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1887- Photoelectric Effect
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milliamps

Observedoy HeinrichHertz1887
- P. Lenardmeasuringkinetic energy ophotoelectrons irretarding field

Experimentalobservations
- Measured photoelectron current increases with photon intensity

- Maximum energyf the (photo)electronglependson light frequency(contrary
to classical expectation)




1905¢ Explained by Albert Einstein
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";@ The Nobel Prize in Physics 1921
Albert Einstein
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The Nobel Prize in Physics
1921

Albert Einstein
Prize share: 1/1

The Nobel Prize in Physics 1921 was awarded to Albert Einstein "for
his services to Theoretical Physics, and especially for his discovery
of the law of the photoelectric effect".



1905¢ Photoelectric effect according to Einstein

- Electrons inside material absorb
incoming light quanta photons

- If their energy is sufficiently high they
leave the material carrying info on their
properties inside the material

Photoemission



Birth of photoemission 1950s

@ The Nobel Prize in Physics 1981
Nicolaas Bloembergen, Arthur L. Schawlow, Kai M. Siegbahn
PHYSICAL REVIEW VOLUME 105, NUMBER 5 MARCH 1,[1957
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Values of Atomic Binding Energies
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E have recently developed a precision method of
investigating atomic binding energies, which we I— -108.3 av —
helieve will find application in a variety of problems in
atomic and solid state physics. In principle, the method
is an old one: a magnetic analysis of electrons expelled
from a substance exposed to x-radiation. Previous
attempts in this direction have, however, given con-
siderably less information about atomic structure than
ordinary x-ray spectroscopic experiments, and some
twenty years ago the method seems to have been
definitely abandoned. We have introduced a number of
improvements, both regarding the intensity and, in

 CuKiMo Key)
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=
particular, the wccuracy (a factor 100), which now : )
enables us to measure atomic binding cm‘rgilrsl with an Nicolaas Arthur Leonard Kai M. Siegbahn
accuracy of one single clectron volt from microgram 2000 Bl b et e
quantities. The definition of the lines is essentially oembergen chawiow Prize share: 1/2

limited by the natural line widths of the atomic levels Prize share: 1/4 Prize share: 1/4
themselves. There is no shift of the lines due to electron
scattering or similar causes, which could introduce 35 890 855 YT) G A7) 255 nev

systematic errors,

The Nobel Prize in Physics 1981 was divided, one half jointly to

308 208 30 n n 317 Gouss ¢ A :
o 6 e T o Nicolaas Bloembergen and Arthur Leonard Schawlow "for their
Fie. 1. Lines resulting from photoclectrons expelled from Cu contribution to the deVe/Opment of laser Spectroscopy”and the
by Mo Ka; and Mo Kas x-radiation. The satellites marked 2 = B r Z
D.E.L. are interpreted as due to electrons which have suffered a other half to Kai M. Slegbahn "for his contribution to the

discrete energy loss when scattered in the source.

development of high-resolution electron spectroscopy”.

ideal tool for the chemical investigation of surfaces and thin film, expressed in the famc
acronym created by SiegbahaSCAelectron spectroscopy for chemical analysis

or

XP&; Xray Photoelectron/Photoemission Spectroscopy



Atom A Solid Cartoon

Localized core electrons

Localized core electrons
Delocalized valence
electrons (energy bands)

Energy




XPS intensity (arb. units)

What do we learn fronphotoemitted electrons?,,

Core electrons (XP
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core-levels
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composition, chemical bonding, valence, density of states, electronic correlations
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Experimental requirements for XPS (ESCA)

Laboratory Hemispherical electron
- X-rays- generatedby R energy analyzer
bombarding a metalli
anode with highenerg) D
electrons
- UV-noble gas
discharge lamps

photon source

. Channeltron

Synchrotrons
-Tunable and polarized
UVA hard X-rays

UHV - Ultra High Vacuum)

(p < 107 mbar ) -

Whatever you wish as Surface sensitivity
long as sufficiently ddzNFI OSa NB |y
O2y RdzO0G A @S X



Experimental requirementg real life

End station of APELEbeamlineat Elettra

Sample
manipulator

Hemispherical
electron energy
analyzer
Sample surface
preparation
chamber \
Photons

ARPES chamBer



Surface sensitivityc electron mean free path

100

aHg
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5 10 50 100 500 1000 500010000
E, electron energy (eV)

uv Soft X
- Numberof electrons reaching the surface is reduced by electlattronscattering
A Only sensitive to first couple of atomic layersh Clean surfaceand UHVneeded

- Scattered electronwith lower kineticenergies form backgroun@econdariep



Valence electron photoemission

I(E)

ARPES
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Valence band photoemission

TP

Neil W. Ashcroft
N. David Mermin

Solid State Physics

Neil W. Ashcroﬂ.David N. Mer.ri'\(in
FestkbrperphyS\

4. Auflage




Atom A Solid Cartoon

Localized core electrons

Localized core electrons
Delocalized valence
electrons (energy bands)

Energy




Real vs. reciprocal (momentumr k-)space

(Real) x-Space (Momentum) k-Space
k.t k,
ky
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Localized core electrons

Delocalized valence
band electrons

Constant-
energy surface
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Classification of materials according to the filling of the

electronic bands
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complicated and electrons  E-
interact: fingerprints of
electronic correlations
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Can E vs. k (i.ehe electronic band
structure of solidg be directlyneasure®

X FYR 0KS |yagSNX

Yes!
Valence band photoemission with angular resolutio
AngleResolved’hotoEmissiospectroscopy ARPES



What do we learn fronphotoemitted valenceelectrons?

Energy conservation Momentum conservation

E..=hn<{Ey-F Inside the crystal:

ki =k K,
3 K =k
TR BN
Z‘ Refraction on thesurface
ooigdﬁiooog O{YSfoa ft I g0

: /2m : 2m
kin|| = kout|| 1k|| S:In"]out ? Ekin SH Jn\/? (Ekin \/0)'1



Textbookexampleq the electronic band structure of copgper:
urface state
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What do we learn fronphotoemitted valenceelectrons?

sp band

2.0
Courtesy ofH.Dil



How do we handldhe angle of thephotoemitted electrons?

- Large angular acceptance (<30

- Analyzer electronic lenses keep
track of the electrons emitted at
different angles

- - 2d detection (MCP)

A Dispersion along the analyzer sli
directly measured (i.e. dispersion
along one line in k space)




Band mapping: 2d surface state on Au(111) surface

- 2d electron gag parabolicdisperion circular Fermi contowrexpected
Brillouin Zone E

g anergy A&

Ez =const
k, =const
k, = const




Back to textbooks: 1 2DA 3D

1D: Constant energy points

Reciprocal space for face-centred 2D: Constant energy circles
cubic (fec) lattice

1

3D: Constant energy spheres

Goo1

1st Brillouin zone

3-dimension

2-dimension

1-dimension



Neil W. Ashcroft
N. David Mermin

Solid State Physics

Fermi surface mapping Fermi surface of copper

- 3d Fermi surface of Cu:

Almost (but not really) free electrons: the
sphere is not perfect the necksconnect
the spheres in the subsequeBtillouin
zones

Distorted
sphere

- With single photon
energy ARPES .
measures a spherical
cut through the 3d
Fermi surface

Ky (A™)
o
1

2/ -1 0,
Surface state Fermii’
contour (perfect circle)




Periodic Table of the Fermi Surfaces of Elemental Solids

hitp:/www.phys.ufl.edu/fermisurface

Tat-Sang Choy. Jeffery Naset , Selman Hershfield, and Christopher Stanton
Physics Department, University of Florida

£ - ) - :
- \ 1 Jian Chen

Seagate Technology B

- ﬁ | (15 March, 2000) ‘ T
““Wﬂﬁﬁﬁéwdwo

k(A1)
Alternate Structure:
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Source of t:ght bmding parameters (except for foe Co fermomagnet): D

'-,6\7 ﬁﬁ&*"igy&%u
s
D CE M S

A Papaconstantopoulos. Handbook of the band structure of elemental solidz, Plenum 1986.
This work i supported by NSF, AFOSE. Rezearch Corporation, and a Sun Microsystems Academic Equipment Grant.



Transition temperature : 7' [K]

Principal boost to ARPES development

The Nobel Prize in Physics 1987
J. Georg Bednorz, K. Alex Mller

Share this: ] + | = G

The Nobel Prize in Physics

J. Georg Bednorz
Prize share: 1/2

K. Alexander Muller
Prize share: 1/2

The Nobel Prize in Physics 1987 was awarded jointly to J. Georg
Bednorz and K. Alexander Miller "for their important break-
through in the discovery of superconductivity in ceramic materials"
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bel Prize in Physics

Searching for the
mechanism of highic
superconductivitydy
room temperature
superconductivity!!!

Metal Superconductor



Photoelectron intensity

ARPES stone age

HighTccuprates
Band mapping and Fermi
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I. Voborniket al.,
Phys Rev. Lett82, 3128(1999)

Energyresolution < 10meV; angularresolution ~1°

I. Vobornik PhD thesis, EPFL, Lausanne, 19



Milestone: Development ofwo 1994 P.Aebietal,
. . Phys Rev. Lett72, 2757
dimensional detectors | (1994)

P.V.Bogdanowt al.,Phys Rev. B 6
180505 (R) (2001), Bansij M.
LindroosPhys Rev. Lett835154
(1999)

08 | 08,12 l__ £l =
00 02 04 06 08 1.0 12 14 00 02 04 06 08 1.0 12 14
Ky [w/a] ky [w/a]

A Imagesrather thanspectra,
BUTstill composed of spectra!!!

A.A.Kordyuket al.,
Phys Rev. B0, 214525
(2004)

Energyresolution~1meV, angularresolution~0.1°



What do we learn from the ARPES SPECTRA?

Intuitive (NOT exacthree-step modelof the photoemission process:

A1) b &)

photoexcitation | transport escape

Y e e e e

secondaries

N i
e

5 Bt = - e
sample | vacuum




Threestep model: step 1

Transition probability from initial to final state

Ay R @ (NE) under the excitation by the photon with vector
photoexcitation | transport escape potenti al A

Wﬁz%Kf‘Hintm‘zd(Ef -E hyp Hy=

e R‘TD
mcC

Optical transition in thesolid:
------ - --- -Energy izonserved

secondaries E,=EFE #n

/valen é{d//// - Wave vectolis conserved modul@s
/s ek [ ,I
sample | vacuum o3 ' | |
\




Threestep model: step 2

Inelasticscattering of the photoelectron with
w 20KSN) St SOGNRVY a
OSEOAGLI GA2pasmdA SnKiml
L w LK2y2Yy3a

- Generationof secondary electrons
"Inelastic background"

- Lossof energy and momentum information
in the photoelectron current:

inelastic mean fregath

secondaries

100

4]
o

r'nrepsify intrinsic spectrum

[

w background

sample | vacuum
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I(E), mean free path (A)
o

> Ekin
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5 10 50 100 500 1000 500010000
E, electron energy (eV)

uv Soft X



Threestep model: step 3

The lowest energy electrons =~
OF yQu SEOSSR U0UKS

A (1) b @ potential

photoexcitation | transport
E,=hn-E,-F
Surface breaks crystal symmetry

Kk, Is not a good quantum
number

Y e o

E . kour
L1 '
i
: out

secondaries

77{///{/(1///
////////// _

sample | vacuum

_[m
kin _\/hz (Ekin 'Vo)

. 2m . 2m
kout||: kin|| 1k|| sind,, Wz Ey, SW Jn\/? (En Vo)



Exact me-step vs. intuitive threestep model

three-step model one-step model
X optical  travel transmission E excitation wave matching
Texcitation to the through into a at the surface
ofa  Surface  surface damped
fral dd e

wave- 3 step model is strong
-4 - S\ |\~ simplification;quantitative - =
descriptiononly possible by
) @ |3 matchingwave functionof
initial and final state

o
NY

o
NY



Photoemission intensity is directly related with...

hyS LI NGIAOES DNBSyQa FdzyOuAzy
CRS&AONAOSE G(GKS LINRLI3AFLGAZY 2F Fy SEGN
added to the many body system

G(xt, X't") =- i<N OTLY (x)Y *(x't))] N,O>

How?
Starting from the=ermi golden rule

C the transition probability from the initial stateN,03to a final
state’ N,9with a photoelectron of energg, and momentunk
IS given by

Pe) =L AN gH, | NO €& -8 & w.;

Dipoleapproximation,Suddenapproximation- the photoelectron igmstanteneously
created anddecoupled form the remaining-Nelectron system

_2p 2 2 2 1 <
=2 |M [ A, 7'[Tl\/lk4 ;‘ImG ( Kk jw



real horse quasi horse
Electron particle + dressing  After RD. Mattuck
Bv _ analyzer
k k
____________________________ F A Pl | o <=
A N £ 1 )'U%
--------------------------- // /J : | A
/
L
N-1 By N+l E N-1_ E; N+l E
Photoemission geometry Non-interacting electron system Fermi liquid system
d 1
GKk,mw=— = h- 0 o = 1
w-g.-ih’,,, (k,w) w- e - akw
o d 1 ImS(K, W)
Ak, w)=d(w- &) me [\ || A(K,W) == ‘ i ‘

P ‘W- é, - ReS(I?,W)2 +‘Im S(I(<j,|/t/)2




Matrix elementsc orbital character of the bands

LK, <f\@‘k’,m( N

<f1A-p|&>
<even | odd | odd>

int — 41°
'plLLt'% il =~ The light beam and the

Allowed emission from odd ” .
/ (as in the figure), but analyser define thecattering

forbidden from even

symmetry states p I ane.

Reflection plane
If to be detected, the
, photoelectron final statehas to
d + Fla-p & be evenunder reflectionin the
<even | even | odd>

scatteringplane.

Access to theymmetries(i.e.
D Forbidden emission fromodd  OQrpital character) othe initial

(as in the figure), but allowed

from even symmetry states State in th eSOIld




Binding energy (eV)

Prevalent s or p- character of the Be(0001) surface states
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I. Voborniket al., PRB 2005, PRL 20



ARPES w/ synchrotron radiation: powerful tool in

Investigation of electronic properties of materials
C electronic bandstructure, orbital charactegorrelations

Te-rich GeTe(111) - STe
A— Z — A U & Z — U

a ¢ o5 oevBe| d
.\ ¢

< o a;.u
s * 1. l <
2 05| T
=
g
o
S suﬂoe stars
2
5 f
&
[+ =

<

x

0eVBE 0.25 eV BE OSeVBE
-04 0 04 0 05 -05 0 05 -05 0
Courtesyof k. (A") k, (A") k, (A")

M. Grion GeTe C.Rinaldiet al., NanoLetters2018

-1

Fermi surface
(a) | bukez | : rx.\“ (5™ \
o, 5

WTe, P.DasD. '
DiSanteetal., s *
Nat Comm. <

b
\ y 4

(N*-3

2016; PRL 2018

PdTe, M.S. BahramyNatureMatenaIsZOlB

T T T T
-5 -10 05 00 05 10

@ ©) _ PECIN
a5 Ke—T —»K JeM— r —»M "':_-;ﬂn—SJ \rz
H-Oli Exl - / }ﬁ.i"_(f) \1
202 3 ..énn- l'l
03 ko 23 "' E-Er=020eV
02'-_(g) 3
OS+——71 T 71 1 1 'Z_h-ﬁ‘;:uzlh\" — — 1 DJL‘J _{fo ; I}u-{}s
03 -02 -0.1 00 0.1 02 03-03 -02 -0.1 0,0‘ 0.1 02 03 02 00 02 K 0 1 w—— 0.2 0-1 0.2 -0.2 t)‘1 02 -02 071 0.2
k(A" KA e -t [110] k(&™) kA" k&™)
Diracdispersionand Fermsurfacein PbBiTe,, Au(001)surfacestates ZrTeg bandstructure

M. Papagneet al., ACS Nano 2016 S.Bengioet al. PRB 2012 G. Manzonet al., PRL 2016



ARPESNnd 2F century materials

PHYSIOS
GOLD RUSH 20108

Electronic materials
Spintronic materials

Functional materia
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2004)graphenecame into scene

V The thinnest possible material - only one atom thick

V Ballistic conduction - charge carriers travel for rm w/o scattering

V The material with the largest surface area per unit weight 1 1 gram of graphene can cover
several football stadiums

V The strongest material T 40 N/m, theoretical limit

V The stiffest known material - stiffer than diamond

V The most stretchable crystal i can be stretched as much as 20%

V The most thermal conductive material - ~5000 Wm-K-1 at room temperature

VImpermeable to gases i even for helium

ﬂm The Nobel Prize in Physics 2010
“@V Andre Geim, Konstantin Novoselov

Share this: EIEIEE 10

2010

Photo: U. Montan Photo: U. Montan

Andre Geim Konstantin

Prize share: 1/2 Novoselov
Prize share: 1/2

The Nobel Prize in Physics 2010 was awarded jointly to Andre Geim

and Konstantin Novoselov “for groundbreaking experiments
regarding the two-dimensional material graphene”



Application areas of Graphene
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Interior and wings
of aeroplanes
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Conical (linear) Dirac dispersion and pdiké Fermi surface measured by ARPES:

Intensity (arb. unit)
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S. Y. Zhou et al., NatuRhysic®, 595 (2006)

k

A.Bpstwicket al., NaturePhysics/olume 3, pages 36 (2007)




X | YR V Zgiaphéng topblogical insulators

Quantum Hall state Conical (linear) Dirac dispersion

and

Spirmomentum locking
momentum

Quantum spin Hall state

OO
OO

=
>

A
e =
s B
L
3
energy

- edge states ] )
i Characterized with well
defined spin texture

Y

momentum

energy

3D case

X momentum
The technique of choice
SpiItARPES ! £

surface states

C. Kane & J. Moore, Physics World, Feb.2011, 32



X more textbooksA beyond AshcroftMermin/Kitell

| Neil W. Ashcroft
N. David Mermin

Solid State Physics | i e
The concepts of high enel
CHARLES KITTEL physics W|th|n

"> Introduzione alla condensed matter!
)| Fisica dello Stato solido

EXOTIC FERMION
FEVER

PHYSICS
GOLD RUSH 20108




Quantum Materials i@century

A

ASHCROFT/ MERMIN E D
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Metal A Insulator

transition

| Metal com I

SOLID STATE PHYSICS emimetal |
Semiconductor (HighT)

Insulator superconductivity

Quantum I\/Iaterialsir@century
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Transition metaldichalcogenidegTMDCs)

Scholar g e
500017~ T " T T 1 "\I
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—8— Quantum materials i_ 1400
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3000 — — 1000

schematic presentation of
typical MX, structure

— 800
2000 —

— 600

M = transition metal
X =S, Se orTe

— 400

=
o
=]
o
|

— 200

JSleuaew wnuenp, sy Jejoyos 816009

o

-0
2000 2004 2008 2012 2016

Year

A Layeredstructure with strong intra-layer covalent bonding and weak (van der
Waalstype) inter-layercoupling

Google Scholar hits "Topological insulators”
Google Scholar hits "Transition metal dichalc."

A Exhibitwide variety of physical properties ¢ semimetals(WTe, TiSg), metals
(NbS, VSeg), semiconductors(MoS,, MoSe), superconductors(NbSeg, TaS)

A Propertiesoften conditionedby the number of layers

A Hostspinpolarizedelectronsand/or DiracAWeylfermions



Quantum Materials in 21 century ¢ High energy
physics concepts within condensed matter

Fermi arc

A Lowdimensionaimaterials(2D, surfacesfew atomiclayers)

A The Bloch wave functions follow Diraclike or WeykHike
equationsat vicinity of some specialpoints of the Brillouin
zone

A Envisionedpplications spintronics quantumcomputing,etc.

A The materials characterizedby particular spin texture A
ARPEMilestone : Highresolution SpitARPES



What else dowe learn fromphotoemitted electrons?

/2m
kout = F Ekin
2m
(6 2R(E,, %)
. 2m . 2m
kin|| = K)ut” 1k|| gn‘]out'\/? Ewn SH Jm\/? (En Vo)X

Spin
magnetismspintexture in the systemswith strongspin-orbit interaction

Spin- ARPESE(k),Spin
Completeset of quantumnumbersof photoemitted electron

Completephotoemissionexperiment!



Exchangesplit spin-polarized bands in ferromagnetic iron

analyzer Fe (100) Mo
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DetectingS f S O U N2 y Qigperdédhsgateriig LIA VY

MOTT scattering
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A spin-orbit interaction
A left-right asymmetry
A >25keV

A commercial

A Au target

A FOM 16

VLEED scattering
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A magneticexchange interaction
A parallelantiparallelasymmetry
A <15eV

A non-commercial

A FeOtarget

A FOM10?2



Target magnetization dependent intensitgsymmetry
between spin up and spin down electrons
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Spinintegrated vs. spiaresolved ARPES
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VLEEDased spiIrARPES scheme

y scattering plane

D
VLEED W !
scattering

target B

VLEED B
scattering

Two scattering chambers
In each two orthogonal

directions of spin can be
measured

Vectorial(3d) spin analysis






VESPA: spipolarimeter @ APE

AVESPA Very Efficient Spin Polarization Analysis

A Designed, built and commissioned in Trieste
(CNRIOM, NFFA)

VLEED B
scattering




APE: Advanced Photoelectric effect Experiments

Two independent, off-axis, variable polarization (APPLE type) undulators
A two independentcantedbeamlinesoperating simultaneously
A Firstusers 2003

A APE zHigh Energy (150-1600 eV)
I XPS spectroscopy
I X-ray absorption (XAS, XMCD, XMLD)

A APE *Low Energy (8-120 eV)
High-resolution ARPES @ Spin-ARPES
Electronic band structure

Fermi surface mapping

[
i
[
T Fermi surface instabilities



