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Outline

* Introduction to angle-resolved photoemission
spectroscopy (ARPES)
— The principle of ARPES
— Synchrotron light source
— Current status of ARPES beamline at NSRRC
— Scientific cases

* The electronic structure of 2D layered structure

— Surface states and quantum well states
— Graphene (BLG)
— Topological insulators (Tis)

° Summary
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What Iis photoemission?

Photon Iin —> electron out (emission)
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X-ray! Photoelectron spectroscopy, based on the photoelectric effect,2? was developed in the mid-

1960's as a practical technigue by Kai Siegbahn and his research group at the University of Uppsala,
Sweden 4

Wilhelm Conrad Réntgen Heinrich Rudolf Hertz Albert Einstein Kai M. Siegbahn

D D D

. 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.”

4. 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.”
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Kai Seigbahn: Development of
X-ray Photoelectron Spectroscopy

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

Precision Method for Obtaining Absolute
Values of Atomic Binding Energies

CarL NorpLinG, EVELYN SOKOLOWSKL, AND KAT SIEGBAHN
Department of Physies, University 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
atomic and solid state physics. In principle, the method

Nobel Prize in Physics 1981
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Fre. 1, Lines regult in;: from photoelectrons expelled from Cu
by Mo Koy and Mo Kos x-radiation. The satellites marker
D.E.L. are interpreted as due to electrons which have suffered a
discrete energy loss when scattered in the souree.

(His father, Manne Siegbahn, won the Nobel Prize in Physics in 1924

for the development of X-ray spectroscopy)
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What is photoemission spectroscopy?
(photoelectron spectroscopy) (PES)

Electron energy analyzer

hy  Monochromatized
photons E-Cﬁ
LL“HW / &

O p+

sample

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

Conservation of energy

E, = hv + E;— E; (most general expression)

E, : photoelectron kinetic energy >Ex
E; (N) : total initial state system energy  Energy Distribution Curve (EDC)

E; (N-1): total final state system energy  (Spectrum)
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What are the samples and probed states?

Atoms atomic orbitals (states)
Molecules molecular orbitals

core level states (atomic like)
Nanoprticles valence bands/states

core level states (atomic like)
Solids valence bands

core level states (atomic like)
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The energy level of hydrogen atom
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Hydrogen Wave Function
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Electron ionization levels are formed from discrete levels in an atom
Energy conservation : iv—E; = KE
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Kinetic Energy

Photoelectron
intensity

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

Kyle Shen, IGERT Lecture 2008



Xeon gas phase test
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The crystal structure and momentum space

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

() Localized core electrons
Ay Constant-

Delocalized valence energy surface
band electrons

Z. Hussain, ALS summer school



primitive vectors a,, a,, a,

reciprocal lattice vector b,,b,,b,

B _9 d; Xas
nickel (II) oxide 1=en
= d3Xd
b, =27 2"F
O
= dir Xa
b3 =27 : :

V =a;-a:xas
reciprocal lattice G

—

G = lb: + mb2 + nbs
[,m,n are any integers
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* Deeply bound “core” electrons remain basically unchanged

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

— -

Evar_uum AVAY'(LV N T AVAVAVAVAVAVAVAVAVA A =

¢ (work function) {

Fermi Energy

>

Photoelectron
intensity

|elsw Jo adeping

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.




L. L . Almost every electronic
Fermi-Dirac Distribution  transport property of solids

is proportional to D(&).

Thermal Properties of Free
Electron Gas:

: 1
Fermi function S (&)= i T
e 4]

(Fermi-Dirac distribution)

\
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Gold
hv = 6.994 eV
T=29K

O data
fit

AE =360 peV

Intensity farb.unils)

s 1 0S5 K,
Rinding cnergy (meV)

Fig. 2.3. Ultra-high resolution photoemission spectrum on a polyerystalline 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 (KBeaBO3F2 erys-
tal, KBBF) YVOs3 laser for the photoexcitation (hr=6.994eV) [15]

) AR B S4BT R P e

Natlonal Synchrotron Radiation Research Center

Hufner, very high resolution photoelectron spectroscopy



Density of State

In building up the ground state of very
large N electrons, the ground state
corresponds to setting the occupation
number f; =1 for k £ k¢ and f,. =0 for others;
ke is called the Fermi vector.

Lu 3
The volume of the Fermi sphere is 42;&.

Electronic densit N (4;rk; D (amk;) 2k

ectronic densi n=——= = =33

L I N L o

For an energy &, total numbers of states:

N = "V'I(_g —V (2”16:)3!2 e Rk b A 2mE
377 37 T 2m - h

Energy density of states D(£) _ LAV No. of states bounded

VdE&  petween &(k) and &(F) +d€

1 dN ~2m¢ per unit volume
Vd& =i

D(E) =

[T ——




Single particle description of energy levels
(Density of States) (most convenient in PE)

Na atom

38

O

2p3|"2 _D'D'O'D_

2P4p o0
25 OO
1s OO

FermNe

Na metal

VW

N (nearly free electron like)

Valence (sp)
Band
(DOS)

— Core levels

> N(E)

(DOS)



Energy scale and important excitations

A

3eV
Mott Gap,
C-T Gap

J

1eV dd excitations,
> Orbital Waves

Multiphonons/
< Multimagnons/
100 Xy pseudogaps

mev Optical Phonons,
> Magnons,
Local Spin -flips
o | JSuperconducting gap

» Superconducting gap ~ 1 — 100meV
»Optical Phonons: ~ 40 - 70 meV

» Magnons: ~ 10 meV - 40 meV

» Pseudogap ~ 30-300 meV
»Multiphonons and multimagnons ~ 50-
500 meV

» Orbital fluctuations (originated from
optically forbidden d-d excitations): ~ 100
meV - 1.5eV

Requirement: High Energy Resolution with High Intensity

$) AR E S IEMHHFTR P
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Superconducting gap
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Science with Light Sources

Valence c o
Electrons ore Electrons

Photon

Energy 1IOeV 1(?Oev 1IkeV 10k|eV
Wave- I | | !
length 100nm 10nm 1nm 1A
_ Protein
Lithography Nanostructures Proteomics| Crystallo-
graphy

}) B 5 BB I T b Adopted from: Franz
Himpsel, CMMP 07




Light sources and terminology

o Ultraviolet Photoemission Spectroscopy (UPS)
— UV He lamp (21.2 eV, 40.8 eV)

— Laser (high harmonic generation): 6 eV (BBO), 8 eV (KDDP), 11
eV (gas cell)

— Valence band PES, direct electronic state info.

o X-ray Photoemission Spectroscopy (XPS)
(Electron Spectroscopy for Chemical Analysis) (ESCA)
— X-ray gun (Al: 1486.6 eV, Mg: 1253.6 eV)
— core level PE, indirect electronic state info
— chemical analysis

 Synchrotron radiation
— continuous tunable wavelength
~. — Vvalance band and core level

) B3R S $BAHT R F
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39 Synchrotron Radiation light source

Synchrotron Radiation

Year 1947 First Synchrotron Radiation observed in
weak focusing synchrotron betatrons

@

;:5 e-Synchrotorns and
& | Storage Rings for
Z \High Energy Physics
o

o

DARESBURY

1st G :1960-1970

2nd G :1970-1980

ALADDR

Dedicated
Storage Rins

High Energy
Physics
Machines

3rd G :1980-

@ Straight sections for insertion
devices
® Low emittance

Low Emittance
Machines with
Insertions Devices

Compact
Sources

= s

Nationa ayncnrouun mawauen researcn venver

Cheiron2008_ESLians-9



SR Facilities in Asia Oceania Region

% BEPC (1351)
e 2225 GeV
3 NSRL (1991)
0.8 GaV
E: n ] -r.

.- 3.5 GeV
. e

ﬁ% J INDUS 1 (1999) [p=ie®
S 0.45 GeV

i : SIAM (2004)
W

e

sy

ﬁ SSLS (2001)
0.7 GeV

1.2 Gev
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Basic Parameters of Taiwan Light Source

« Bunch current (180/200 filling to
L300 mA): 1.67 mA/bunch or
4.17*%10° electrons/bunch

« Interval between bunches: 2ns

« Bunch length (1c@1.6MV): 6.5
mm

« Bunch duration (1c): 21 ps
« SC Cavity length: 24 cm
« Flight time through SC cavity: 0.8
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2 1ns

- L

400 ns per revolution

Zoom in

lo = 6.5mumn

y/ AN

i =
- Ll

o Critical energy of SR
Ec(keV) =0.665 E? (GeV) B(T)
2 ns Cheiron?008_ESLiang-11
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Light source properties vs electron
beam performance(1)

Main devices to supply SR to users are
‘undulators”, which are installed in magnet-free
straight sections in 3rd-generation SR sources.

Cheiron School 2008@SPring-8 4]
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5. Current limiting factors(4)

-"h.l
) S -

a
T

T

—Eﬂi‘:lmilt-up wakefield

Image of the coupled bunch instability

. AN % .
High Q structure (RF cavity) Narrow gap undulator
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Superconducting RF Cavity

Goals :
* To increase the maximum
electron beam current of the o

storage ring from 240 mAto T FEadeesS rm r' NS
500 mA lll“"' ——=

+ To eliminate beam instabilities i'1'ﬂ1| ||_|l'-|‘
caused by the strong higher- .

order modes (HOMs) of the
existing RF cavities

= R

] g
Cheiron?008_KSLiang-13
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colereint liglit to explore nano-world

[coherence ]

Laser Light 1

1 o =N
b= = o -;mEc-:ﬁ':'“-zt
[ i s
iy o e

i

X-ray Free Electron
LASER LASER

synchrotron Light

Normal Light

; L
gl oy
. = -

infra-red

THz rays rays visible rays UV rays soft X-rays  Xrays  hard X-rays
long wavelength (low energy) < [wavelength]  — short wavelength (high energy)
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Techniques of Synchrotron Radiation (SR)

elg%ri?n optics sample
electron detector
source ] <
SPECTROSCOPY SCATTERING IMAGING DYNAMICS
Energy Momentum Position Time

The fundamental parameters necessary for perception of physical world:
 Energy (spectroscopy, state of matter)
« Momentum (scattering)
» Position (imaging, spatial distribution)
e Time (dynamics)
numerous techniques of SR

Spectroscopy Scattering Imaging
01 Low-Energy Spectroscopy 05 Hard X-Ray Diffraction 09 Hard X-Ray Imaging
02 Soft X-Ray Spectroscopy 06 Macromolecular 10 Soft X-Ray Imaging
Crystallograp hy
03 Hard X-Ray Spectroscopy 07 Hard X-Ray Scattering 11 Infrared Imaging
04 Optics/Calibration/Metrology 08 Soft X-Ray Scattering 12 Lithography

NanoTET SYNCTToToIT RaEuauoT Researcr Cermer

Z. Hussain, ALS summer school



Angle-integrated photoemission (AIPES) and
angle-resolved photoemission (ARPES)

Energy
AN A
photon

N A

valence
levels

| Fermi
1 Level

%

core 99— @0 —

Binding Energy, eV

levels
.
_“1‘[\]"-—||||||||||||||||||||||—_|-
-1 0 1 2 3
11'1011'1611‘[[111’1_, k
) B3R/ S8BT I b
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Angular Resolved Photoemission Spectroscopyl(ARPES)

exciting photans

(energy HRW,; _
vector potential A
angle of AT W

photoelectrons

{energw,r Ekln ;
exitangles 3,9,
aperfure A )

incidence ) : \

W

single crystal [crystal face:
surfoce structure ]

Electron emission angle: 6

xz plane: crystal symmetry plane

Photon incident angle: @, s- and p-polarization
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m=]/% _sin@

k,(A")=0.5123/E,(eV) -sin®

k/(inside) = k  (outside)
Conservation of liner momentum

Important for 3D and 2D band mapping

k, =0.5123,/(E,;, c0s* 6 +V,)




Conservation of linear momentum parallel to the
surface

HKinematic relations

2m
kout kﬂh’f = -\Jll hz Ehn
Hout |||2?’H
in ’\J? Ejhﬁ + VD)
Koty =k =K

“Snell's Law”

'2 | 2
m km =S|119?- llj(Ehn+%)

Iql =siné B

out ’\VI

Critical angle for emission
|'
. | E
( S].[I. GUHI )m;ax hﬂ
( \.' £ +V,



H““\\ detector

0 .
Electron momentum P. Py K'
Parallel to the surface 15
conserved
K N K
Kll

k, =0.5123/(E,;, c0s% 6+V,) '
k, =0.5123,/E,. sind -
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Intensity oc >
if

( flp e Al 4. B) £(E)
Ak, FILE)
Ak, E)(E)
Alk, EME) ? =
Ak, EME
Ak, E)E)
! -
!
1
| Mg
k g
s g
k, —

Binding energy K

Low photon energy provides
better momentum resolution.
We expect to study the
electronic structure of solids at
low photon energies (10 eV~
100 eV).



SCIENTA R4000 Side View
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Real spectrum
(CCD image from outside)

Spectra on 0

phosphorus
screen

EI':in

SAMPLE
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00 05 1.0
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Angle is the soul of ARPES: Band mapping

Azmuthal angle scan Tilt angle scan
Bi2212 Pb-Bi2212
1.0
K
0.5-
< 0.0
x}-
K
-0.51
i TR (L S 5. ST N
A ey ety S —1'0_ T T T ! 1
) BRE S EBAFHT R P & 1.0 -0.5 0.0 0.5 1.0

Natlonal Synchrotron Radiation Research Center
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Experimental geometry

sample

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 & & E and originating k & E of the electrons in

the solid.

L | This is everything we like to know about the internal
electronic states of the solid (except spint)

) BRE S BHTFTR P
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Beamline design for modern high resolution
photoemission spectroscopy

Scienta
hemispherical
analyzer
Plane
mirror Undulator

Entrance slit

)
&» aperture
pherical

Electrostatic lens mirror

Ex
Detector

Plane
y gratings

Toroidal
Sample mirror Exit slit Scan
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The state-of-the-art in electron spectroscopy

Evolution of instrumental
resolution over time

VG Scienta R4000 Analyzer

Heimann, 1977 -

/-..\

Kevan, 1987 . (b)— AR ARRSRRREE

O data at 3.8K

normalized intansities [arb_ uni‘l‘a]

Fit
'-Am;n‘ émiu‘ )=
| |—(1.12, 0.50, 0.07)
L | —(0.98, 0.98, 0.13)
—(1.1%, 0.00, 0.001)

Paniago, 1995

Intensity (arb.units)

Nicolay, 2000

200 | 150 100 50 0 ~50
binding energy [meV]

|||||||||||||||||||||

F Reinert et al., PRB (2001) 2 I E;
T Kiss et al., PRL 2005 Binding energy (meV)
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Early ARPES experimental result

(TaSe,) 2'

hv=22eV g= (a) T=300K ib) T=300K
| Ete
10
B g™
[ St -
17 -
-

| wpe -
[ CR—
=3
=3
[
=g -
a=g* -
[ .
[E:
B=3"
Bull® "
=11" -

g=12" -

il

(il

o o= B3 g

B3

fuld®
a=i6" -
[T

BaiT®
BalB® ...,

-1.0 -0.5 o.a o 1.5 1.0 o5 oo
BINDNG ENERGY (V) BENDHNG ENERGY (84

FIG. 1. Angle-resolved photoemission spectra taken using 22-eV photon energy, at room temperature, for photon electric field {a)
parallel and (bl perpendicolar to the conducting axis. The emisslon angle is along the conducting axis, with the surface normal
defined as 0°,

PHOTOEMISSION INTENSITY (ARBITRARY UNITS)

-1 E

BINDING ENERGY (eV) Now a 2-D detector with £ 30" and 0.1" angular
@ resolution can be obtained.

FIG. 1. A series of high-energy-resolution angle-resolved
photoemission spectra, taken along the direction of the sample
and for different values of the azimuthal angle.




Typical Experimental Result

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

angle is scanned Emission
angle

: 7.2 .
Kinetic energy (eV)

& 3R /5 S8BT R F &
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Current status of ARPES end station

/— Rotary shaft

, /— ST-400

%/— Supporting pipe

~

amber
Supporting bracket

Sample holder

n -
\ - il el O
r i m
I
3 i

Worm wheel gear
Spur gear

Polar

Universal joint

Azimuthal
Sample

Base pressure : 4.5x10-11 torr

Sample Preparation: in-situ cleave, MBE growth
Lowest temperature range : 10 K

Manipulator : 6-axis motorized manipulator

=2 * el Scienta R4000 analyzer, LEED, RHEED,
m”iﬂ?ﬂ&i’;: Sputtering, Load-lock system



Probe the electronic structure of materials

* Angle-resolved photoemission spectroscopy (ARPES) is
the most general tool to probe band structure, low-lying
excitations or spectral function mapping.

e Scientific topics for current users :
* Molecular thin film/metal systems
« Metal/semiconductor systems
e Cuprates and complex oxides
 Graphene based materials
e Topological insulators
* |ron-based superconductors

f{insﬂﬁmmwx¢u
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Electron Escape Depth : Surface Sensitivity

Why are electrons
so useful as probes
of surfaces?

Or

Not so useful for
studying bulk
properties !!

§) AR S $E5HFTR P 2

National Synchrotron Radiation Research Center

Minimum due to electron-electron scattering,
mainly plasmons

PES is a surface sensitive technigue! (requires
UHV)

High energy photoemission: several keV to
iIncrease bulk sensitivity

i [ | FZ TR 1 T NI T B EED I

50

MEAN FREE PATH (A)

[IIIlIl

T D Lol SR PO OO0 (0 2 4 |
2 5 10 50 100 500 1000 2000
ELECTRON ENERGY (eV)




The requirement of ARPES

UHV environment : better than

-10
1X1O TO rr = Fresh vacunm cleave T=20 K
. . . m— 2 Days old
Single crystals or in-situ growth —igai-slom_.;m ikt
. . e A fter cleaning sample at T=2
thin films
. Bulk oxvgen
Conductors or semiconductors g * k
5 Surface oxygen
oy
E
545 540 535 530 525
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 cold surface.

) BR P S BMHTT HC Hsu, Ph.D. Thesis NTNU(2010)
Koralek, U. Colorado Ph.D. Thesis (2007)




Impurity doping on topological insulators

Base pressure : 1x10-1° Torr
Bi,Se; single crystal

Ke—T—>K K&—[—>K Ke&e—T—3K Ke&e—I—>K EDCs @I
{c) aged, 10ev J(d) aged, 17 eV = (&) I |
0.0 [ i i) 21
E ﬂl1 | b _J/_‘\i
= 17
$ 02 - - I )
5 10
o I
-_E 0.3 B | - il a
: wod N,
0.4 [& i fre=h | |
— + |
0.5 = g . L =
01 0.1 0.3 0.2 0.1 0.0
Momentum (=-1) Binding energy (eV)
) AR5 S 18T+ <
Nm:mmmnmmm%mnmw Park et al" PRB (2010)




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

) BR A& BT

National Synchrotron Radiation Research Center




Surface state

Momentum Space

Surface electrons 4 » 1 @
-

Bulk
Electrons

Surface states are highly localized in real space, therefore
completely delocalized in k-space along kz.
— NO DISPERSION OF SURFACE STATES in kz direction
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o Surface = Breakdown of the translational symmetry

—Peculiar solution in the gap with a complexe wave vector k;

— (surface state = evanescente wave)
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—localisation of the electronic density at the surface

Surf. State 1s very sensitive to any structural modification
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Quantum well states

Ag(111) thin films expitaxially
grown on Au(111) substrate
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Quantized discretely along z-direction
Energy levels depend on film thickness L

o Bulk projected bands along I'L
Nearly free electron like in xy-plane of Au and Ag, respectively



Absolute coverage of thin films : Ag/Au(111) system
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Dynamically monitor the thin film growth
mechanism

Photoemission intensity (arbitrary unit)

Binding Energy (eV)

1.5 1.0 0.5 0.0 0.5
Binding Energy (eV)

FIG. 2. Energy distribution curves of normal emission from Ag
(22 ML) on Au(l111) annealed at the indicated temperatures;
intensities have been scaled variously for stacking presentation.
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Binding energy (eV)

Photoemission intensity (arbitrary unit)
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Fermi Surface




Surface state

The Shockley surface state on Au(111)
o o instrumental resolution
spin-integrated photoemission at hv =21.1eV, T = 160 K AE =25 maV, AS = 0.5° (FWHM)
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The electronic structure of
graphene
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Graphene is the mother of them all !

Very good conductors
Extremely thin and resistant
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Why graphene

* The strictly two-dimensional material

- Exceptionally high crystal and electronic quality
e Unusual electronic spectrum
- New paradigm of ‘relativisity’ condensed-matter physics

« Graphene-based electronics : new cadidate material to take
over from Si

- High mobility, high carrier density, high v,

- Tunable gap by electrical field : Field-effect transistor (FET), Single-
electron-transistor (SET)

- Superconducting field effect transistor and Spin valve, Composite
material for electric battery, hydrogen storage material
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Pure 2D material : graphene
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Bilayer graphene : tunable energy gap

Bilayer graphene
Max. 250 meV by IR detection

Zhang et al., Nature (2009) N ; = :
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Trilayer graphene

Bernal stacking Rhombohedral stacking
(ABA) (ABC)
b Multilayer graphene c

Yacoby, Nature Physics (2011)
infared.lbnl.gov.tw



How to prepare graphene




mechanical cleavage

peeling off layers of graphite with a sticky tape
g\
. g

\

transfer onto substrate

optical microscope image of
resulting flakes
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How to distinguish the thickness of graphene

Si0,(200 nm )/Si Raman spectroscopy
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CVD for large scale graphene film
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Graphene formation by decomposition of C,
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binding energy (eV)
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Epitaxial growth graphene on SIiC
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Epitaxial growth graphene on SIC
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Bilayer graphene/SIiC

73900 meV
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k, ()

High quality graphene/SIC
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Graphene intercalated compounds (GICs)
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Hydrogen intercalated graphene/SiC
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A Intrinsic gap exists or not ?
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Figure 1 Schematic representation of crystal and electronic band structures (only n-bands are shown).

a, Free-standing graphene. b, Boron-nitride. ¢, Epitaxial graphene. Symmetry between the sublattices in graphene
guarantees gapless spectra around K points. This symmetry is broken in boron-nitride (one sublattice consists

of boron atoms, another of nitrogen), which immediately opens a gap. In epitaxial graphene, the commensurate
underlying potential gives rise to different on-site energies for the two sublattices, which opens a small gap
around A points,
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The difficulties for studying the electronic structure
of exfoliated graphene

* Insulating substrates induce the strong charging effect

o Sample size : only several tens microns sample is
obtained, the size is small for current ARPES beam spot

In VUV region

o ex-Situ sample preparation is not good for ARPES
experiments
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Sample preparation

* Use highly-doped Si-substrate to replace Si capped with
200nm SIO, substrate.

* Anneal sample above 400 C to flash gas condensations
In UHV environment.

 Choose suitable photon energy to enhance the cross
section of carbon.
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The electronic structure of graphite
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Early ARPES work on graphite
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The band mapping result of Kish graphite

F graphite
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Constant energy mapping of graphite

e 43274 meV fi 77401 meV
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3NNN SWMc Hamiltonian of bilayer graphene

H(K)c(K) = S(K)E(K)c(K).

Ey+A+%HK)  yfi(k) +%fik) Y Yafi(K)"
H = | YN+ %A007 Eo+ ik vaf1(K)* yafi(K)
Y yafi1(K) Eo+A+ 52K %fi(k) + yfsk)”
Yaf1(K) yafi(k)* 1K)+ 3K Ey+yifa(k)
| +s3f2(K) saf1(K) + spf(K) 0 0
sifi(K)* +safa(K)* 1+ s3f,(k)* 0 0
S(k) = 0 0 L+safak)  sof (K)" +spf3(k)*
0 0 saf1(K) + saf3(K) | + sifa(K)
) B5 A S EHTR
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A. Gruneis et al., PRB (2008)



Simulation result of the 7 band
for bilayer graphene
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G" Energy (meV)

TBM parameters determined by rasonance Raman
scattering
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TABLE 1I. Experimental SWM parameters (in eV) for the band
structure of bilayer graphene. The parameters for graphite are taken
from Refs. 18 and 19.

Yo Y1 Y2 Y3 ¥4 ¥ Ye=4A

fa 0.10 0.12 n/a n'a
0.02 0.315 0.044 0.038 0.008

Bilayer graphefe 2.9 0.30

Graphite 3.16 0.39

Malard et al.,PRB (2007)



Bilayer graphene / Highly doped Si substrate
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The electronic structure of single layer graphene
on SiO, (200nm)

1. Use lithography to pattern
graphene flake with gold contact

o
1
b

L

2. Microfocus beam size <5um
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Fit TBM parameters to high binding energy

Data were taken at 82 eV
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The electronic structure of bilayer graphene
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What does ARPES measure

Zk\@f 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 lifefime of the
injected hole

“hole” left behind

@ “photoinjected” hole

Eli Rotenberg, ALS summer school



82 eV ME effect
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TB parameters for experimental and theoretical
results

TABLE I. 3NN tight-binding parameters for few-layer graphene and graphite. All values except the ones for 5'[13, sa and 5,51] are in eV. The
parameters of fits to LDA and GW calculations are shown. The 3NN Hamiltonian is valid in the whole two (three) dimensional BZ of
graphite (graphene layers).

Method % % Y b L 5 " Y2 Y3 Y4 ¥s Eq A

3NN TB-GW * -3.4416 -0.7544 -04246 02671 0.0494 0.0345 0.3513 —0.0105 0.2973 0.1954 0.0187 -2.2624 0.0540°
3NN TB-LDA® -3.0121 -0.6346 -0.3628 0.2499 0.0390 0.0322 0.3077 -0.0077 0.2583 0.1735 0.0147 -1.9037 0.0214
EXP- =5.13 1.70 0418 -0.148 -0.0945 0.0743

3NN TB-LDA? -2.79  -0.68 —0.30 0.30 0.046 0.039 -2.03
“This work.
"We adjusted the impurity doping level in order to reproduce the experimental value of A.
°Fit to ARPES by Bostwick er al. (Ref. 22).
9Fit to LDA by Reich et al. (Ref. 20).
//\\
TB parameters 7o /I 71 I\ 73 74
Pres.work | 321 \| 061 | ) 0.39 0.15
3 /
rev. 324 | o
bilayer/SiC e '
Prev. graphite -3.16 0.39 0.315 0.044




Strong Interlayer interaction
iInduced smaller interlayer spacing
on BLG ?
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Interlayer spacing of neutral BLG
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What does ARPES measure

Zk\@f 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 lifefime 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

eoy-Aco ' electron emits a phonon :
kg change of energy @ and
momentum Kk

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

oy ke

BSCCO Superconductor Results [1]

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

0.0 0.04 0.08

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
G(k,w) =
o—¢ —2(Kk, o)
Im2(k, ») g
=]

Alk.o) = [0— & —ReX(k,0)] +[ImZ(k, ®)]"

> =ReX+1ImX

/ " 0,25 0,30 0,35 0,40 0,45
l K (A")

Dispersion: ]
i Scattering rate
hvk

E-k Relation (Velocity; aLte
Effective mass etc.) (Lifetime) hv Ak = ‘2 ImX(k, a))‘
&) mrnzmmm

T. Valla et al., Science 285, 2110 (2000)




Summary for graphene

* The free standing bilayer graphene is gapless
semiconductor.

e The splitting energy is larger than epitaxial graphene
and bulk graphite due to the stronger screening effect.

« Areliable TBM parameters be obtained from presented
experimental result.
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Topological insulators
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3D topological insulators
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Predictions for 3D topological insulators
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Typical experimental result at NSRRC
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Setup for Laser ARPES
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Time-resolved ARPES
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Ultrafast Dynamics of Dirac Fermion in Topological
Insulators
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2
Estimate the surface charge carrier density : SdH oscillations (ng = I{i)
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MBE growth topological insulators (Bi, Te;)
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Binding Energy (eV)

Intensity (a.u.)
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Bi, Te; /Sapphire

Bi,Te; (30QL)/sapphire
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Topics for Tls

 New ternary Tis : Bi,Te,Se, TIBiSe,, GeBi,Se,,
SmBg....

Impurity doping : Cu, Mn, Cr....

Heterostructure Tls for devices : spintronic
devices, thermoelectric devices
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