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Elettra
q Sicrrone Resources

Books

» S. Hufner, Photoelectron spectroscopy, 2nd ed. Springer 1996

» S. Hufner, Very high resolution photoelectron spectroscopy, Springer 2007

» R.D. Mattuk, A guide to Feynman diagrams in the many-body problem, 2nd
ed. Dover, 1976/1992

Review articles

» F. Reinert et al., New J. Phys. 7, 97 (2005)

» A. Damascelli et al., Rev. Modern Phys. 75, 473 (2003)
» J. Braun, Rep. Prog. Phys. 59, 1267 (1996)

Thanks to A. Damascelli, K. Shen, and E. Rotenberg from which | took and
adapted some slides and figures.
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Trieste

q Sicrotone Photoelectric effect: Scientific application

electron
analyzer

K.M. Siegbahn

X sample

Photoelectron Spectroscopy
(ESCA/ XPS, PD, UPS - ARUPS /ARPES...)

En=hv—@—|Eg|

«for his contribution to the development
of high-resolution electron spectroscopy»

B e e D i
core-levels
e N(E)

From F. Reinert and Eiin
S. Hufner, New J. Phys. spectrum
7, (2005) 97 7]
hv
sample hee 1
E (’: —
Emt - |__ vacuumlevel T | I(E)
Er=0 : 51’9 Fermi level
hv
valence band

@O01.5-55ev | Eg|00-1/15 eV (valence band)

| Eg | » 1500 eV (interesting core levels)
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Photoemission cross section vs hv
The UPS/ARPES experiment is quite similar to XPS, only that the photon energies

are lower and the energy and angular resolution is higher.

Ultraviolet vs X-ray radiation

The need for lower photon energies stems from the photoemission cross

section for valence band photoemission . Emission sets in as the photon energy

reaches the work function and the cross section then drops quickly, as it does for

core levels in figure

"R R R R R RN R R R R AR R RER RS RAREE ¢
hv=120 eV
|,_ —
J Free atoms :
’E‘ 4 . -
o  hy s,
S Y . Ir5d
= i
) ..\l-'._ ".,‘_
B
"2 3 G- F
— =
Pd 4d
hv=210 eV iy
llllllllllllllll:llillllllllll]lll]ll!ljlllllll!]llllllljljllllllll;;ﬁ
200 400 600 800 1000 1200 1400

Photon energy (eV)

Intensity

Pd (solid VB)

o 03eVBE
e 14eVBE

J PRL 85, 4184 (2000)
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Photon Energy (eV)

For the high photon energies used in XPS, the cross section for valence band

photoemission is very small.
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Understanding the Solid State: Electrons in
Reciprocal Space

Many properties of solids are Allowed electronic states
determined by valence electrons near E- Repeated-zone scheme ® (E k)
(conductivity, superconductivity, /
magnetoresistance, magnetism ...) /

Fermi surface n (k)

|
l
|
i

i
|
\’M}

a a
— & > —
Second First Second
Brillouin Brillouin Brillouin

Zone Zone Zone

Only a narrow energy slice around E¢
IS relevant for these properties Non-interacting electrons in solids:
(KT=25 meV at room temperature) the band picture
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q Sincrotrone Interactions can give rise to new states of matter

“Conventional Materials” “Correlated Materials”

High-T, Mott Colossal
Superconductors Insulators  Magnetoresistance

Diamond Silicon Copper

'\76‘;

:/W ﬂ(’ﬂ’ﬂm,hiﬂ : : C

* Understood physical properties * Correlations between individual
(resistivity, magnetic, thermodynamic) electrons are EXTREMELY important
* Well described by conventional theories * Failure of conventional theories to
of solids (band structure, DFT, etc..) explain properties or electronic structure
* Correlations between individual * Highly exotic and dramatic physical
electrons can be essentially neglected properties
Courtesy of Kyle Shen
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q Elotra Interaction or many-body effects:
Trieste the whole is greater than the sum of parts

Ashcroft & Mermin

Many-body effects are due to the interactions between
electrons and each other, or with other excitations
inside the crystal (phonons, plasmons...)

- Interactions: intrinsically hard to calculate

- Responsible for many surprising phenomena: , ’*‘*?:
superconductivity, magnetism, density waves... ‘
Non-Interacting Interacting / e
S B
N . :
/ NY Changes in the carrier mass due
to electron-phonon (or other

electron-boson) coupling only
Quasipartic|es - affects the near-E. states.
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A specialized technique used in solid state physics and materials science to study the filled
electronic structure (density of states and band structure)

and many-body effects [by high resolution (1-10meV, 0.1-1°) and low temperature (<20 K)]

sample Eﬁ
hv &
hv
analyzer E //
g Density of )
States T
PES Angle-integrated (UPS) Angle-resolved (ARPES)
~ Density of States > Electronic Bands E(k)

Interested in critical details of the lowest energy interactions near E¢
- Requirement for the highest spectral resolution and sensitivity
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q ?ﬁtt Band mapping and Fermi surface by ARPES

W[110]
Surface

electron
binding

energy

Courtesy of
E. Rotenberg
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Exotic Bulk Solids

B|C|N

ARPES: Widespread impact in materials

Al|Si|P

Ga|Ge|As

Zr Mo| Tc |Ru Pd|Ag|Cd| In Sh

Ta|W|Re|Os| Ir | Pt |Au|Hg| T1 |Pb| Bi

Rf|Ha|106/107[108{109/110|111 112

Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb KT}
Th|Pa| U [Np|Pu A m|Bk|Cf|Es [Fm|Md|No|Lr

» Materials with extreme properties:
*High-T_, Colossal MR, Metal-Insulator
» Heavy Fermions, Quantum PT
* Unconventional SC

i"ll ||||[| Physics in Low Dimensions

; .« 1D Wires
» Spin-Charge Separation
E’:! | » 2D Surface States
* Quantum well states

Courtesy of Kyle Shen

Molecular Solids & Nanoclusters

- C60,

* Nanotubes

» Monolayers of nanoclusters
» Organic Solids

Interfaces & Surfaces

* Correlated Heterostructures
* Unusual Surface Properties
* Liquid Overlayers
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HTSC’s

. @(meV)
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Science 1999
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Quantum Wells
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Nature 1999

Courtesy of A. Damascelli

&, (L/A)

ARPES: Widespread impact in science

CMR’s

Wavevector, k (A1)

Nature 2005

Ay (LA

Science 2003

CDW'’s

Science 2000

Nanotubes

Nature 2003

Quasicrystals

Nature 2000

Diamond

-1 0 -1
Momertun A Monentum (A

Nature 2005
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¢ ?;9
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f,l Electron Spectrometer

<
multichannel

energy < _
ey detector
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NV Energy

valence
levels <

)}
'

core  O—O—\

levels

Angle-Resolved Photoemission Spectroscopy

gy, eV

Binding Enet

Sp

1

s
momentum, k

1|=I|
3

1 Fermi
4 Level

:>(/1I

Experimental
Spectrum

EDC

Energy —

7

-~

Count Rate
# electrons/sec
at detector
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Count rate [arb]

Elettra . .
PGS Typical experimental result
Copper
8_.
6 “é“
5
4 5
2 —
0 T T T T T
-6 -5 -4 -3 -2 -1 0
Binding Energy rel. to E ¢
A spectrum at a Accumulate spectra as the

single momentum Kk, momentum k, is scanned
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Count rate [arb)
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Copper

I I 1 I 1 1
-6 -5 -4 -3 2 -1 0
Binding Energy rel. to E ¢

A spectrum at a
single polar angle

Typical experimental result

Binding Energy rel. to E;

-20 -15 -10 -5
Angle, deg

Accumulate spectra as
the angle is scanned
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3'd generation hemispherical detector

q Elettra
Sincrotrone
Trieste
non-dispersive plane

(b)

(a) dispersive plane
== highE.
== |-
Sample
/_ .1 ]
Sample
\ T
hv IENS€S  entrance ™, e
slit " (c)  detectorimage

hemispherical energy analyzer

EDC

1
- ,
State of the art: | U 1P
AE <1 meV M DC
17
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q e Higher dimensional data set

A second angle/momentum coordinate can be scannedt o build up a volume data set

Building a full (E, k) set
Azimuthal angle of PES data

e

e
?

3

cmission angle (%)

Mapping
angle to position

S;u-npk Electron Lens
MCP
Detector |

ensity (arb. units)
sion angle (°)
1]

e

§ = : , Conversion to 2D k-space of each
——— bindingenergy(eV) single map in function of 6 and ¢
-3 -2 -1 0
binding energy (eV) — 1
k.= 0.512VE,, sinOcose

. o Set of maps for
Single photoemission map different ¢

(L7700 spectra) for a fixed ¢ ky = 0.512v Ekin SineSinQD
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q e Higher dimensional data set

A second angle/momentum coordinate can be scannedt o build up a volume data set

Tilt angle Building a full (E, k) set
s of PES data

S E

sevEven ange

Mapping
angle to position

-

o

Sample lectron Lens -
l):::;[:or g g‘ -4
§? i
z §
E
‘
§£ Conversion to 2D k-space of each
P Wi el single map in function of 8 and @
s sy o1 Set of maps for kx = 0.512v Eyin Sing
Single photoemission map different @ k = 0'512“Ekin sin@
(LI700 spectra) for a fixed @ Y
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q e Higher dimensional data set

TiTe,

A second momentum coordinate
can be scanned to build up a
volume data set

Energy

3 orthogonal slices
of a volume data set

Energy / x-Momentum / y-Momentum

16 minutes total data acquisition time

y-Momentum

x-Momentum Energy

Courtesy of K. Rossnagel Luca Petaccia — ICTP school | 20
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q Sincrotrone Comparison with theoretical predictions

NbSe, Damascelli et al. (2000)

Band dispersion

[T

''''''''''''

Binding Energy ((\

Fermi surface =

Sr,RuO, cleaved at 180 K
T=10K hv=28 eV

Local-density-approximation
band-structure calculation

21
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q Sicrotrone Angle-Resolved Photoemission Spectroscopy (ARPES)

“1 Q Electron
analyzer K = p/h: \/szkin /FL

hv ,»/e' 1
K, = —v2mFEyg;,sin¥ cos @
/ - Ekin, 8, @ » h

o, , 1 o
\ | / K, = E\/ 2mEin sin v sin ¢

2mEL.i, cosv

(p y K, —
By

¥ X
Vacuum Conservation laws Solid
Eyin — EN- EN= hv =
K kN — kN =D, = K
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q Sincrotrone Theory of Photoemission

The calculation of the photocurrent starts from first order time-dependent perturbation theory.
Assuming a small perturbation, the transition probability per unit time w for an optical excitation
between two N-electron states, i and f, of the same Hamiltonian H is given by Fermi’s golden rule:

Photoemission 0 er N N .
- l[] ey o HEY
Intensity I(k,a))} wi o |{ f |H1nt‘ )\ (bf B —hv)

€
Dipole approximation } H, = TA P

ne
Sudden approximation
The ejected electron is fast enough} \pf\f:A ¢k PN
to neglect its interaction with the / U
N-1-electron system left behind

One Slater determinant N _ K, N—1
Hartree-Fock formalism } qf" =A QS" qff

Photoemission| =/ kA |k, 25
Intensity I(k,a))} u fl X ’<()f|A p‘oz ) @ (uu IU/)

Frozen-orbital approximation
Ef Ef Y+ Evin

_ _ N _
W = Epn + Ef"' — E' = Egin — |EE*|
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q G T Three-Step Model
* Three Step Model
photoexcitation

of the electron

AE\IB l [l :*
transport

penetration
to the

H through the
W surface surface

EVOC

Er , /
////// il
huw

crystal | vacuum

—— -

surface

I(k,w) = I,(k,w) + I;(k, )

Luca Petaccia — ICTP school | 24



Elettra .
q e Step 1: Energy conservation

Photoexcitation process

Exn=hv — @ —|Eg|

hv [ [ [ [
e —— 5 B &8 3
"1 vacuum level (::‘:’“ 3 E é @
Evo| --- {4~ 200mENS. _ s - 1©) 5 8 S g
— | - A H u
Er=0 Fermi level O c o
: = 8 X c
e e e I e 3 X =
hv c 2 S T
valence band % o = 5
5 ge; ge; c
L ) 5 o
> S 5 3
e s e 2! 0 0 =
= core-levels S @ @ @
= ) O L
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hv
Specimen Spectrometer
o
= |
1 M
' l | {
g | Ekin
| | l Vacuum level
. e
hv ) 1 ®s
!=
F v o
E, &

e STl

Absolute energy scale in PES experiment

In PES experiment, it is not necessary to
know ® as E,;, is measured with respect to
the Vacuum level of the spectrometer.

If sample and analyzer are in good electric
contact, the Fermi levels are aligned and

Ekin: hv - cI)s _lEBl

EJ=hy — @

S

| | } Fermi level,E¢  For electrons at E; (i.e., Ez=0):

for all samples

|Esl = Ekin™

9

T Ekin

Luca Petaccia — ICTP school |
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q s Step 1: Momentum conservation

Photoexcitation process

Photon Momentum P =hq=h/A

Photon Energy E=hv=hc/A

Typical photon A E E [eV]
(=2n—=2n1

wavenumber 1 hC 12400 [ev _ A]

=.01t0.05A" (for £ =20to 100 eV)

- The photons impart very little
momentum in the photoemission
process, i.e. vertical transitions

 20-100 eV - Therefore photon-stimulated

transitions are not allowed for free

) electrons (energy and momentum
conservation laws cannot be

k satisfied at the same time).

Luca Petaccia — ICTP school | 27
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q s Step 1: Momentum conservation

In order to satisfy both energy and momentum conser vation:

The role of crystal translational symmetry is cruci al
Excitation in the solid Vacuum Spectrum
(a) e | (b) gt (c)
< P
2 G > - >
Xt/ o
E - ” - \‘/, | l - h._. —_
E | S+t -—-——--—-+ N (E,
El-—--/£ - R - __\T¢TVO Bn)
E | I

o-
|
|
.
o
W
.
4
®

Photoemission| = & A TV IAK (G N-1 1N -1y 125/, ,
Intensity I(k,a))} s ‘<Of’A_m|Ol YW, W) [P0 (w—hy)
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=/

Step 2: Transport to the surface

Inelastic scattering by electron-electron interacti
etc. leads to a loss of electrons reaching the surf

- Valence band measurements are sensitive to only wi
first few atomic layers of the material

- Spectral peaks have a “loss tail” towards lower Ki

energies

Intensity
4

intrinsic spectrum

w background

# Transport to the surface

> Elcm

mean free path & (A)

200

100

50

20

10

on, electron-phonon
ace

thin the

netic

photoemission

electron kinetic energy (eV)

Luca Petaccia — ICTP school |
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q RO Step 3: Transmission through the surface

The transmission through the sample surface is obtained by matching the bulk Bloch
eigenstates inside the sample to free-electron plane waves in vacuum.

K (int) = K , (ext) AF the surface thg crystal
k (int) 4 k ,(ext) ) translational symmetry is conserved
k, (ext - :
. l}_(ex ) ¥ toctomad in the Q(,y) plane butis broken
S Y / perpendicularly to the surface: the
crystal component of the electron crystal

l momentum parallel to the surface plane
k| Is conserved , but kj is not

1 .

1
Ky(int) kD 7Kg= 77\/2mEkin cosv

The potential barrier at the surface slows the electron
in the direction normal to the surface.

.—P k.L
| V,=Surface
— potential step
coe “inner potential” - ICTP school | 30




Trieste

q Sicrorone Step 3: Inner potential V, and determination of k

_ h2k> W2 (ky” + k.
Free-electron final state model  F¢(k) = — |Fy| = ( I L) — | Ey|
' 2m 2m
because ii.Qk‘ﬁ/Qm =FEpinsin®?  E;=Epi,+¢ Vo= |Ey|+¢
1 —
S k) =~ V2m(Ejin cos2 0 + V)
Excitation in the solid Vacuum Spectrum
(a) e (b) e (c)
T
E B- - -
- : / hV
E = | Ph: ]
E — - — - — — = N (E,,
EF--A-+¥--t-= __\M)TVO B
EO _E ;( 0 I k.I+G - 31
a | a |



Elettra . . .
q Sincrotrone Experimental determination of V,,

- We don’t normally have a priori knowledge of V,,.

- Methods to determine V.
(i) optimize the agreement between theoretical and experimental band mapping
for the occupied electronic state;
(i) infer V, from the experimentally observed periodicity of the dispersion E(kp)

doing experiment at 9=0° (i.e., k, = 0) while varing hv (i.e.,, Ey, and K,).

Electron
analyzer

ZI ) K=p/h=v2mEk;,,/h

hv ® l
; K, = —=\2mE;,sintcos
/L [Eg9=0] = V2 s o

S ) I = . :

Y : / K, = ,—\/2m];;‘.,-,, sin 1 sin

4 " ' !

b | Y K. = ~\/2mE )
. = —v2mE}i, cost
qo 4 2 B kin

Szt
X

[Eq|l=hv - ® -E, k= %[2m(E ;,c08%0 + V)
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q Eletira ARPES basic equations:
Sincrotrone
freste Energetics and kinematics
7 A
Q Electron
analyzer K = P /h — \/QmEkin /h

hv ,é‘ 1
Pd K, = —=V2mEy;, sinv cos ¢
19/‘, ! Ekin’ 8’ » -

2mFE;y, sin v sin @

/ K, =
s\\(P\\\‘j y' I(: —
Szt

*x

2mEy.in cost

=>F| = o] —

|Ex|=hv — ©—-E, =E"*—FEin Kp = %\/Zm(Ekmcoszﬁ + V)

kin

For 2D or 1D systems and Surface States The periodicity of Eg(ky) is
the occupied Band Structure  Eg(k)) is determined varying hv at
completely determined. normal emission 9 = 0°.



q Srrdions ARPES: Non-interacting particle picture

ZA :

g e E'clc""“
[ hv /e R
D/ - i Ekin’ 99 4
D /
-.\.. \“ E y-;
¢ ~d
Szt /
XX
2 A Energy Conservation
A J
s 7C _
KII/ : Eiin =hv—¢— |EB|
Pl . :
A Momentum Conservation
/ . \/— :
E;, E,. hk =hK, =/2mE, - sind

The ARPES spectrum consists of a spike (o-function) at £,,,, K,
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15 F
10
>
S
28
s SF Av=14¢V
5
v, =slope
or—r—m"———F—-——- - ———
I'; (hi

| NS m——

ghly exaggerated)

0.5 0.6 0.7 0.8 0.9
Kk

— Surface normal

Chiang et al,, Chem. Phys. 251, 133 (2000)

1.0

Bulk state linewidths and inverse lifetime

= The total ARPES linewidth

has contributions from

both initial and final bands

;o Ly
_wicl  vrdld
T L
Vip VFL

[; = 1/ hole-lifetime in the initial band

of photoexcitation, (~meV)

Ff = 1 / electron-lifetime in the final

band of photoexcitation, (~eV)

Luca Petaccia — ICTP school | 35



Elettra . .
q e Implication for surface states

= Bulk bands may satisfy

Vi =VfL P Y ®©

iImplying artificially large linewidths (“geometrical’ ' broadening)

= Surface states bands do not disperse along k  , I.€.

Vi = 0 - Yy — Fi
So there is no “geometrical” broadening for surface s tates,
2D and 1D states ...

Luca Petaccia — ICTP school | 36
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q e Bulk states vs Surface states

» Bulk state: E(k;.kp)
» Surface state:  E(k) l.e., independent by K
A
hv, 2
- bulk  syrface By .
‘@ state  state =
g Er 5
= Esun‘ace =
EF state EF
//- binding energy binding energy
s -
k, Ky

Easiest way: fix k,=0 (L, normal emission 6= 0°) and
change hv (easy at synchrotron)

Luca Petaccia — ICTP school | 37
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] b e I P

g’
,
e = T
it -
et

et P PP P
Vi g s i
PO

14 12 10 8
Binding Energy (eV)

Surface vs Bulk states

K, dispersion along I A direction
Normal emission geometry 8=0°

hy = 95-185eV

No dispersive peak at 1.65 eV:
Mg terminated MgB,(0001)

surface state

New J. Phys. 8, 12 (2006)

Energy (eV)

5 M K A r o, A L
l.I.Mazin et al., Physica C 385, 49 (2003)
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q Sincrorone Surface vs Bulk states

Photoemission Intensuty (arb. units)

M |
A L P A
5 F =
,—/_’\\\__’//_/-’"/\/\L ------ B % 1 il
i %M -\ o«
%,::.t:'::: ey, 1 2 VA L
ey
,,,,,, o+ in-plane (k) dispersion along T KMKT
¥ |K
- M
2 hv=105eV  (AE=50meV)
E changing @ at proper ¢1
; N
@0‘"...,0 - ? o
r 5[ S8 o:; e,
MgB R
7_ gb, R .
K s 7 R
M = s ®® =y
K Ll k L
w -5 ®@® @@8@ ;
QQR)@@@@ .
r 10 [ o
o [ oy s M . A roa A )
Binding Energy (eV) New J. Phys. 8, 12 (2006) Luca Petaccia — ICTP school | 39




Elettra
q e Surface states vs Bulk states

Surface states are highly localized in real space, therefore completely delocalized in

k-space along kg
- No dispersion of surface states in kdirection

Energy and momenta of surface and bulk states cannot overlap (otherwise why

would the states be localized to the surface?):
- Surface states lie in a gap on the projected bulk band structure

Surface states have sharper linewidths than bulk states
- no “geometrical”’ broadening: y - I;

Surface electrons \’*’ £ . \
§ h—
Bulk ol !J ‘s“{ -
Electrons i
o

|

1 atomic
layer

L
T

Momentum Space

Real Space

Luca Petaccia —

ICTP school | 40
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q B e Surface states on clean metal surfaces

Cu(111)

By varying the 8 & ¢,
we can sample
states in the K-k,
plane (for a fixed hv).

ky [A7]

By 4 EEEEEEEEREEEEER)

| | | Projected bulk

-6" r
5 k !
—0.0 3 Wl
Jo1 s 3. \\ Band Mass
1 [}
_50'2 5 2’ i \\~ 1 1 azEk
_Z Q -§ —
P 5 | |\m;, B Ok?
2 (@)
04 £ 1L
1 ©
] £
05 o pi
1 1 : /
-02 -01 0 0.1 0.2 -
> —
ke [A71] M

Reinert et al., New J. Phys. 7, 97 (2005) m* =0.412m Luca Petaccia — ICTP school | 41
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q A Surface states on clean metal surfaces

Surface normal

Cu(100) k:=(100]

By varying the hv & 6,
e we can sample

ol \ states in the K-k,

Side view

' plane (for a proper ¢).
4
Top View [110]
=
SO 4
2N
S |
S 2\
S Pl
| X Surface State
Theory, Lindroos and Bansil, "
v PRL 77, 2985-2988 (1996). ;
X surface state - —

E

Rotenberg in X-ray in Nanoscience, Wiley (2010) kx along [1 10]
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q Sincrotrone Surface states on clean metal surfaces

Au(111) Two parabolas: spin-orbit splitting
1 1
0 : :
1 1
1 |
= 100 — : :
(4] 1 1
E | i
% 200 > : > :
0 ® ! o] '
5 5 : 5 :
o 300— @ ! !
— 1 1
E 1 1
S 400— ! !
1 |
1 1
500— . ;
| | | | | 0 0
0.2 01 00 0.1 0.2 K «
k (A1)
h?k? h? am.,\2 a’m,
Rasbha model E(k) = - +afih =- (A'i ,, ) — —
) 2m. 2m, h? 2h?

Reinert et al., PRB 63, 115415 (2001) Luca Petaccia — ICTP school | 43
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Elettra
q Sincrotrone Surface states on clean metal surfaces

Cu(111) using higher resolution

Intensity (arb. units)

=
()
E
ut
w

E-E; (V)

3 '}
¥ F Hela

-0.18 -0.20 -0.22

Tamai et al., Phys. Rev. B 87, 075113 (2013)

Intensity (arb. units) ky (A7)
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.0 0.1 0.2
- Ky (AJ) Ky (A")
LDA LDA+SO%
L 0 5 (b) / / - -
l < "JDA+SO Two parabolas:
1 - . . .
2 {8k =0.0073 A spin-orbit splitting
= JAE(k) = 28.5 meV
w -204
. ] Laser-ARPES
: Ak; = 0.0057 A"
404 L il e f_§_0Fk) - 163 meV
By g i o o 0.16 0.18 0.20 0.22 0.24

1
ky (A7) ky(A) Luca Petaccia — ICTP school | 44



q Srrdione Low photon energy ARPES

* Improved k and E resolution
 Improved bulk sensitivity (less k, broadening)
e Reduced background

Disadvantages of low-energy ARPES

» Potential issues with breakdown of the sudden-approximation ?

« Technically more challenging (electron analyzers don’t like low
Kinetic energy)

« Often a lack of matrix element/photon energy control

* Not many synchrotron beamlines

BaDEIPh @ Elettra, hv=5-40¢eV, 4E=5meV @ 8 eV

Luca Petaccia — ICTP school | 45



q Srrdione Low photon energy ARPES

Resolution and k-space effect

1.07 (T[.,TE)

RS i oy Range of k-space accessible in
£ . / Bi2212 at hv=6 eV

(m,0) Kyl = 7y/2mE s sind

1
Ak, = Yj\/ZmEkin cos9AY

» For the same angular resolution, the k resolution at low E is superior.
* k resolution translates to E widths if the peak is dispersive:
For nodal states* and 0.3° angular resolution,
5 meV broadening for hv=6 eV, and 38 meV for hv =52 eV.

* However, relatively small range of k-space accessible.
Luca Petaccia — ICTP school | 46
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[nelastic mean free path (nm)

0.1

Decreasing phase space
for excitations (plasmons,

Seah & Dench, Surf. Interf. Anal. 1, 2 (1979)

100 E

—_—
-
T

“Universal curve”

< Other efforts here

laser

20-50 eV

1

1000

11l 1 L rrrnl 1
10 100
Kinetic Energy  (eV)

< >
Decreasing interaction

time.

e-h pairs, etc.)

ARPES: Surface vs Bulk sensitivity

»

as well.
hv

Ak, ~ IMFP-1

I"Z

PE signal by averaging
of E(k,) within Ak,

Ak, << k,BZ for ARPES

- 3-10 times more bulk sensitive than “standard” ARPES (i.e., hv = 20-50 eV)

Luca Petaccia — ICTP school | 47
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Photoemission

Intensity I(%,

@)

Excitation in the solid

I

- G +
-~

' 4 |

- |

' d Nl / l
” N/ |
C I\ |
>

Low photon energy ARPES and final-state effects

m

b s o (o} A-plalt) (w10 ) o)

At low photon energy photoemission
Is affected by the kinematic constrain
deriving from energy and momentum
conservation, and the k-dependent
structure of the final states. For some
initial state there is no final state that
can be reached at a given photon
energy and the intensity vanishes.

Working at high photon energies the
electron is excited in a continuum of
high-energy states; a final state is
always available and the photoemission
process can take place (with intensity
still dependent on matrix elements).
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q Soft-X-ray ARPES

 Improved bulk sensitivity (less k, broadening)
» Technically less challenging (electron analyzers like high

Kinetic energy)
o Simplified matrix elements (free-electron final states
approximation works better)

Disadvantages of soft-X-ray ARPES

 Worst k, and E resolution [averaging E(k) in Ak]

« Small valence band cross-section vs hv (photon flux required!)
* Increased background
* Not many synchrotron beamlines with enough resolution and flux

ADRESS @ SLS, hv=300 - 1800 eV, 4E =30 meV @ 1keV

Luca Petaccia — ICTP school | 49



Elettra .
q e Effect of energy resolution

Bi,Sr,CaCu,0g,5

[—
o

Ag(111) L-Gap Surface State by PES

AE =45 meV
AB = +1°

o
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o

Reinert et al. PRB 63, 115415 (2001)
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Kiss et al., Phys. Rev. Lett. 94, 057001 (2005)

Intensity (arb. units)

In solid state on Au-poly

l'l""l"'l"l'll'..'lll'l"l'll"
R (\‘_

‘_.'.
llllllllllllllllllllll |

3 2 1 Ef
Binding energy (meV)

The instrumental energy resolution
after subtraction of temperature
broadening is AE = 360 peV

Best energy resolution so far

In gas phase on Ar

1.0 T I
Ar, 3P.
» I,
08 ¥
2
g06r ! ]
L
504! FWHM=0.06 crr
i — ;-
s | 20,0074 meV
e
§ 0.2 ’ \
w
Sk \MW#
ORA L A A A A l
1271085 ¢ 127109.0 1271095
6 75 !
16.75878 oV Wave number / cm
|- 0.12 meV -
15.75875 eV 15.75887 eV

Only the 3P4, line is showns with
an inherent width of AE = 7.4 peV

1271100

(T00Z) T9¥S ‘STT "SAud "wayd ' ““[e 18 uIaISua||oH
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q Srrdions ARPES: Non-interacting particle picture

s x (G51Aplol) @Y Dot

Electron
/ analyzer
4 e-

hv
‘{9 : Ekin’ '9’ ?
- :
St ¢
X
. P Jit
Energy Conservation K Yz JJrL JC

Ekin = hv — ¢ - ’EB| ”// ,J
Momentum Conservation Y e :

b — — s P
hk=hK, =v/2mE, - sind E. Eki:

The ARPES spectrum consists of a spike (o-function) at £,;,, K,

The intensity is modulated by the one-electron matrix element M;fi
Luca Petaccia — ICTP school | 52



q Sincrotone ARPES: Matrix elements effects

Trieste

Photon polarization Photon energy
E(ev)l\ (b)
@ 5 Q s0]
Ep | [
E ‘)\/ P - /' Electron ® \/\/\\/\/
s | ©4 analyzer 301 IL
201 lf
N N
ol T
J:?%é’ 0 Evac
Al
M~y ry dt
Di )‘2
This is responsible for the dependence of the PES data

on photon energy and experimental geometry, and may
even result in complete suppression of the intensity. Luca Petaccia — ICTP school | 53



q Srerdione ARPES: Matrix elements effects

Photon polarization

o v, 6D

Electron
analyzer

« The sample has mirror-plane symmetries.

Each part of the matrix element has its own
possible symmetry with respect to the sample
plane.

*  Whether a transition is allowed or forbidden

depends on a combination of experimental
geometry and the details of the wavefunctions

(cbf—IA -p|¢f-‘)*

' ¢f even (+|+ |[+) = A4 even

| ¢F odd (+| — |—) = 4 odd

Symmetry selection rules

Luca Petaccia — ICTP school | 54



Elettra . .
q aone ARPES: Polarization dependence

Cu(111) surface state

p polarization s polarization

02 00, 02 02 00, 02
Ky (A7) Ky (A7)

Mulazzi et al., Phys. Rev. B 79, 165421 (2009) Luca Petaccia — ICTP school | 55
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q Sicrotone Adsorbate orientation by polarization-dependent ARPES

CO on Ni(001)

I I I I | I I I

I | | gas phase

NE geometry \ N
Y

poldrization -4
. . /)2/
Polarization [ surface #0 /"i& X

polarization

(926T) T80T '€ Tdd ‘e 18 Yuws r'y

Polarization || surface

photoemission intensity
U

binding energy (eV)

- CO molecular axis perpendicular to the surface
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q Srerdione ARPES: Matrix elements effects

Photon energy

; X2 TN .
(o114 piot) oc I (e - K)(@ 1™ “e g
o NN NS
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0.01 I | I |
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Cross-section & Cooper minimum

https://vuo.elettra.eu/services/elements/WebElements.html Luca Petaccia — ICTP school | 57



q Srerdione ARPES: Matrix elements effects

(614 plgk) oc (e - k) (@F |

I . I a I . I

Pd (solid VB)

o 03eVBE
e 14eVBE

Intensity

PRL 85, 4184 (2000)
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ARPES: Photon energy dependence

As a tool to identify contributions from different atomic states
to valence-band photoemission spectra

CuCl

Cu 3d

40.8eV
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0 Z 4 b 8

Binding Energy (eV)
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Elettra .
q PDone ARPES: Interacting systems

A. Damascelli, Z. Hussain, Z.-X Shen, Rev. Mod. Phys. 75, 473 (2003)

T Q

lilccl:tron
kv c-/ analyzer
K L k
< - A I‘.:&/B/:“‘
"’ E A ,':' \ yd /] =
H AN 2
= .\\/}'
Er E N-1_ Ef N+l E N-1 Ef N+l E

Photoemission geometry Non-interacting electron system Fermi liquid system

Photoemission intensity: 7(k, Fy;,)= Z“ Wf;

I(K, Ein) Y |MF1P Y Jem,i8(ExintEn = EN—hv)
f.4

m

M 2=( K| A-PIOR)Z  lemal? = (BN TN )2

“Like removing a stone from a water bucket”
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Elettra .
q PDone ARPES: Interacting systems

A. Damascelli, Z. Hussain, Z.-X Shen, Rev. Mod. Phys. 75, 473 (2003)

T Q

lilcftron
kv c-/ analyzer
/ k k
: I\ , A m
J W a7 p b Do, —
H .. yd
; JJL ;.
.\\/}’
Er E N-1_ Ef N+l E N-1 E; N+l E
Photoemission geometry Non-interacting electron system Fermi liquid system

Photoemission intensity: 7 (k, Eyin,) =, wy.;

I(K, Ein) Y |MF1P Y Jem,i8(ExintEn = EN—hv)
f.4 m
M 2=( K| A-PIOR)Z  lemal? = (BN TN )2

In general ¥ ~'=¢¥Y NOT orthogonal ¥ ~!
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q Srrdione ARPES: The single-particle spectral function

A. Damascelli, Z. Hussain, Z.-X Shen, Rev. Mod. Phys. 75, 473 (2003)

| Q

Electron
c’/‘ analyzer

hv

s :
.. —

N /_\

A / tﬁb‘ﬁ‘?

.

Er E N-1_ Ep N+l E N-1_ Ef N+l E
Photoemission geometry Non-interacting electron system Fermi liquid system

Photoemission intensity: I(k,w)=I, |M(k,®)|’f(®) A(k,®)

Single-particle spectral function A(k, w)= Probability of adding or
removing one electron at (k,w);
1 2" (K,w) Lorentzian shape.
A(k,w)=—— — _z, Kk 2+ E" k 2
m[o— € (ko) ]+ [2"(k, )] f(w)= Fermi-Dirac distribution.

2(k,w) =X'(k w) + 1 X'(K w): the "self-energy” captures the effects of interac  tions,
l.e., electron-electron interaction, electron-phonon coupling, electron-impurity scattering...
that determine the intrinsic quasiparticle spectrum or PES line shape



q Sicrotrone Interaction effects on ARPES spectra

Trieste

Photoemission intensity: I(k,w)=I, | M(k,»)|*f(®) A(k,®)

Single-particle spectral function

Ak, @)= — > L
k)= e (ko) P+ 3 (ko) T

' —» Energy renormalization

|E;|=ho.n=1

> " — Inverse life-time of dressed ‘ Many-body physics

particle (quasiparticle)

& (M)
A
> (k.o) j
—— ....c./_. S (renormalization)
\\\ —.//,-' > —

—

I(k.,(:))

- 2ko)
- (life-time)

» k Binding energy E,

Ep
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Many-body effects in ARPES

Surface state of Mo(110)

100

400 -

=500

Bare band:
Measured band:

10
Polar Angle (deg)

12

Re2=0
Re X = finite

2|Imz| (meV)

1604 o ﬁ‘l\/l_eziﬂedband‘ Re Z ?— Difference
. g -.:__._..... . . |
1404 E _ . e |
| w™ / *, i
w % i
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| ge s ™
100 - 0.23 r 0.24 : -0 ’3-"
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60 - \*' --10
40+ T ﬁre-ph - Eliashberg
[
Y T T T T r [‘
-400 -300 -200 -100 0 :
e-imp —
E-E. (meV) T cost
0

2|lImZ| = FWHM of spectral peak , measurable in the same spectra

ImZ and ReX related through Kramers-Kronig
Valla et al., Phys. Rev. Lett. 83, 2085 (1999)

relations
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Tamai et al., Phys. Rev. B 87, 075113 (2013)

E-E; (eV)
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q Sicrorone ARPES: The single-particle spectral function

Trieste

Photoemission intensity: I(k,w)=I, |M(k,»)|*f(®) A(k,®)

Single-particle spectral function

| 2" (K, w)
T [0— e, — 2 (ko) +[2"(k,w)]

Ak w)=—

2’ and 2" related through Kramers-Kronig relations

» |n practise, an experimentalist does not have to be an
expert in the many-body physics.

= One can often look up the self-energy function and use
it to simulate spectra.

= Theorists can easily look up experimental self-ener  gies
and compare to their models.

Luca Petaccia — ICTP school | 66



E!ettrat
i ARPES

Advantages Limitations S S
* Direct information about the

electronic states! SICEEY  surface Electrons
+ Straightforward comparison with ?u.u.ec..m

theory - little or no modeling.
* Not bulk sensitive

» High-resolution information about
BOTH energy and momentum + 3dim k-space information difficult
— band structure E(k) to obtain

Fermi surface k(E
— (£¢) + Requires clean, atomically flat

. Sensitive to “many-body” effects surfaces in ultra-high vacuum

: <
- spectral function 4 .(k’E) | » Cannot be studied as a function
(if photohole localized | surface) of pressure (or magnetic field)

+ Surface-sensitive probe

Adapted from Kyle Shen Luca Petaccia — ICTP school | 67
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