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/” Photoemission Schematics: =

He la=21.23eV
He lla=40.82eV
Mg Kal,2 = 1253,6 eV
Al Kal,2=1486,6eV

Synchrotron Radiation

Je(hv,Ee9,0,0)
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-~ ENERGY CONSERVATION, BINDING. —
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v 4

ENERGY AND PHOTOELECTRON ENERGY
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X-section vs. Photoemission current

3.(0,8,0) = 3, () | [~ o dEFan<E,Q)/7det<E)deE

Photoemission peak lineshape

1. Photon monochromaticity Gaussian
2. Electron analyzer resolution Gaussian
3. Final state lifetime (uncertainty principle)  Lorentian

Lineshape =Convolution (1,2,3]
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/- The photoemission process- —

|
Parahalium

Orthchelium
H=0 i S=1
. _n_=_l_
i Helium h
. energy
 levels
1 2 3 . 0 1 2 3

Orbital angular momerntum |
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Interaction radiation matter

2
4o _ Arahv) (€. <LIJB D LIJA> O(Eg —E, —hv)
B

dhv

Bertoni’s lecture this school

Initial state A = Neutral ground(excited) state
Final state B = Residual ion + free electron(s)
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Energy balance for 2e atom

+ hv

S+Ee:/E£+E

=
(0p)

E_ =hv - BE, (24.6eV)

One single photoemission peak is expected
Energy and momentum are conserved
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Complexity of the

photoemission spectrum

Satellite structures n=1

Main peak

(x0.025)
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§ 95
Photoelectron Energy E_ (eV)
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The noble gas panorama - —_

He 1§?

Ne 1s? 252 2p®

Ar 1s? 2s% 2p°® 352 3pf

Kr 1s2.:.3s23p%3d"? 45%4p®

Xe ...3d'%4524p%4d!%55%5p5
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Primary-photoiofiization - —
process
PRIMARY PHOTOIONIZATION PROCESSES

MATN PROCESS SATELLITE PROCESS
_.,._ a
—S— ]
I
%hv
v 1
M+hy =>M+e- M+hv oM +e-
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’, N~ B ; W
»Photon = single particle operator

»2 or more particles involved in final state = e-e correlation
»Relaxation & e-e correlation in photoemission = satellite
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A many electron atom
Ho\w,gN>> = EgN>\L|J,§N>>

‘LIJ,SAN)>:A( N A Single
particle

. orbital

Ho| WiY) = EM W) 5
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sudden approximation

W) = Al ;| W)

do 1 2 _
] ONE +ENDY —E —hy
dQdE, huZ (E+Es AT Y)

A,B

£ (a[F|o 7y o)) (WE | W)

frozen core approvimation

d 1 A . .
o [ hvég.<£"rj‘¢j (rj,aj)>25(Ee +&, —hv)

dQdE,
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Photoelectron cusrent vs. photoelectronenergy

hv + He(1s’) - He" (1s') +¢,.,
hv + He(1s®) — He'(2s') +¢,,,He" (3s") +¢&,_,He (4S) + &, ueeu.n... He™ +¢, +¢,

hv + He(ls®) — He® (2p") +&,-, He" (3p") + &, He" (4p") + £,.,,
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Koopma'r'r's}n\ ergy vs. phe@nmssmn

’ -
E
< peaks ~

do 1 . iy . — N

dQdE.  hv 2 eo(e i |o, 7o) WED WD) S(E, +ES —E, —hv)
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D&l
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D
i
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shake-off shake-up adiabatic
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Spin orbit splitt

na

69

68
Binding energy (eV)
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Molecular multiplet_splitting O,

KK(0g28)2 (01123)2 (082p)2 (nuzp)ll (T[gzp)z zzg CORE HOLE MULTIPLET STATES OF O}
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INTENSITY

CuCl, multiplet & §a|’teITite\

% 2P43%2P5,23d 10
+ ligand hole

Cu 2p emission from CuCl,

~ 2D4,712P5*3d"°
+ ligand hole

= 2Pq2°2B;,°3d°

= 2D, ,12p;,*3d

1

Screened
~3d10 "\ Multiplets —
| Un,screened | 1 |
: ~3a°
930 950 970

BINDING ENERGY (eV)

Vinax(N—1)= C,,K(pr,22pj/23d’° +C/Z hole) + CZIK(pr/22p3,23d9)

Van der Laan et al., Phys. Rev. B 23 (1981) 4369
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“Chemical shift — . —

ETHYL TRIFLUOROACETATE C 1s 285-300 eV

ﬁ O 1s 530-540 eV

-, —0—c—ch [C 1sCQ298 eV

R N R m C 1s CH 291 eV
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Chemical shift vs.electronegativity = =
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W

Core level shifts
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~  Sensitivity to the'ldeal enavironmentin free clusters. =

Xenon Clusters
hv=120 eV

)

o~

J. Chem. Phys.,
VoI 205 Ne: 1yt

Binding Energy (eV)

FIG. 3. 44 XPS spectm of xenon clusters of three mean sizes at 120 ¢V

‘]anuary 2004 photon energy: (N)~ 300, 900, and 3500,

Tchaplyguine et al. Photoelectron Spectroscopy
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PES spectrun of N,

U

18 ; 17
Ionization energy, eV
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Diatomic molecule e levels

Isolated atoms
& g c®2p =

X y z

Molecular orbitals
for diatomic X,
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Experimental PE.spectrum of N,, and MOs

Orbital assignment Expected Experimental
/g 5| STATE OF N,*
/
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\\ \\
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7/7/Core PTEm‘ationai?ﬁe‘Ctrum —

-~ 2915 290 23S
BINDING ENERGY
K. Siegbahn et al “ESCA Applied to free molecules”

S ]
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Molecular PE x-section

H,=H,(kin)+H,(e—-n)+H,(e-e)+H,(s—0)+H,(n—n) =

N N 7 N 2ZZ
DI EEOR(DEEED
1 m 1 i 1> ] |J 1> ]

—

2

dJD1

Ee <£, ‘r ‘ZCMqoM ><LIJ(N‘1) ‘LIJ(N 1’>

dQdE, hv4iE

O(E,+EJ"™ -E, —hv)

Lux'b>

(v
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Frank Condon Factors
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7 Jahn-Teller splitting - -

Jahn - Teller instabilty in a CSvtype molecule

C s symmetry Cs symmetry
Transitions States

@)t )??

'_._-_,-p

(a)? (a)! 2

INTENSITY

BINDING thtl"o’(
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PE angular-distribution
dQ

2o (&]F | (7,0 ) )(WED W)

2
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Angular-distributions

180
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G

scattered

cl)direct + Z CD

‘Je

‘Je(H!@d D‘CDO

38,9,

SZ
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Fixed in space molecules
CO Cl1s

F. Heiser et al.

E

Or—eC hv=321eV .

-
E

VOLUME 79, NUMBER 13 PHYSICAL REVIEW LETTERS
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Application to surfaces

2
hw I(k)=lg,+ ¥ o, S
Scatterers, j
4’0 Ekin %
4
-(-Vo

6.
I exp(-L/2A,) /

\ e/
Spher. exp(ik|r=r;
\ Wave pigng”  fj(6)) - I- - /
\ (SW) WOVe I—r.— ri | /
exp (ikr) (PW) _ ~
rexpliker) =
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Core hole relaxation - -

SECONDARY PROCESSES

AUGER ELECTRON DECAY AUTOIONIZATION
: _ 5 | o
1= AR
A 1 = I I
O
é =
: :
v '.’_ 1 L 4 ';—1
2+ &
M M +e” M S>M +e-
Global energy, angular Energy, angular momentum,
Momentum and parity Dipole selections at each step

———
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Auger decay

Ne Ne* Ne**
= B2
L 3 o-0—0-@- o-0—0-@- O-0—0-0O-

é§p3/2) ——0— ———

(2Py2)

L, (2s) —e—o— —O0o—0—- —O0—0—

K (1s) ——0— —=@-C—=
Auger Transition) Double ion valence configuratiomViultiplet Terms
KLqL4 23 2p’ '3
KLiLo 3 25 2p’ Py, Ry, P, P
KLod o3 23 2p' 'S, P, P, Dy

EA(KL ,L,) = E(K) =E(L,) —E(L,, L)
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Kr Auger-spectrum

K. Siegbahn et al
“ESCA Applied
to free molecules”
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Zn Auger-muiltiplet splitting

2

P(O.i. f) < |( fe,e.|Clie, )| #[ie, |D]o)

b

N

ARBITRARY

-[ {ifz—‘peA Clit)*(iz|D|0)
E,+E,—E, —hv—il/2

P(0,i, f) o<

dr‘

L3M 45I\/I 45

Aksela et al. PRL 33,999 (1974)
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Auger chemical shift

B

Kinetic Energy
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Autommzmg decay

Ne Ne* Ne*
EA

M23 e 7= P\
(3P) o-o—0-0-
(2p3/2)

—O—O— ——— o
(2p1/2)
L, (2s) —e—0— G — GG w—
K (1s) —-O0—
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.y P
, Ar Autoionization spectrum <« -

3 ('D)nd (’s)

n=987 6 5 4 3 Peak A

mrr T 1|

Peak B

] detuning: -7.5\0::A~/JU

"l

Resonant

£
channel . =
3s57ni @
2 10 -
= detuning: - 0.25 eV
[3p"3$“nl
3penl
3s!
3p*
+1 final states

42
Ground state Binding energy (eV)

Phys Rev. A 63,032514 Photoelectron Spectroscopy
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7 : I > Reduced Fano Energy

,~ Quantum interference - PR TN
| \EE

(fEA|C|]T>ﬁ<’T|D|O> 2 15.f i - ]
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photoemission line : oon]
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line? _ O e—
Interference between direct and i w0 s
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Phys. Rev. A 63,032514 SRR
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From central to perlodlc potential. —

Momen tum (K )
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L ™

-
g Spectral Function.in Iptg@c:ﬁ'ng‘smids ——
WY = AYNL D,
JeDZ¢IM2| = [ my,[2x §(EN+hv- ENL -E.)
Ak, €)= = (|<WN1 |c [WN>)]|2x §(g + ENL - EN)
Jekk, @) 0% IM.[2AK, E, - hv) f(E,., - hv)

For non interacting particles  A(g, k)=9(¢ - E,) where Er=ENEEN

A(e, k) = 1| = (k, €)| /[le-E, - ='(k, &) |2+ | ="(k, €)1 7]
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Photoemission SO e

“Spectroscopy - How real

' KINETIC spectra look
ENERGY ENEHGY like:
clecrons  Primary and
Secondary
Electrons
EMPTY |

VACUUM  SURFACE BULK il STATES
Vacuum level )

SECONDARY

Bt TR Mo e e ot i & ’ N = ELECTRONS
Valence :‘:.::;éjé// ///// / OCCUPIED
electrons | X7 7 7 /, ) 70 STATES
R 220 hy
Core
clectrons A >
Photoelectron

spectrum

Eleclironic slales Densily ol
in a solid elecironic slales
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The-Three-Step model

three—-step model

travel transmission
through the

optical
excitation to the

of a surface surface
wave-
packet

~ ....- m.-——-—-

P

> o

one-step model

£ | excitation wave matching

intoao ot the surface
damped
final state
T
y
/]
/
A
/
7
hw /
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Vs
y
/
Ll \/\/\/vv\jr\,_
e —— 7
0
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The three=step ngogel 2 e
1. Dipole transition
Je=3; f(E;) [1-f(E)] M x 8[E,,-(E-®)] S(E-E-hv) 8(k+G-k)
2. Elastic transport
d(E;, k) = aA/(1+al)
3. Exitto vacuum
OIfE;<E+O®

T(Ef’ kext) =<
1/2V[1-(Ec+ P)/Ef|IfE; > E-+

Total current

Je 0 % f(E;) [1-F(Eq)] M2 X T(Ey, Kee)  d(E, K) x B[E gu-(Er-®)] S(E-E;-
hv) x & (k,+G-k;) x & (k. +G"-k” )
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s =N —
l/’ \Phqt\nemi,;siorl Spectroscopy .. —

LI B B B B | I I T rrrry T I LN B A B B |

mean free path (A)

_—
(=]

Be i
Lt | Lttt 1 Ll 1
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electron energy (eV)

electron mean free path
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How to-reconstruct tl'wej'nitiarsta'tE'

energy‘ | kinetic energy of
photoelectron
E=EqfreeeYereermeenenenns
voasm o
level ™Y & work wave vector
Fermi S o function  1n vacuum
level F
i /
-

reduced wave vector k
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Intensity

Cross section

0 100 200 300
Photon energy (eV)

(a) hv=40 eV

(b) hv=143 eV

— P1(997)

Co chains
on Pt(997)

5 N 3

Binding energy (eV)

Valence Band EDCs of the clean Pt(997)
surface (thin lines) and of Co-nanowires
grown on Pt(997) (dots and thick lines), taken
at different photon energies
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Phetoemission intensity

- ~ /_
” Resonant-phetoemission - el

Valence Band
EDCs of a CuPc
e ' ' ' thin-film taken
NEXAFS N1s at different
.36 photon energies
! (left panel) and
. X-ray
3, ‘f Y Absorption
| Spectroscopy
I (XAS) from the
% 400 w0s 40 ‘ same CuPc
FSoi ) across the N K-
edge (right
panel).

Electron yield
.
" oo =
L N
@
3

hwv=110e¢V

| i A A "
20 15 10 5 =
Binding energy (eV)

Photoelectron Spectroscopy
X1l SILS School G. Stefani 56



’

Intensity (arb. units)

>

2D electro§n gas spatiaily Co

1
=)

(Os)
o 0.0 0.1 0.2 0.3
"'600 T T d T . T
-
£ soof- r \._
2 sl |
= 400}
g |
o Jnu-l Vs
EF
©(Os)
0.05 /\
0.03
0.02 "/\
CB (x50)
VB clean
-'l o -ll'.4 -0'.2 0:0

Binding Energy (eV)

> &

Cs/InAs(110)

2D Density of states

Quantum Well

100

Binding Energy (meV)

m,=0.023
m, =04
e=14.60

EgQ = 354meV

(c)
(b)

E =-92meV

E,=-137meV

E,=-264meV

(a)

T
0 100
D

L L . B
200 300 400 500

epth Z (A)

nfinéd C&/InAs(110)

-

Photoelectron Spectroscopy
X1l SILS School G. Stefani

oL



> L ~
Pﬁojoemission - Core Level Spectroscopy
-

y 4 -

Wide XPS spectrum of graphite (C)

C as graphite s,

Mg Ka Kvv

1020 970

Binding Energy (eV)
' JL = .

1200 1000 800 600 400 200 0
Binding Energy (eV)
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Photoemission Spectroscopy

The singlet C 1s line is
Core level XPS spectrum characterized by:

of graphite (C)

1) A specific binding

energy which reflects the

Is = 284.5 eV Is specific atomic species (C)
in a specific chemical

- environment

2) A finite width reflecting

the instrumental

resolution, lifetime

- | ;indingsgnc,gy i »s  broadening and other
many-body effects
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Photoemission Spectroscopy: Chemical Shift (4&,)

g

Is Bindiﬁg Energy (eV)
Compound Type 280 282

C with N

Cwith §
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Carboxyls
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CwithF
CHF

Ch
CFs
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Si2p S4100)
hw = 130 eV Oxidzed in O,

Photoemission Intensity ( Arb. Units ) -

-107 -106 -105 -104 -103 -102 -101 -100 -99 -98
Initial~State Energy (eV relative to E )

FIG. 1. Intermediate-oxidation states at the SiO,/Si(100) in-
terface, identified by their Si 2p core-level shifts. The top curve
represents the raw photoemission data for the Si 2p, 5,3, core
levels. The bottom curve has the Si 2p, /, line and the secondary
electron background subtracted. All three intermediate-
oxidation states are seen. For a truncated bulk structure only
Si** would be present since the Si(100) surface has two broken
bonds per atom.

Core Levels, chemical shift

The Si 2p line is
characterized by the
occurrence of 5 chemically
distinct components which
reflect different chemical
states of the Si atoms at
the interface
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Photoemission Spectroscopy: Core Levels
Spin-Orbit Splitting

( I ”) Degeneracies determine relative intensities
of peaks compnsing doublet

Fig. 6.5

@ Binding energy (BE)

Ratio of intensities =
branching ratio= 0.5

\(BE) = spin-orbit splitting
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Cboper' Minimum Photoemission
It is possnble when one of the valence band orbital shows a”
Cooper minimum in the photoionization cross section

ENLANN [T 1] BE
.| PH UIQMM ON' CROSS 5'5‘3'_!9&3 | -Pt*’ﬂs' | Cooper minimum
gSSScs=2=cc 'j SEzasssscesis = in the P+ 54
e e I R s e "
HH T T e T cross section
| T ST
3_9 L = : id‘(" == ﬁﬁiﬂ—* =22 ‘ */
e EEEREEEEEES aRmE A Cooper minimum
g | R | (| exists when the
§ Feema, N P 1 radial part of the
1R g H o Fy orbital wave function
2 o =1 exhibits a node
% I | . 3 ; #: :
X 50.0 100.0 Boa___ 2000 250. 300.0 350.0

Photon Energy (eV)

_ Photoionization cross section for 4d and 5d subshells in the energy i—ange ‘ eV The P"' 5d and Si 3 p Cross

compared to the cross sections for the 3ps and 4sp valence states of the semiconductors [21].
sections are _comparable
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Cooper Minimum”Photoemission

A joint analysis of VB photoemission-spectra taken at and
off the Cooper minimum enables one to disentangle the
differing site- and orbital-specific contributions

J 1 ] I I T I I T 1 I T 1 I Li I 1

™
3 Si(s-pr(PH(d)
Pt/Si (1) 2x1 -

40 A(P})

|- Pt 5d anti-bonding
= Pt 5d non-bonding
I- P+ 5d bonding

- = hv = B0 eV _
B Max 7
EB_EV

PN, (I TR TN IR NS (NN WSD NS (SO |SUNES NN SN || WO (N (| conwal |

15 10 5 0
eV

. Analysis of the Si sp partial DOS at the Pt-Si(111) reacted interface (40 A Pt-Si(111) at

room temperature). The top panel displays the CM and the h» = 80 eV photoemission data, and a

three-peak partial DOS that accounts for the Si hybridized 3sp charge at the interface; a gap is

present in correspondence to the localized Pt5d states. The same three-peak partial DOS is then

self-convoluted and compared to the integrated SiL,;VV lineshape. The correspondence of all

peaks and relative intensities (a part of the known reduction of the Si 3s contribution) confirms the
CM derivation of the Si sp partial DOS [159].

JILO DUITUUI U Seiaiil 66



Angular-resolved photoemission
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electronic surface states at Cu(111)

Cu(111)
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S.D. Kevan, Phys. Rev. Lett. 50,526 (1983).
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Dangling-bond surface state dispersion at the $)({Ax1) reconstructed surface along e
direction of the Surface Brillouin Zone (SBZ). Oofethe first experimental ARPES dangling-bond
dispersion (left panel); recent high-resolution ASPdangling-bond dispersion.
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Experimental band structure of the 5p levels ofpKgsisorbed in an ordered
c(2x2) structure onto the Cu(110) surface. ARPES bands
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2-nm thick pentacene film grown on Cu(119). ARPERaion of spectra taken at normal emission and

varying the photon energy (left); highest-occupealecular-orbital (HOMO) band dispersion along k
(right).
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