8 °

Science 1999

Quantum Wells
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The crystal structure and momentum space

(Real) x-Space (Momentum) k-Space

ui} Localized core electrons

Delocalized valence energy surface
band electrons

Constant-

Z. Hussain, ALS summer school



nickel (II) oxide
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primitive vectors a,, a,, as

reciprocal lattice vector b,,b,,b,

= dz2 X as
b, =27
- ads X di
bz =27Z'
= ai Xaz
bs =27

V =a;-a; xas
reciprocal lattice G :
G = Iby + mb, + nbs

I,m,n are any integers



* Deeply bound “core” electrons remain basically unchanged

* Outermost “valence” electrons hybridize forming continuous
“energy bands”

— -

Ev AVaV |V ) NV aVaVaVAVAVAVAVAVASS
acuum

¢ (work function) {

Fermi Energy

>

.//

Photoelectron
intensity
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Na metal (Ne + one 3s electron)
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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.



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

metal semiconductor insulator

Many properties of a solids are determined by electrons near E;
(conductivity, magnetoresistance, superconductivity, magnetism)
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L. . . . Almost every electronic
Fermi-Dirac Distribution  t1ansport property of solids

is proportional to D(&g).

Thermal Properties of Free
Electron Gas:
|

Fermi function f(&)= EmRT RT ~ 25 meV
(_-_| pp g

(Fermi-Dirac distribution)
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Gold
hv = 6.994 eV
T=29K

0 data
— it

Intensity farb.unils)

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]

) % A 5 88T P
/' National Synchrotron Radiation Research Center Hufner, Very high resolution photoelectron spectroscopy




Fermi Surface




Example: the electronic structure of
graphene




The unit cell of graphene

(b)
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SWMc Hamiltonian of bilayer graphene

Eo+b yof(0) 11 vaf'(k) (b)

H(I_c)) _ Vof*(l_é) jiol_{)) V;f*(i) Vjcfig \’\\,:1;;
Y1 Y4 otA Yof” \ % 1.
1af®) v ® vof®  E A f‘?:%

f(l_c)) = exp(ikxao/Zx/g) + 2exp(—ikxa0/2\/§)cos(ky/2)

k = (ly, ky)

21
A. Gruneis et al., PRB (2008)




Pure 2D material : graphene

21 — 27T —
b'l = _(]- \:-3), b2 = _(]-'r_ \3)
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Pure 2D material : graphene

B ultra-relativistic C massless D massive
Dirac fermions chiral fermions




The band structure of graphene/SiC
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Why orientation of solid so important

Graphite Fermi Surface
P Energy Bands

| most of the momentum information is lost
‘mi Surf, as our spot size is much larger than the grain size.

B S BBTR F

National Synchrotron Radiation ch Center 26




How to probe the electronic structure
of solids



The principle of photoemission spectroscopy

Analyzer for
kinetic energies

Photon Source

* X-ray tube (©) F. Maller
* UV lamp

* Laser

» Synchrotron

: . Typical XPSpectra
. > . detector (of some metals)
2 \ o o » »
’%‘ s . - .
FRBLENS ’ * _ Photoelectrons 3 3d
¢ 3s ; a 4
/ s i VB
3p 3d P Rh
4
%,‘ 4s 14\(3 Tag
= 4f
2 w P .
c |4s
Sample ve [
(with different degrees of freedom p P 4d .
for rotation nad translation) — " v [N
e T LT I e e e B B B B e e e e |
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electron binding energy (eV)




What Iis photoemission spectroscopy?
(photoelectron spectroscopy) (PES)

Electron energy analyzer

hy  Monochromatized
photons EC%
HIH\ / &

O p*

sample

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

Conservation of energy

N(E)
E, =hv + E; - E; (most general expression) ~/\\/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)




The principle of photoemission spectroscopy

* Deeply bound “core” electrons remain basically unchanged

* Outermost “valence” electrons hybridize forming continuous
“energy bands”

YAAA
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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)

R ch Center

L ek




Kai Seigbahn: Development of
X-ray Photoelectron Spectroscopy

C. Nordling E. Sokolowski and K. Siegbahn, Phys. Rev. 1957, 105, 1676.

COUNTS /400 wee
Precision Method for Obtaining Absolute e CuKIMe ey
Values of Atomic Binding Energies . '..._, 1

CarL NorpLING, EVELYN SOKOLOWSKI, AND KAT SIEGBAHN

Depariment of Physics, Universily of Uppsala, Uppsala, Sweden
(Received January 10, 1957)

E have recently developed a precision method of
investigating atomic binding energies, which we
believe will find application in a variety of problems in

. . . o 5 N T -
atomic and solid state physics. In principle, the method L . o
- e 108 e m m 3] Geudi em
Lne EE w08 a1e ome

Fra. 1. Lines resulting from photoelectrons expelled from Cu
by Mo Koy and Mo Koy x-radiation. The satellites markec
I).E.L. are interpreted as due to electrons which have suffered a
discrete energy loss when scattered in the source.

Nobel Prize in Physics 1981
(His father, Manne Siegbahn, won the Nobel Prize in Physics in 1924
for the development of X-ray spectroscopy)




Photoemission Core Level Spectroscopy
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Auger Electron Spectroscopy

— (a) Photoelectric absorption
Core electron ionized by photons o

or high energy electrons =
; Z Anunuum "
Non-radiative core hole decay Energy

— M
—> Auger electron emission —o—o—9—1
Radiative decay Y, A

—> Fluorescent x-ray emission

(b) Fluorescent X-ray emission

i Continuur Conti
Comparison between PES R S

and AES T i:l’ : - :JJ
PES: constant BE, Ek shift Ke

with changing photon energy
AES: constant Ek, apparent (¢) Auger electron emission
BE shift with changing
photon energy
(synchrotron)

~
Continuum 4

—_——M
e e S e |
f
\

—g—N
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Photoelectron probing Depth

hv;p, hvin Vacuum

hvou(

Surface

Flecn'on escape
depth: ~SOA

Photon Penetration
Depth: sin(8;,/1)~500-1000A ‘

Photon Escape
Depth: sin(6 g,/ )~1000A

The powerful spectroscopic tools such as XPS and UPS might be
limited in in-situ chemical analysis because of the short penetration

3 shig glssions
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Electron Escape Depth : Surface Sensitivity

Minimum due to electron-electron scattering,
mainly plasmons
Why are electrons PES is a surface sensitive technique! (requires
so useful as probes UHV) o
High energy photoemission: several keV to
of surfaces? Increase bulk sensitivity

I B T R [ i A [ T T T |
or

Not so useful for .
studying bulk
properties !!

MEAN FREE PATH (A)

10

Mo® @
Be =

B R E S 3ERIFT R F & B 1 ¢y aspa] Lol L0 b Ry 1

Ri ch Center 2 5 10 50 100 500 1000 2000
ELECTRON ENERGY (eV)




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.

R ch Center




what is ARPES?
Angle-resolved Photoemission Spectroscopy

Conservation of Energy

E.n= Ept @+ E,

Occupied DOS

p —



what is ARPES?
Angle-resolved Photoemission Spectroscopy

Conservation of Energy

E,.= E,+ @+ E,

o T g B

EhRimnrni iR

2 T T T
o

*
3 i

5 PES/IPES
=

a

k=

3 Metal

=

-

prd

occupied k_i unoccupied

Occupied DOS 5 0 5

Kinetic energy relative to E;

p —



Angular Resolved Photoemission Spectroscopy{ARPES)

exciting photons

{energy THLJ, .
vector potential A
angle of AT X W

photoelectrons

{ energy Ek:n ;
exitangles 3,9;
aperture A7)

incidence ) : \

Wi

single crystal lerystal face;
surfoce structure

Electron emission angle: 6

Xz plane: crystal symmetry plane

Photon incident angle: w, s- and p-polarization

B S BBTR F
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k,(A")=0.5123,/E,(eV) sin®

k (Iinside) = k  (outside)
Conservation of liner momentum

Important for 3D and 2D band mapping

k, =0.5123/(E,,, c0S2 6 +V,)




Conservation of linear momentum parallel to the
surface

Kinemaltic relations

2m
knut kam‘ = \Jll_E
Quut | 2?’?’?
kfﬂ = '\I'l'l?(E,hﬂ V. )

ﬂm‘ll m 1= IQI

“Snell's Law”

'2 | 2
jH‘ij‘jﬁﬂ.ﬂ=:55.111%}',. il

Iql =sinf - \,Il F

out ’\vl (Ek.irr + PTI'.]I)

Critical angle for emission

I'
(Sjﬂgaur) li
( A '\l| E._+V,




Intensity oc >
i

Electron momentum P Py
Parallel to the surface 15
conserved
KJ- M
K

k, =0.5123/(E,;, cos? 0 +V,)
k, =0.5123./E,. sind
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Binding energy B

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

(TaSe,) ;:l

experimental result

-1 EF

BINDING ENERGY (eV)

{
@ FIG. 1. A series of high-energy-resolution angle-resolved
photocmission spectra, taken along the direction of the sample

and for different values of the azimuthal angle.
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% 2 FIG. |. Angle-resolved photoemission spectra taken using 22-e¥V photon energy, at room temperature, for photon electric field {a)
o 1 parallel and (k) perpendicalar to the conducting axis. The emission angle 15 along the conducting axis, with the surface normal
0] defined as 0%
'l i

Now a 2-D detector with £ 30" and 0.1" angular
resolution can be obtained.



Au(111) : The inversion symmetry is broken at the surface

o - h P o o
0.12
0.10- ] /‘% 5 K/2
: 4
0.08-_ 3 ©
0.06- 2 g
o' -1 2 /Surface de Fermi
O
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0 g | e
- 1 €
| L o
0,02 2 E(-k)) | E(k,T)
' 3 E(k T ; E(k,))
4 :
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mmmd two spin polarized SS bands
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Typical Experimental Result with 2D detector

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

170 17.2 17.4
Kinetic energy (eV)

R 3R /5 S $B A TR P

National Synchrotron Radiation Research Center
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Typical experimental result on graphene/SiC

ekttt A

a7




Experimental geometry

We know the angle (8) and energy (E) of the outgoing
electron. We also know the momentum (~zero) and the
energy of the exciting photon.

\We can easily work out the relationship between the
measured 8 & E and originating k & E of the electrons in

the solid.

% This is everything we like to know about the internal
electronic states of the solid (except spin!)

FE S EEAITII F &
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Eli Rotenberg, ALS summer school



Binding energy (eV)

W Natonal Synchrotron Kaaraton Kesearcn Genter

Rashba splitting on Au(111) surface

Constant energy slice
(Slice 1) JoWi

01 ~  Surface state of Au(111)

Fermi edge of
polycrystalline Au
_02 _ 8 measured at T = 9K
= System resolution
= 4.7 meV
0204 0 04 02 £ °7
(d) 2 4
Energy-momentum slice BTN
(Slice 2) Q@ = 5
1 0 E = Fitted Fermi function
; o4 ©  Measured Fermi edge oo
100 E’ 15 10 5 0 5 -0 15
200 g Binding energy (meV)
@
300 g
400 =
2
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11]
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Courtesy of M. Berndsen and O. Tjernberg, KTH, Stockholm



Quick Band Mapping with ARPES

Azimuthal angle scan Tilt angle scan

Bi2212 Pb-Bi2212

1.0-
0.5
< 00-
¥>
-0.5-
-20 -10 i) 10 20 20 -1.D o 1b 20 -20 -10 0 tb 20
: Azimuthal angle _1 0 a
V) BRE S SEAFT R P2 1.0 0.5 0.0 0.5 1.0
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Map the band structure over all BZ

e

change calculation parameters

s-bonding (transfer) integral

{ :
t 3 -3
on-site energy
€ _i 0
overlap integral

Wolfram * Demonstrations Project
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Requests before ARPES experiment

» 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.

L ek
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Light sources and terminology

e Ultraviolet Photoemission Spectroscopy (UPS)
— UV Helamp (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




Light sources and terminology

e Ultraviolet Photoemission Spectroscopy (UPS)
— UV Helamp (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 Synchrotron radiation
— continuous tunable wavelength
— valance band and core level




_ 2 SR Lattice constant :
kJ_ - 0'5123\/(Ekin cos” & +V0) /’/r /\’(“IK Graphene : 2.46 A
B : N % Cu(111):2.08 A
k// i 0.512 Ek|n Sln H \\ />(\ K ,,,.* MOSZ . 3.12 A
ba\,

v" 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 A1, 2.11 A-1,3.46 A1, 5.01 A, 11.4 At

v' The angle between the incident beam and spectrometer is 50 degree, please
estimate the covering range of BZat 6 eV, 21.2 eV, 50 eV, 100 eV and 500 eV
photon energy.

Answer: 0.51 A1, 1.61 A1, 2.65 A1, 3.83 A, 8.45 Al

v The BZ in single layer graphene, the magnitude of K is 1.703 AL. 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

B S BBTR F
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Photon energy

defines the deftectable area of Energy

E=hv-¢

defines the accessible area of BZ

1 .
k, = F«,n"ZmEm sinf

!

“Folded” hole band

(e) Hole bands

0.0 0.5 1.0 15
ky(1/A)
Phys. Rev. B 84, 014509 (2011)
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Photon energy

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

kin

O defines the accessible area of BZ

1 :
k, = }—1/2111[5“" sinf

l

)ands “Folded” hole band

ky(1/7A)
Phys. Rev. B 84, 014509 (2011)
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D

oy (IL B
Photon energy |

Ld ¥

defines the detectable area of Energy sample X i
Ey, =v=¢ @

defines the accessible area of BZ

1 .
k, = F«,n"ZmEm sinf

!

“Folded” hole band

Phys. Rev. B 84, 014509 (2011)
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Electron Escape Depth : Surface Sensitivity

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
studying bulk
properties !l

MEAN FREE PATH (A)

BRE S EHFFRX P& sb 1 Ti309] Lol L0 iyl l

National Synchrotron Radiation ch Center 2 5 10 50 100 500 1000 2000
ELECTRON ENERGY (eV)
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The requirement of ARPES

UHV environment : better than

-10
1X1 O TO I = Fresh vacuum cleave T=20 K
. . . = 2 Days old
Single crystals or in-situ growth — 8 Days old (a0 bulk bands)
. . == After cleaning sample at T=200 K
thin films
. — Bulk oxygen
Conductors or semiconductors z
_ 5
Tunable photon energies £
2 Surface oxygen
J R e R Z
L LTt eir e =
| g =
| HEL . z
tps w=r < Wli v L
545 540 535 530 525
P 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.
BX] s z .
B S BIITTR P HC Hsu, Ph.D. Thesis NTNU(2010)

National Synchrotron Radiation Research Center

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



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

K€e—T—>K Ke€e—T—>K Ke&e—T—>K Ke—TI—>K EDCs@T

o
—

Binding energy (eV)
=] =]
w ~nN

|

=" -
buk :

aged states '

fresh : :
M
1 1 |

0.3 0.2 0.1 0.0
Binding energy (eV)

o
™

o
o

MO|

01 00 041
Momentum (=)

Base pressure : 1x10-10 Torr

In-situ cleaved Bi,Se; single crystal Park et al., PRB (2010)



Current status of ARPES end station at TLS

/— Rotary shaft

, /— ST-400

>/— Supporting pipe

hamber
Supporting bracket

ek

Sample holder

Worm wheel gear
Spur gear

Polar

Universal joint
Azimuthal

Energy range : 5 eV~120 eV

E/AE: 100,000 at 16 eV and 64 eV

Scienta R4000 analyzer

Manipulator : 6-axis motorized manipulator
Sample Preparation: in-situ cleave, thin film growth
o il Measurement temperature range : 10 K~ 350 K

BRASBIMTITL Base pressure : 4.5x107! torr 62




What does ARPES measure

ZJ(@ 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



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

w,-Aw
k-q

w, k,

electron emits a phonon :
change of energy w 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

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

Eli Rotenberg, ALS summer school



Self energy in photoemission spectra

The quantity determined in ARPES Optimally doped Bi-2212 cuprate
experiments is the single-particle spectral
function

1
w—¢ —2(k, )

G(k, ) =

ImZ(k, »)
[0—&, —ReZ(k, )] +[ImZ(k, )]

k=0.446 A"
=114 eVA

L (mev)

Ak, o) =

>=ReXZ+1ImX

7

Dispersion: ]
i Scattering rate
hw

E-k Relation (Velocity; atte
Effective mass etc.) (Lifetime) hv Ak =

=) BRA S BHTR <.
T. Valla et al., Science 285, 2110 (2000)
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What does ARPES measure

ZJ(@ 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



The unit cell of graphene

(b)

FE S EEAITII F &
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SWMc Hamiltonian of bilayer graphene

Eo+b yof(0) 11 vaf'(k) (b)

H(I_c)) _ Vof*(l_é) jiol_{)) V;f*(i) Vjcfig \’\\,:1;;
Y1 Y4 otA Yof” \ % 1.
1af®) v ® vof®  E A f‘?:%

f(l_c)) = exp(ikxao/Zx/g) + 2exp(—ikxa0/2\/§)cos(ky/2)

k = (ly, ky)

68
A. Gruneis et al., PRB (2008)




Photon energy dependent in ARPES experiment

2 - 2 -
bl = _(1 \"3), bz = _(1,— \3)
3a 3a

27 2w 2 2
K=\——7—|. K'=|——-——F
3a 3v3a 3a 3y\3a

add BZ and points [V cut segment [V

change calculation parameters

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 t ,_J— i)

a—band

5k i IRainbow 3 \“\\_\

L 1 1 L N L/ Wolfram * Demonstrations Project

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5




Single layer and bilayer graphene

Single layer graphene Bilayer graphene

L] r K M
r K M K ' ' ' T '
1
51 ] st [ (a) /j
o-E % 0 V/f az e
. = //I-\
LI'lJ 1 % .'

5 - 5/ 1 ] YL.

L 10} . 1
0.0 0.5 1.0 1.5 2.0 2:5 3.0 3.5 00 0%

Ky S | | kA N ) Image:http://infared.Ibnl.gov.tw‘



E-Er (eV)
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What does ARPES measure

ZJ(@ 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



SWMc Hamiltonian of bilayer graphene

Eo+b yof(0) 11 vaf'(k) (b)

H(I_c)) _ Vof*(l_é) jiol_{)) V;f*(i) Vjcfig \’\\,:1;;
Y1 Y4 otA Yof” \ % 1.
1af®) v ® vof®  E A f‘?:%

f(l_c)) = exp(ikxao/Zx/g) + 2exp(—ikxa0/2\/§)cos(ky/2)

k = (ly, ky)

73
A. Gruneis et al., PRB (2008)
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ARPES result Calculation

(a)

14 16 18 2.0

0.41
(c)

0.21

< 0.0-

-0.21

-0.4-

14 16 18 20 A4 48 48 2B
:.:f. :r _1
ﬁﬁl kX(A)

/  National Synct

82 eV of photon energy



Varing incident photon energies to determine the interlayer
spacing of BLG/SIC

0.04(2) 0.04(R) 0.03(C)
|4 LY |/
-0.5- -0.51 -0.5-
-1.0- -1.01 / -1.0-
-1.5- 1.5 JF| -1.5-
2ol _lmsmev] ol 1 veeeev] 501 £ BocIge e
= 14 16 18 20 14 16 1.8 2.0 14 16 1.8 2.0
e £ K M| M K' M K' "
LW g 0}(d) 0.0 0.0l
| f | oy
-0.5- § -0.51 -0.5+
-1.0 / -1.01 \ -1.01 \
1.5 1.5 - 1.5 |
2.04— =100 eV -2.o: ..... hy= 1o o: Y hv=114ev
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k, dependent in bulk band mapping

A
¢
N~ 5
§ hv Intensity o= > K flp -A:r'}‘ A(K.E) f(E)
— if
- A \‘ detector Ak, EE) "
g g / l/
.
v / - Ak EXf(E)
G
d__ Aik, E)f(E) + L
“- f"*“‘p'—':]'“—.r
sample -
Ak E){E)
! =
q ) :

Electron momentum PL Py K' L
Parallel to the surface 15 i L
conserved LA ks =

k, -

K” Binding energy B

k, =0.5123,/(E,;, cos? 0 +V,)
k, =0.5123,/E,. sin@
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k, dependent in bulk band mapping

Crystal structure of LiCu,0,

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

a~2b

Twin domains Single domain




Photon energy dependence PES

| ; | |
s L= X o\

46.6 4 \%\—
g -

0] *&‘  The bands between about 3.6 eV

and 8 eV display a clear dispersion

e AT L . N
—@/&/\.% with photon energies disclosing a

strong coupling along the c-axis,

Intensity (arb. units)
t ‘

B A T * The bands above 3.6 eV until E:
%,/kl\—*%; weaker dispersion, more localized

iy MR character within each electronic bi-

\F
I

el A layer.

| .
8 6 4 2 0
Binding_,lﬁélergy eV)

BN 2R /PI T FEATITIC
National Synchrotron Radiation Research Center




The electronic structure of BiSbSe,
with varied incident photon energies.

0.0 - BiSbSe, 0.0~ BiSbSe, 0.0 BiSbSe,
-0.1 \/ -0.14 -0.1
< -0.2 < -0.24 < -0.2
uILJL -0.3 uﬁL -0.31 ujL -0.3
Y 04 " 0.4 " 04
-0.5 -0.54 -0.5

06 hv=20eV 087 hv=22 eV 0.6 hv=24 eV

I I 1 I I I I I I I I I I I

-0.2 -0.1 0.0 ; 01 02 -0.2 -01 0.0 : 01 0.2 -0.2 -0.1 0.0 g 0.1 0.2
ky (A)) ki (A) ki (A)
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E-Ef (eV)

The electronic structure of Sb,Te,Se
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= i z; ' 30 ) AN
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Lee et al., Scientific Reports (2016)



Using ARPES to study the electronic structure of
emergent quantum materials




The rise of emergent quantum materials

Graphene and Beyond Graphene 2D Crystals
Topologiqal INettatus @i d s S@intresie i@plication

Conductance
channel with
up-spin charge _
carriers N

‘\\ chaos
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; r,‘__," o - Entanglement
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lr i‘ Duality, Conformation
y < N Mon Abelian RNA,DNA
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Topology g~ )i

MX3,MX2
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Black hole
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What is Topology




The advantage of electron transport in Tls

e electrons cannot be scattered by defects or other
perturbations = little resistance

E((a) Conduction Band E|(b) ConductionBand

EF% Ee

‘ _m o Valence Band|
l‘a K —— l‘b l‘a K —— l‘b

(a) Insulator
(=) B R S 9BHTH I b

R ch Center

(b)Topological Insulator

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



Hall Effect

Voltage Measured By Gauss
Meter or Other Instrument
Magnetic B \Y’V
Field
-
,,--""'/ $“‘
A o
~ o*
_{/‘4 Fm “ T
< Magneticfotce — : / )
i on ectrons : | Primary

Current
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Quantum Hall Effect

High magnetic field
Low temperature

ST
National Synchrotn




Topological insulator

: High magnetic field

©B

% (_1‘_

|. no external magnetic field
Il. pairs of currents
lll. Spin splitting

No external Quantum Spin
Q_S,O couplmg | magnetic field Hall Effect




The applications of topological insulators

HEAT ABSORBED

e Thermoelectric materials s
- ZT = S%0/k
- Bi2T83, szTe3

o Spintronics dEVice : L”L”'}M,w ;
- Quantum computing s

i

* Find predicted Majorana fermion

— topological superconductor

&) B m 5wz e

R ch Center




Band inversion in topological insulator

+ +
P1x+zyT’P1x -1y,

le /Plz-Hy Tl w iy, 1

Plj P2 PO

+
P2: ><P1z,T’P1z1

P 2m—+zy,T’P 2; iy,l

N -

P2m+zy l’Pz-; wy,1
parity crystal field
difference splitting

B KRB S $EAFHT I

National Synchrofron Radiation Research Center

spin-orbital

coupling

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



The difference of band Structure between insulator
and TI

a trivialinsulator b topological insulator

conduction band

conduction band

surface
state

Fermilevel Fermi |E"UE

Energy

Energy

valende band

valence band

0

0

momentum momentum

time-reversal symmetry protected

R ch Center

http://www.scholarpedia.org/article/Topological insulators



The electronic structure of Tl

RE S tenavr T

National Synchrotron Radiation Research Center

https://www.diamond.ac.uk/Science/Research/Highlights/2015/110-MSG-Tls.htm/



Predictions of 3D topological insulators

(b) Sb,Te,

Energy (eV)

Energy (eV)
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Topological insulators

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




Predictions of 3D topological insulators

£

Energy

E-Ef (eV)

T I I

-02 -01 0.0 0.1 0.2 -0.2 -0.1 00 0.1 0.2
_ -1
ky (A7) ky (A”)

Spectra taken at BL21B1, NSRRC

B R E S-$BAIFT I P < Y. Ando, J. Phys. Soc. Japan (2013)
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Initial growth condition of Bi family Tls
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Band mapping of Bi,Ses
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Band mapping of Sb,Te;.,Se, with varied Se content

Along 'K
x=0 x=1 X=2 x=2.4
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Tuning the position of the Dirac point in ternary Tls and
doped Tls

A %S
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Region (1) (a) Bi,Se, Bi.Se,Te  BiTe,Se Bi,Te, Se .
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Reducing the thickness of Sb,Te, thin film

k, (A7)

Binding energy (eV)
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Eschbach et al., Nat. Comm. (2015)



Spin-orbit torque and surface states in
topolo

T ~mx]|(zxj)xm]

Ferromagnet
Co, Fe, Ni, YIG... m E(k)
Py A
len Erse =
\ Bul p ®ffoc

o oy 2

r\Ur%Le fl {i g

()W \\ 7l g

1l effect
spin 1 ¢

FE S EEAITII F &

National Synchrofron Radiation Research Center

ical insulators

T ~mx(zxj)

https://spintronics.kaust.edu.sa/Pages/Research_Spin- 101
orbit%20physics.aspx



Spintronics potential at the surface of
topological insulators

] torque

spin
current

a pure spin current from the CoFe layer through the Tl Bi2Se3 into
the NiFe layer, exerting a spin transfer torque.
BRF S BT P2

National Synchrotron Radiation Research Center 102

Baker et al., Scientific Reports (2015)




The applications of topological insulators

HEAT ABSORBED
(COLD SIDE)

i

HsAEmY
* Find predicted Majorana fermion

— topological superconductor
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Superconductivity in Sb,Tes
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Superconductivity in Cu doped Bi,Se; compound
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Superconductivity in Cu doped Bi,Se; compound

S
®

02-02 0 02-02 _0
Wave Vector (A)

hv=17eV ) hv=19eV j hv=21eV | hv=23eV | hv=25¢eV

E EmieySai S

I

il
1

(AT

X=o-1=§ X=o-15

[l
il
i
if

-0.t001 -01001 -0100.1 . -0.100:.1

Wave Vector (A)

B R/ - 98551 5L P

National Synchrofron Radiation Research Center

' E;08 04 E.08 04 E08 0.4
Binding Energy (eV)

Tanaka et al., PRB (2012)

106



Superconductivity in Cu doped Bi,Se; compound
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Dirac semimetal and Weyl semimetal

ultra-relativistic c massless D massive
Dirac particles Dirac fermions chiral fermions

K€ (k, —ik,) , K' € (k, +ik,)
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Dirac semimetal and Weyl semimetal

Twisted AA
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Dirac semimetal and Weyl semimetal

Dirac Topological

Insulator ,
Semimetal Insulator
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Dirac semimetal and Weyl semimetal

Topological Dirac Semimetal (TDS)

c rasA/“’*v; ©Na
7 = > @Bi

Regular insulator

Axion
Insulator

0.5¢
. (c=9.655A)

Band inversion

F G
3D Dirac cone KPP k° kP,
(4D space object) 2D Dirac Cone 2D Dirac Cone

Pro;ectlon to

3D space
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Liu et al., Science (2014)




Dirac semimetal and Weyl semimetal

B BiTI(Sy5S¢e)5),

A Fine-tuning (topo . trivial) Dirac semimetal

AXA.

Topological SOC
insulator

Trivial Dirac at
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insulator

Topological Dirac semimetal
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Dirac semimetal and Weyl semimetal
a 3D Dirac semimetal Top view of lower cone
(CdsAs,, NagBi)
E=E¢
E=E-AE
b Fermi surface
E=Ep+AE E=E E=Ep-AE
8
= '
(=) BB A S4B 3T T P
Qx—// National Synchrotron Radiation Research Center 113
Neupane et al., Nat. Comm. (2014)



Dirac semimetal and Weyl semimetal

3D semimetals with linear dispersion

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

S TaAs 7 ZrTes
\ / \ NbAs g N a3Bi :
/ N b P / C d 3A32
/ !

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
/ Nationa Brookhaven Science Associates v NATIONAL LABORATORY

CNZ015, iose, Jagan — Oct, |, 201

VT, UL ey

114



Dirac semimetal and Weyl semimetal

o
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o
O |

Weyl point Splitting (A') &
S =
—OH
Splitting increasing
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NbP TaP TaAs

SOC increasing
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Liu et al., Nat. Mater. (2016)




Dirac semimetal and Weyl semimetal

Dirac semimetal Magnetic semicond. Weyl semimetal Line node semimetal
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Dirac semimetal Na,Bi
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Weyl semimetal TaAs

Materials PhTaSe: TaAs
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Summary of Dirac semimetal and Weyl
semimetal

(1) Spinful DNLS (i.c. ZrSiS) | : inversion symmetry
With | +TR = TR : time reversal symmetry

non-sy Hlllll‘lvhl( svmmetry

(2) Spinful WNLS (i.c. PbTaSe,) Tl
With TR (or 1) + mirror With TR '
Without 1 (or TR) Break | -
Spinless DNLS (3) Dirac Semimetal (i.e. Cu,PdN) Weyl semimetal (i.e, GdPtBi)
With | + TR + With TR +
rotation symmetry rotation symmetry
+SOC Break |
{4) Weyl semimetal (i.¢. TaAs) Weyl semimetal (i.e. )
With 1 + rotation
With TR = mamror symmetry
Without | Break TR
(5) Tl (i.e. MTC)
With TR

Without I
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Yang et al., Advances in Physics :X (2018)




Graphene family
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Figure 2. (a) Schematic of carbon atom and carbon allotropes. from 0D to 3D: (b) unit cell. basis and bond length of
graphene: (¢) atomic orbitals of graphene: (d, e) energy dispersion of graphene. where the energy dispersion is linear for low
energies near the six corners (Dirac points) of the two-dimensional hexagonal Brillouin zone. (f) Energy dispersion of a
semiconducting GNR. where a bandgap can be engineered by varying the width.
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Crystal structure of GNRs

Armchair Graphene Nanoribbons
(AGNRs)

TB simulation : semiconducting or
metallic depending on the width of
AGNRs

: (W ‘ [ : ,0 : O . [ ' ' e L
26%%0% 050 0%0%0 %

C C

Zigzag Graphene Nanoribbons
(ZGNRs)
TB simulation : metallic for all ZGNRs
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ac 3p+1 N=7,ie.,ac3p+l
[ ac3p ARS ’ 1 GNR bandgap vs
5 [ ac 3p+2 1 width.
__ 10F ] FS, Pezoldt, Granzner,
E | . i Nanoscale 2015.
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The bandgap of GNRs depends strongly on the
ribbon width and the edge configuration!
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Frank Schwierz, Nanoscale (2015)



Sample preparation for GNRs

buffer layer /
overgrown graphene  mini
ribbons
a extended
ribbon
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Graphene
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Nevius et al., Nano Lett. (2014)
Palacio et al., Nano Lett. (2014) 123




Using ARPES to probe GNRs/SiC

(e)

Nevius et al., Nano Lett. (2014)
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2D Materials — An (Incomplete) Overview

'y
U Conduction band
& Bandgap £,
,_% ﬂ Valence band
=
Wave vector
X-enes BLG X-enes X-anes
- Graphene - Phosphorene - Graphane
- Silicene - Stanene - Silicane
- Germanene - GNRs - Germanane
1 MX-enes 2D TMDs
No gap, E. = 0! This is E.<130mev ~>%th - Mo5,, MoSe,, MoTe,
S © -TiCo, - WS, WSe,, WTe,
really a pitty, since the Too narrow
missing gap causes for logic tran-  etc,, etc.
serious problems for sistors. Many of these materials have a gap
transistors. EG =0.5..2.5 EV, pEI'fE'Ct for

transistors.
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2D materials :potential candidates for future
applications

Control Gate

Flexible

Few-layer
graphene

SiO2
Graphene
electrode o+ Si
Monolayer
MoSz
a) . CrO,, CrS,, etc. Graphene, etc.
(d) {may rorm traps) 2 (e) 2 2, rapnene, elc
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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 (¢) 3D
and (d) 2D crystals used as channel materials. The carrier confinement effect in 2D materials leads to excellent gate
elect@atics. () Various types of 2D materials from insulator to superconductor. Eg denotes the band gap.
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Kang et al., Proc. SPIE (2014)




2D materials :potential candidates for future
applications

Solar cells

B

Transistors

Multilayer MoS,

Biosensors Electrocatalysts

oCd oS oM

Photocatalysts
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Tran et al., Progress in Materials Science (2018)
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World's toxic animals o S
They are everywhere and extremely poisonous

Technology
Silicon rival MoS2 promises small, low- Top Stories
energy chips Bad weather hits Japan quake

survivors

Tens of thousands of people forced
into shelters by two deadly tremors
in Japan endure heavy rain and cold
temperatures, as rescue efforts
continue.

© 8 March 2012  Technology

The first computer chip made out of a
substance described as a "promising"
alternative to silicon has been tested
by researchers.

O 6 hours ago

Earthquake Kills dozens in Ecuador
The Switzerland-based team used
molybdenite (M0oS2) - a dark-coloured,
naturally occurring mineral.

O 2 minutes ago

Rousseff in last-minute bid for

support
The group said the substance could be The researchers say molybdenite o
used in thinner layers than silicon, which microchips would need less power Wi0-HE 350
/ than existing silicon-based circuits
is currently the most commonly used
MENT

componentin electronics. ADVRTISE
Y g

It said MoS2 could make smaller, more flexible chips that used less energy.

A demonstration of electric transistor fabricated with monolayer MoS,
shows high current on/off ratios of > 102 . Even the mobility ~ 200 cm?V-1s1 is
much lower than that in graphene. The large current on/off ratio originates from
sizeable band gap in MoS,.



Toward transistors with 1 nm gate lengths

FV_=3Vio05V

| Step =05V
L V=5V

Using a 2D material called molybdenum disulfide (Mo0S2), Samsung
believes it could scale logic technology even further. Samsung and others
are exploring so-called MoS2 FETs. "We believe around 1nm is possible.”
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Desai et al., Science (2016)




The device structure of flexible OLED display with
MoS,-based backplane circuitry
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Choi et al., Science Advance (2018)




Benchmarks for display
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X —_— _

Py L[ The band structure of MoS,

YWY vy L
/ “\ bilayer

weak interlayer bonds covalent bond

—

MoS.; bulk MoS., 8-layer MoS, 6-layer
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Kuc et. al., PRB (2011)




The electronic structure of MoSe,,
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Alkali metal doped MoSe,,
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Black phosphorus (BP)
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The degradation of black phosphorus (BP)
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semiconductors

2D semiconductors
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Anisotropic Dirac semimetal state in BP
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Anisotropic Dirac semimetal state in BP
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Advanced Low-Dimensional Materials
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Advanced Low-Dimensional Materials

2 3 | 'E' »
N & O 8
" nanomaterials 1.1}

s -




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

Lorige Mgty singles arystil <200 - in an exfoliated graphene flake

available two years after discovery

10 um - available shortly after / -
discovery aaw “¥s60 tovs

MgB5 wire - available few months

after discovery

A
143
. do;% -}a ,% ﬁ%ﬂﬁ gt" EPC;;

Ref : Avila, Synchrotron Radiation News (2014)



A crucial problem to understand the electronic of

exfoliated graphene

Van der Waals heterostructures

Geim, Nature (2013)




Van der Waals heterostructures
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Material discovery

‘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

Comparison of X-ray microscopy

SCANNING AND IMAGING X-Ray MICROSCOPES

Scanning x-ray microscope

Monochromator

Urcdiulator
e G
S e Traditional US
B recipe
]
Co‘m“e'
_* - S 2 scan 7 7
NEXAFS

XAS-Detector \Nano-ARP ES

Conmuond x ray micto.com

e [xT™

ALS Boncing
Maaonet

Traditional German recipe :umouL .

2
A

‘
MU INCeNNg System x
with Knemalic mounts

NEXAFS

£0%
P

X-Photoemission Electron Microscope

X-ray Beam PEEM

OSA Q NMCP
Fresnel zone plate l /j é-S(‘l'een
Monochromatic 1' Sample
__ = «— ::::;t:r Apertu:'e \ Projecti've Lens Magnified
Photo-emission detector Objective Lens Image
Photoemission Photoemission

Photoemission + Scan = SPEM

Photoemission + Lens = PEEM
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X-ray focusing optics

X-ray focusing optics:
zone plates, mirrors, capillaries

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

Resolution achieved 15 nm in
transmission

Nomal incidence:

spherical mirrors with multilayer interference
coating (Schwarzschild Objective)
Monochromatic, good for E < 100eV
Resolution: best ~ 100 nm

B """‘“&(FS.XPS.

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

XANES

Capillary: multiple reflection
concentrator

Refractive lenses

EO0000M0EE

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

Resolution: > 3000 nm
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Capillary focusing method

* Many capillaries have a small mismatch between

A calculated and measured profiles near the tip.

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

£

| 39 "0 5 0 S 11 "
Vertical Position (microns)

h

n hole

—_—

Beam Direction i '

Micro-
beam Si(Li)-detector

and Single bounce
blocked direct bean Focus capillary

Microscope+
Shiek ’"9 CCD camera
I J Beam 80:: \ ” Single bounce
!20 monitor (\ \ \pllh'y I —
Micro- 8..“I

montor NIC-Mualtilaver 149

Vionochromato

§

V2%

; beam
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Fresnel Zone Plates

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 rﬁby

» FZP are highly chromatic

B R - BATIR P o

National Synchrotron Radiation Research Center 150




Fresnel Zone Plates

Relationships for fand D in terms of A, Arand N

Define the outer zone width for n — N,
) \ p Ar=ry —ry_ (9.11)
\ i ri =~ nAf
ry—ry_y =NAf—(N—=DAf =Af
\ ry — (rn — ArY = 2ry Ar — (A"~ 2ry Ar
\ 2ry Ar ~ Af
\ D Ar = Af 9.12)
butif = L 2 g
\ utAf = N — aN (from 9.10)
D2
DAr>~—
NA =sinf = TR 4N
Y ; D =~ 4N Ar (9.13)
NS 2 Ar 13 and from (9.12) above
w_ J Ar 4AN(Ar)?
Fass— 16 f: = (9.14)
s‘f"lf TEAMNID VI | e
National Synchrotron Radiation Research Center
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Fresnel Zone Plates

-2. order cone

\

-1. order cone SRR -1 Order
Source

! e 0 Order

0. order beam
I 2. order focus
|
! zone plate '
< order sorting aperture

=~  +1 Order
=~ 438 Order

1. order focus

FE S EEAITII F &
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Fresnel Zone Plates

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

.y

Ry

VLS-VGP Plane G
Monochromator
Pinhole
Order Sorting
Aperture [0SA)
x-y-Z translator
F I 5 BATTT I P &

National Synchrotron Radiation Research Center 153




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

Light source

Micro- or nano-focusing

Energy range

Resolving power

ALS 1.9GeV
MAESTRO
Commissioning

KB p-ARPES
(10 x10 pm)
FZP/Capillary- nanoARPES
(goal 50 nm/200 nm)

60-600 eV for
microfocusing

3x10%
(10* for opt. flux)

SOLEIL 2.75GeV

FZP

95-300 eV with FZP

2x10%(10-150 eV)

ANTARES (120 nm (opened for users)) 10% (>150 eV)
Diamond
Fzp
105 60-150 eV 2x10%
S (700 nm)
Commissioning
KB pu-ARPES
NSLS Il 3GeV 15-1000 eV
. (20 pm) 10° - 10*
Construction (200-2000 eV)
(AP-XPS/SPEM)
SSRF
S2-line (combination of
Nano-ARPES and Spin- undetermined 50 -2000 eV unknown

ARPES) (BLO7U)

Construction

w National Synchrotron Radiation R
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First NanoARPES facility, available at SOLEIL

Pinhole Zone plate Electron analyser Sample

Fluorescence
detector

Avila, J. & Asensio, M. C.
Synchrotron Radiation
& 2012, 25(5) 19-25 Aperture (0SA)

x-y-z translator

e Elemental specificity e Oxidation state e Valence Band with high
(Quantitative) Chemical information momentum resolution

Photon energy: 20 eV to 1000eV; Materal res. < 100 nm; ./energy res. < 0.9 meV; ‘/ momentum res. @ 0.001 A'V
J

) BRI 5 BT+ <

/  National Synchrotron Radiation Research Center

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



The zone plate acts as a lens
with up to ~10% efficiency.

The ZP collects the coherent
fraction (about 10% of total flux)

~0.1 - 1 % of conventional ARPES flux

Comparison with similar leading beamlines Il

MAESTRO:A a new facility for ARPES at the ALS
Aaron Bostwick
E. O. Lawrence Berkeley National Laboratory

Electron
OSA Analyzer
Order Sorting
Aperture

Sample

o

,ﬁﬂ/---l‘

(¢

il

=)
faz.

B35 S 882457 5 b Source: Bostwick(ALS)

19t May 2017, 34 SAC SOLEIL, Gif-sur-Yvette, FRANCE



Comparison with similar leading beamlines Il
105 ARPES beamline at Diamond Light Source, UK

Applell
Undulator

Primary slits 23 m

HR-ARPES branch
Diffraction grating

M3 cylindrical ~ Horizontally
mirror 31 m defining
slit 37 m

mirror 26 m

Exit slits

M2 plane M6 cylindrical

mirror mirror 31 m
29m

M4 eliptical
toroid 48 m
Nano branch Exit slits

Fresnel zone
plate 47.8 m
Nano ARPES
47.81m

photoelectron spectrocopy



Graphene/hBN van der Waals heterostructures

Low [ | High ON OB oOC 03-00G3G3G3-03-0

NanoARPES image

0 1
k(A7)

) B 5R/5| 3~ 9B 43T 5
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First TPS — SOLEIL meeting, 7th December 2017, Gif-sur-Yvette FRANCE



Graphene/nBN van der Waals heterostructures

mojré Dirg Poings

moiré Dirac cone

BR/E S BT+ <

National Synchrotron Radiation ch Center

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



TPS 39A Nano-focus ARPES

Core techniques: BL specification:
Probe the electronic structure of novel materials « Photon energy: 20 — 300 eV
o HARPES: « Resolving power >10°

Spatial resolution ~ 800 nm @20 eV/500nm o Flux > 10 ph/s with 10* resolving power
for >50eV

o NanoARPES (Zone plate branch):
Spatial resolution ~ 50 nm

Entrance slit
nanoARPES KB Exit Slit B
| DPM

Exit Slit A
MARPES PM-order sorting



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 ton (eV) (ps, fs) (kHz, MHz) (photons s~ ') (meV) (=) References Remarks
Quasi-CW NLOcrystal High-res 7 ~10 ps 80 MH=z 1.5 =10'% 026 meV / Liu et al [21] (a)
SFG+SHG ARPES
(1] ~~T0 fs 100 MHz  _1p'® 4.7 meV / Koralek er al [20] i)
(seed)
7 ~10 ps 120 MHz  Unknown 0.025 meV Okazaki er al [186] ()
537 5ps 76 MHz ~104 Unsecified Jiang et al [R7] id)
CW MLO crystal  High-res 6.03 Infinite Infinite 1 =104 0.0 / Tamai et al [37] el
SFG+SHG ARPES
649 Infinite Infinite 125 =« 1007 ~10 " meV 7 Scholz et al [534] (f)
Pulsed NLO crystal  Tr- 1.5.6 501fs, 160 fs 80 MH=z Unspecified <22 meV 163 fs  Sobota et al [41] (g)
lazer SFG+SHG ARPES
1.5604 35fs,55fs 250kH=z ~101 40 meV 65 f=  Faure er af [40]
148, 170 fs.- 250 kHz Unspecified =z10.5meV 2240 Ishida et al [149]
502 fs
HHG Noble gas Tr- 1.58, 40 1=, 100 f= 10 kHz 16107 90 253z Fnetsch er af [43] (h)
HHG ARPES 15340 meV @35.6
eV
1.6,22.1 30fs,11fs 10kHz Unspecified 170 meV 13f=  Rohde ef al [42] i)
1.57, 30fs 1 kHz Unspecified Unspecified 30fs  Petersen erf af [31]
204
Mod./ Mixed rare High-res 10.5 10ps, 028 g %1012 <1 meV ! Berntsen et al [T5] (]}
Reson. EZas ARPES MHz
type HHG
10.9 100 ps, 1-20MHz . 10'3 <3 meV / Yu He et al [76] ik}
FEL Long undu-  Tr- 26-300 30-150ps < 10Hz Very high 300 meV T f= Hellmann et al [59]
lator ARPES




Method to generate
VUV light

B R /A 5 $B I

National Synchrotron Radiation Research Cen

SFG (LBO) SHG (KBEF)
SHG (LBO)
(c)
Ti: Slapphire EUV-XUNY 20-40 eV
d3er
- 200 chromator

= 400nm

532nm

Photo-
emission

(d)
w + 4o + S

Photo-
emission

(e)
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Tr-ARPES system in NSRRC

Laser source:
Turn key Yb:KGW laser, fundamental 1030 nm, 1720 fs.

Probe: Kr ( 6 kHz), photon energy 25.7-32.9 eV

Ar (10 kHz) , photon energy 34.8-44.4 eV

photon flux in the order of 10° photons/sec

beam size: 100 micro in diameter
Pump: 1.2eV/24eV

variable power density 1-13 mJ/cm?2

Variable pelarization LV/LH for both pump and probe beanr
Temporal resolution ~ 230 fs
Energy resolution ~90 meV at 300 K

/  National Synchrotron Radiation Research Center 1 63




Tr-ARPES preliminary results

Conduchion band

Delay time (ps)
5 - ol :
SRR e\
. g N
£ (eV)
0 o o o o o
> ~N - > i o

-0.2 0.0 0.2
k// (A1) 164



Summary

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

e 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

e A cooperation with theorists is necessary for ARPES guys.

e Hungry for high quality single crystal or thin film

B3 BT

R ch Center




Thanks for your attention
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