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Phot oemission

photon in ====> electron out
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Photoemission

Einstein (1905) :
Theory of the photoelectric effect

A photon is absorbed in the photoemission
process. It transfers its energy, momentum,
and angular momentum to an electron, which is
excited

The energy of the excited (emitted) electron is
proportional to the energy (wavelenght) of the
photon

The number of the emitted electrons is
proportional to the intensity of the incoming
photons

Energy conservation :

Ef:Ei+hV
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Electron Energy Analyzer

measure photoelectron Ey;, and emission angle (0)



Intensity (arb. units)
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Inelastic scattering and electron mean free path
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Intensity (arb. units)

Surface sensitivity

Oxidized
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Binding energy (eV)



Density of States
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Transition rates, Matrix elements

“Fermi Golden Rule*

W o< (fIH'li)* 8(E, - E, — hv)

- e’

(A-P+P- A+ -
2mc 2mc

A" — e®

[A,P]=-irVA

W e<|(f2A-P—itV Al 8(E, — E,— hv)

with V'AZO

W o< |(fIA-Pli) 8(E, - E, - hv)

Dipole Matrix Element
(fIA - Pli)
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One Step Model

E } excitation wave matching
intoa ot the surface
damped

final state /W
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/i> Bloch state in solid

/f> freely propagating wave in vacuum



The Three Step Model

1) photoexc

ifation

2) transport to the surface

3) escape into vacuum

®

photoexc

itation

of the electron
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tronspart penetration
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Energy Conservation

— e — — m— s — —

core level

solid | vacuum

(Eszi+hv] [ Ekin=hV'EB'¢j

-(3-



Momentum Conservation

Vacuum X
(o)

Surface koy

Solid

Periodic crystal structure :

Koy = Koy

ko// = _1 2mEkin sin 6
H v

~li -
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Momentum Conservation : Direct Transitions

3
/
/

Transifion
lo——in the reduced
zone scheme

hew

free electron

nearly free electron in a solid
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Direct Transitions in Solids

BAND STRUCTURE
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Two-dimensional states: E = E (k)

electrons confined in 2-D:

kin// =

PHOTOELECTRON SPECTRA
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k,, = 1
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layered materials
surfaces

surface adsorbates
thin films
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'WAVE FUNCTIONS AT THE SURFACE

_ VACUUM [ SOLID
¥ |
L
e BULK STATE

> lvéb%
2 ~_ N 4 {EVANESCENT

A\ FINAL STATE
> AU/\V/\U ¢ BULK STATE
2 Z \Vf\,a,, b SURFACE RESONANCE
-
) N a SURFACE STATE

I N
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Face Centered Cubic Structure

Real Space

Reciprocal Space
(and Brillouin Zone)

{st Brillouin Zone
(and high symmetry directions
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Face Centered Cubic Structure

Real Space
(111) Face

(111) Surface
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Cu(111): Surface State Band

T T T T H T Y Y
Cu(111)
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3-D System: E = E (k)

Vacuum | k,
k, B :
Surface koy
U e i e
““““““ Kin

Solid ' ’

Kivv = Ko =1 \/2mEkin sin 6
h

kin_l_ % kO_J_ = 1 2mEkin cos 6
1

how to determine k;, ?

=Dl —

N\



Free electron final states

energy? :  }Eun
E=E, 4--rc [T BEEE R
e, | o
v wave veclorin
£, g vacuum
Vo
! £ = i I
° wave vector in
volume
2 h2
Exin= (ko//2 + Ko _L2) = (kinl/2 + kian) -Vo
2m 2m
substituting -
Kot = Kin// Ko = % \/ 2 m Eyip, cos 0
e




Band Mapping

Example : normal emission

b
$ surrace

URFACE BRILLOUIN NORMAL

ZONE

'ROJECTION PLANES
JULK BRILLOUIN ZONE

21
0 K "
Koty = Kinff =0
Kin | = 12m \/ Exin + Vo (+ G)
2m \ [ E +hv-0+Vp (+G)

13 ¥ g
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1. 1%
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Band Mapping

The general case : off-normal emission

\J2m .
kin// = ko// = -—2-— \/ Ekin sin2 6
h

kin_[__ — .._2_m \/Ekm COS2 0 + VO
'ﬁ2

T SIS TS SURFACE

> 100} 1 POLAR ANGLE 8
‘1 10°
60
L 50
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< 120
> 151
@ Log
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Free electron final state s circles E = — (kin//2 +kinl2)
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Symmetry selection rules

<f|A-P|>
Emission in a mirror plane : <f|l=g4g
(detector in mirror plane) ' | > =g

Allm

A-P=g
|i> =9

Al

A-P=u

> =
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Cu Bandstructure
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Beyond the single particle picture

electron and hole lifetime

e.g. Lifetimebroadening of the ,.initial state™ :

1 Y
—E —hv) > =
n(E —E —hv) +T,

}

+ hole screening (Coulomb interaction)

In general : Spectral distribution of the hole state A,(E-hv)

Ai(E)z—l- ImZX (E)
7 (E- E,~ReZ (E)} +(ImZ,(E))

with complex self energy % (E)

Photoemission measures the excitation spectrum !

-3~



Many-body excitations
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«Gatellites” in Ni photoemission spectra

T ' T T T ! i
--- Ni (110}

NORMAL EM.

hv = 55eV

—Ni (1) \ !
NORMAL EM. v !
\ l \J’
hv =§TeV \___-’__/l/-\‘_/
'
) 1 N ] ] A »
- 40 30 20 30 e,
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Stoner Model - Ferromagnetic Electronic Structure

PARAMAGNETIC DOS FERROMAGNETIC DOS

n,(E) n_(E)

n,(E) = n(E) =0.5ny(E) n,(E) = ny(E+ 0.5 M)

| exchange integral

M local moment

M = {{FnJr(E) -n.(E)} dE

-35-



FERROMAGNETIC METALS

SPIN DEPENDENT DENSITY OF STATES

Fe Ni

Spin-up

Spin-down

Magnetic Moments [ ps/ atom ]

Fe Co Ni
Theory 215 1.56 059 (spin)
Exp. 2.12 1.57 0.55 (spih)
"(Spiurork) 222 1.71 0.61 (tot)

V.L. Moruzzi et al., “Calculated Properties of Metals" (1978)
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FFe Band Structure

ENERGY (eV]

0=€,

— ¥ minority-spin bar

_2

— ‘f majority-spin ban

Calculated bandstructure along high
symmetry directions. Hathaway et al
PRB 31, 7601 (1985)
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Photoelectron Spectroscopy: Principles

SECONDARY
ELECTRONS
/ PRIMARY
ELECTRONS
> AUGER /\
5 ELECTRONS
& \
tad
z

-—— BINDING ENERGY 0=E

=
<
o

{kinetic energy ---> binding energy
emission angle ---> Kk vector

polarization ---> spin
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Spin- and Angle-Resolved Photoemission

Experimental Apparatus

Synchrotron-Radiation

MEASURE : TO OBTAIN :
E_ (kinetic energy) Eg (binding energy)
P (momentum) E, (wave vector)
P (polarization) S (spin)

outside inside

_.301.’




MOTT DETECTOR

—f.m_.

1) INCOMING ELECTRON BEAM

2) ACCELERATOR (30- 100 KeV)

3) COLLIMATOR

4) AuTARGET

5-6) BACKSCATTERED ELECTRON DETECTORS

TRANSMITTED ELECTRON DETECTOR

7)
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Intensity (arb. units)

Intensity (arb. units)

Fe(110)
hv=27eV (k. (E)=0)
norm. emission (k, = 0)

T T T d T T [ T f

polarization

spin-up

spin—down

Binding Energy (eV)

iy -

100

‘50

Polarization (%)
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3 d Magnetic Spitting
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Experiment

Line: 1V /[ ug

V] 1 2 3

~ Magnetic Moment { g { atom )
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Epitaxial fcc Films

Spin-Resolved Photoemission

Intensity (arb.units)

4 2 EF

Binding Energy (eV)
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Band Mapping of Magnetic States

lntensity (arb.units)

Spin Integrated A

1 } | | | | | ] LY o

8 7 6 5§ 4 3 2 1 0

Binding Energy (eV)

Fee Co (100)

Intensity ( arb. units )

Spin Resolved

-m-‘-_—-_-.u-d“_-q_._-_-——u.__-ﬁﬁﬁ“n_dﬂﬂ_-q_-d—_._qa_ﬂ__«__-

hv=
56 eV
40 eV
34 eV
—_-wn—_-_—_n__n—k_—__h_u_._n—u_»h__~_‘L—L;—IFF_-IP.—..—___-—_._*h_-_—_
5 4 3 2 1 Er

Binding Energy (V)
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fcc-Co: bandstructure

Minority-Spin Emission Only

[ [ [ [ I
minority-spin + '
\ hv

Intensity (arb. units)

Binding Energy (eV)

E=E(k, Gv) k, along I'-X

k-



Fcc Co -Bandstructure

20ML Co ou (4 (409

Energy (eV)

Experiment (symbols) vs.theory (lines)

Band disperion E=E(k,c)

Exp.: R.Klasges, PhD thesis, Kodin (98)
Th: P.Bruno, Europhys. Lett. 23, 615 (93)
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spin-polarized Pt1-M

measures
<L-S>

spin detector

screen a «

lens
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Photo Emission Electron Microscopy

Fe squares on Si

measures
<> and <S>
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Stoner Model - Ferromagnetic Electronic Structure

T=0 T>TC

n,(E) n_(E)

Aexc > M

52 -



Fe: Temperature dependence

EXPERIMENT

=0

THEORY

i)
o

A

T: 0,3 TC

T-085T, ¥

o, o
Oa
AAM 8,8 v

o L J
v a
e ¥ viee LS
v v
vy’
v 'y

INTENSITY (arb. units)

3210

3530

INITIAL STATE ENERGY (eV)

The exchange-splitting does not vanish

approaching T

~-53~



Order - Disorder

Magnetized Fe

(e.g. T < T¢)

Non-Magnetized Fe
e.g. T >To)

E.Swedenborg, Principia rerum naturalium (1734)
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Stoner model Spin mixing

& Spinup s Spin up
Spin down Spin down

Binding energy Binding energy
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Energy levels of Gd

E (eV)

}

0 Er
Valence band
(5d6s)

Amplitude

——4f
—>5d
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Intensity (arb. units)

Gd : Valence band

Surface

Spin integrated
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6d(0001)

Anguiar dependence Sp_m up

=== spin dow

/
0=+9,5°

6=+3,5° J
A\

surface state
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Photoemission intensity (arb. units)

———

S

+4)

LLs

Exchange splitting in Gd bands

Photoemission

non-spin-resolved

spin-resoived

Surface

T(K)
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Surface

Binding Energy (eV)

3

2 1 Er

Binding Energy (eV)

1.0 A
0.8 -
0.6 -
0.4 -

0.2 1

0.0 - .

0.0 02

[iwn fol, PRU 68 4q34 (82)



Spin polarization (%)

Tunneling spectra measured on Gd(0001) surface

1.5

di/dU [nAN]

0.0——— ——
0.6-0.4-0.2 0.0°0.2 0.4 0.6 0.8 1.0
sample bias [V]

100 3 0.8
| @0 © -
- ©
80 — i (Q = 0.6 /.>_.\
60 : iq e | 2
. I @ 404 _x
aok Polarizatiqn H{ ] né
. O Bode eral. 402 '-g
20 | I{I ] Rz
i -— <
0 0.0
. 1, 1 . 1 4 1 ¢ 1 v 1 4 1

50 100 150 200 250 300 350 400
Temperature (K)
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Epitaxial thin film of \

perovskite structure from the parent LaMnO,

ferromggnetlc/paramagnetic } phase transitions
metal/insulator

colossal magnetoresistence

Double Exchange mechanism
(Zener, Phys .Rev. 82, 403 {9151))

Mnlll

The linear combination
lowers the total energy.

It implies the contemporary
occurrence of:

a) metallicity

b) ferromagnetic order

MnVI

-3~



1Isls Photoemission Study of
La, Sr,;MnO; Thin Film
e . i il

uv X

1900A La,,Sr, ;MnO, on SrTiO;

Lag Sty ;Mn0Os5

| R == X
| T=40K =—— 1 1900A
| =—
i = | 0.5 mm
| StTiO;
= J
%
A e b e hv =40 eV
% & 6 4 2 K AE =0.12 eV

¢

ILensity (ATRILAlY UIHILS)

1.0 0.5 Er
Binding Energy (eV)

T<<Tg¢ T>T,
Metallic Insulating

Metal-Insulator Transition 1!

National Synchrotron Light Source B Brookhaven National Laboratory

fnd s e
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Spin resolved photoemission spectra

1900 A La,,Sr, ,MnO, on SrTi0,

T<< T,
T 71 - ' 1 T L .
25 B T=4O K . 1 T SN DUV S MnSdsplns
s [
L) |
| |
2.0 - %_ si _
e
-200 0 200
~ 15} H (Oe) i
=
3
S Majority Spin
o 1.0 F ]
S !
=z |
c 0.5 1" Minority Spin
£ ’ Half metal
0.0 H—+—+————+—+—+—+——+—+——1
| &% Difference
0.5 | £\ 4 Spin - +Spin ™
:‘ \‘-w
o o

Binding Energy (eV)

J.H. Park, E. Vescovo et al., Nature !
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Giant Magnetoresistance

Publications

M_.N. Baibich, J.M. Broto, A. Fert, F. NguyenVanDan, F. Petroff,
P. Etienne, G. Creuzet, A. Friederich, J. Chazelas

Phys. Rev. Lett. 61.2472 (1988)

G. Binasch, P. Griinberg, F. Saurenbach, W. Zinn

Phys.Rev. B39, 4828 (1989)

Patent (U.S. No. 4949039)

P. Griinberg IFF, Forschungszentrum Jiilich
Magnetic Field Sensor with Ferromagnetic thin layers
having magnetically antiparallel polarized components

[icense agreements
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_kg Coupling Through Non-Magnetic Layers
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Oscillatory Coupling of Co layers separated by Cul (100)
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Quantum Well States in Cu on Co(100)

EPITAXIAL Cu LAYERS ON Co(100)
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Discretization of k in thin fims —» 2D -Quantum Well States
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Carbone et al, PRL71,2805(93)
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Quantum Well States
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Photoemission Intensity (arb. units)
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Spin polarisation of QW States in Cu/ Co(100)
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Theory vs. Experiment
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BAND STRUCTURE AT T

Cu Cc minority bands
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Experiment and Theory

Cu films on Fe(100), Co(100), Ni(100)
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THEORY

Change of the Partial Density of States at Er
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