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IN. A EPtHE T REE (ARPES)
Why ARPES?

Angle-Resolved Photoemission Spectroscopy
CRYSTAL STRUCTURE ELECTRONIC STRUCTURE

X-ray diffraction <=  Photoemission




History of Photoemission

The Photoelectric Effect

.
- .
-

 First experimental work performed by H. Hertz
& (1886), W. Hallwachs (1888), von Lenard (1900)

» Theoretical explanation by Einstein (1905)

FIRST EXPERIMENTAL EVIDENCE
FOR QUANTIZATION OF LIGHT!

Is there anything else we can learn from the photoelectric effect?

Insights Iinto the solid-state!



Understanding the Solid State: Electrons in Reciprocal Space

Many properties of a solids are

determined by electrons near E; ]
(conductivity, magnetoresistance, Allowed electronic states

superconductivity, magnetism) Repeated-zone scheme

.

IH B

Fermi surface m (k) Uy T f

@ a a a

Only a narrow energy slice around — > —s
Er is relevant for these properties Second First  Second

(kT=25 meV at room temperature) Brillouin Brillouin Brillouin
zone zone  zone



Angle-Resolved Photoemission Spectroscopy

Electron
analyzer

Sz
XX

Photoemission geometry
Energy Conservation

E,.. 0,0 Eg;=hv-E_, —©
Momentum Conservation
F. k K =k+G
B. | |

Desired Quantities




=hv-Eg —9¢
=k, +G’
E )1/2
kin

E 4 Sample

A Spectrum

A

Valence Band

Core Levels

> N(E)

hv



Sensor, in blue displays the :
Intensity of detected electrons,
N(E), that have various kinetic
energies, E,.

These values obtained by the N
ARPES sensor correspond to sl
the actual values of the | =#mPe = e
"Sample", displayed red. In a
solid material, the electrons Valence Bond

are distributed to an energy

level below E,,,;, the Fermi
Level.

Kinetic]  Spectrum

Valence
4 Bond

Fermi

hv

EBmdmg Core Levels
»N(E)




*An ARPES sensor collects the photoelectrons,
provide information about the photoelectron
energy, applying conservation laws of energy
and momentum, where the energy and the
momentum is conserved before and after the
photoelectric effect.

EKin — hv_¢_EB

The crystal- momentum inside the solid

p, = 7k, = /2ME,;, Sin&



A Simple Example : Cu (111) Surface State

Binding Energy (eV)

|
02 00 02 04
ke (A7)

F. Baumberger et al., PRB 64, 195411 (2001)




Ag(111) L-Gap Surface Staie by PES

| A) Heimann ef o, 1977 19}:1‘“
'.‘,.-'

0} Micolay et al. 2000

f;f R \x\.
e J,’/ 1 kY
-7 1987 /
E . ..r'llll " Il\ |
s / s N ~
% i p - : '\.j
= [ e . \
2 | o Kevan eral. 1987 I ¢ .
E . '; | =
F 1995 !, %
: E N
- h——d/ I
C) Paniago er ol 19695 JI‘% I
2000 f ]

Photoemission Intensity

200 150 100 50
binding energy [mav]

F.Reinert et al, PRB 63 (2001)

ARPES : Then and Now

Improvement in Energy Resolution

Bi2212
Tc=T8K

®---20K

H---35K
il ] 1 ] | I R P T
04 03 -02 -0 0 0.1 02
Energy Relative to the Fermi Level (eV)

Shen ef al., PRL 70, 1553 (1993)



ARPES : Then and Now

Momentum Resolution

=
=

=
in

ﬁlltllillll'll.l

S
L

o

Energy Relative to Eg (eV)
=

D.S. Dessau et al., Phys. Rev. Lett P.V. Bogdanov et al., Phys. Rev. Lett. (2000




Angle-Resolved Photoemission Spectroscopy

Scienta =
hemispherical
analyzer

Entrance slit
4-jaw
aperture

pherical
mirror

Toroidal
Sample mirror Exit slit Scan

Parallel multi-angle recording

e Improved energy resolution

e Improved momentum resolution :E,
e Improved data-acquisition efficiency %
=
@)
AE (meV) A6 =
past 20-40 P
now 2-10 0.2°

Binding Energy



Interaction Effects between Electrons : “Many-body Physics”

Many-body effects are due to the interactions between the electrons
and each other, or with other excitations inside the crystal :

1) A “many-body” problem : intrinsically hard to calculate and understand

2) Responsible for many surprising phenomena :
Superconductivity, Magnetism, Density Waves, ....

Non-Interacting Interacting

/ :\ o



ARPES : A Probe of Interactions

Independent Electrons Interacting Electrons
(ARPES) (ARPES)

N-1 Er Nt1 E N-1 Ep N+l

Photoemission intensity : 1tk @) = I, |M(k, ) ’f{e) A(k,®)

Single-particle spectral function
Im2(k,w)
[w — g,—ReX(k,w)]+[Im2(k,w) ]

A(K,w) o

2(k.,m) : Self-Energy - Captures the effects of interactions




Fermi Liquid Theory

Independent Electrons Interacting Electrons

“Quasi-particle”



Fermi Liquid Theory




Fermi Surface of Sr,RuO,

Fermi Surface from ARPES Quasiparticles in Sr,RuO,

Momentum

 Luttinger volume obeyed to within experimental error (4.02 electrons in 3 bands)
* Excellent quantitative agreement with both band structure and de Haas-van Alphen

K.M. Shen, A. Damascelll, et al. (FRB '01)
A. Damascelli, D.H. Lu, K.M. Shen, et al. (PRL "'00)
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Summary

Exotic Bulk Solids

Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb [

[Th|Pa U [Np|PuamCm{BK| Cf |Es Frm|Md]No| L
* Matenals with extreme properties:
*High-T_, Colossal MR, Metal-Insulator
* Heavy Fermions, Quantum PT
* Unconventional SC

i

Il.i-l%!l

il
.

III Physics in Low Dimensions

dill . 1D Wires

‘!?ﬂa » Spin-Charge Separation
[
i

.+ 2D Surface States
1+ Quantum well states

Molecular Solids & Nanoclusters

» C60,

* Nanotubes

» Monolayers of nanoclusters
* Organic Solids

Interfaces & Surfaces

» Correlated Heterostructures
* Unusual Surface Properties
* Liquid Overlayers




Beamline 5-4, SSRL (Stanford Synchrotron Radiation Laboratory)




ALS / UC Berkeley: Beamline 10.0.1

Freersr ]m

Brnxc




Geballe Laboratory for Advanced materials
Stanford University (on-campus)

A r'L(t ..'"{4,\“' " )/ i
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ARPES: Advantages and Limitations

Advantages Limitations
S o

* Direct information about

the electronic states!
» Straightforward comparison with QRRERY  surface Electrons
theory - little or no modeling.

Bulk Electrons

» High-resolution information about
BOTH energy and momentum

e * Not bulk sensitive
« Surface-sensitive probe

. * Requires clean, atomically flat
+ Sensitive to “many-body” effects surfaces in ultra-high vacuum

« Can be applied to small samples » Cannot be studied as a function of
(100 pm x 100 um x 10 nm) pressure or magnetic field



Inclastic mean free path  (nm)

[l E

Future of Instrumentation

Instrumentation

Liil L i i geppal T
11 10 1000

Kinetic Energy  (eV)

* Laser-based ARPES

« New Synchrotron Sources

« Spin-Resolved ARPES

» Complementary Spectroscopies

Laser-based ARPES

MgB,
—— 54K with Hele:

T=36K

—— 36K with UV lasar
T=3%EKE

Intenaity (arb. ondts)

| v v v o B v o0 09 05w 5
15 10 5 L/
Einding Energy (m=%)

1. Enhanced Bulk Sensitivity
2. Higher Photon Flux

3. Higher Energy and k-Resolution

4. Small Spot Size (~1 um)

5. Polarization Control
S. Shin, University of Tokyo



