
2332-15

School on Synchrotron and FEL Based Methods and their Multi-Disciplinary 
Applications 

Andrea Goldoni

19 - 30 March 2012

Sincrotrone Trieste 

 
 

 

ARPES  



Part III

Papers:  S. H �üfner et al., J. Electron Spectroscopy Rel. Phenom. 100 (1999)             
              A. Damascelli et al., Rev. Modern Phys. (2005)

F. Reinert et al., New J. Phys. 7 (2005)
X.J. Zhou et al., J. Electron Spectroscopy Rel. Phenom. 126 (2002) 

Thanks to: A. Damascelli, Z.X. Shen, R. Claessen, Ph. Hofmann and E. Rotemberg
from whose I have taken slides and figures



• Interacting electrons: many-body physics
• Single particle spectral density function A(k, ω)
• The self-energy
• The “kinky” physics: electron-phonon interactions
• 1D System: Luttinger liquid. Spinon and holon dispersion
• Mott-Hubbard insulator
• Fullerenes



Many body effects are due to the interactions between the electrons
 and each other, or with 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

Interaction effects between electrons: “Many-body Physics”
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The final state relevant for photoemission must contain a free electron with wave
vector k and energy Ekin.
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Now the sum is over all the possible final excited states x of the (N-1)-electrons
system left behind by the photoelectron. The essential step in simplifying this
expression consists in the factorization of the final state wave function |k, N-1, x as
the product of the photoelectron φk and the φx(N-1) electrons wave functions.
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Interacting Electrons: many-body physics
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This involves two assumptions:

1) Sudden approx.: The photoelectron decuples immediately from the
photohole left behind and carries no information on the relaxation
of the (N-1) system

2) We neglect inelastic losses of the photoelectron on its travel inside
the crystal
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where
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ckj destroys an electron with momentum kj from the initial state |N,i 

|N-1,x is an eigenstate of the (N-1) Hamiltonian,
while the (N-1) wave function ckj|N,i is not

We can write Ei
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Interpretation: The photon absorption suddenly creates an (N-1)-electron state ckj|N,i
that is not an eigenstate of the (N-1) Hamiltonian (frozen state). The spectrum is the
projection of this frozen states over the “fully relaxed” eigenstates |N-1,x of the (N-1)
Hamiltonian. We call “fundamental peak” (or “elastic peak”, or “coherent peak”) the
transition leaving the (N-1)-system in the ground state |N-1,0 that correspond to a
photoelectron with kinetic energy
The spectrum also exhibits peaks at lower kinetic energies by quantities -Δεx when the
system is left in an excited |N-1,x  state.
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Transition probability for interacting electrons



Sudden Adiabatic 
or non-interacting

Kinetic Energy

Interacting electrons

“fundamental”





Interacting electrons ?

Still no information on
the lifetime of the states
(width of the peaks)



It is useful to introduce the one-electron removal Green function formalism:
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ckj destroys an electron with momentum kj and energy ωj from the initial state |N,i 

η can be infinitesimally small

… and the corresponding spectral density function A(kj,ωj)=(1/π)ImG(kj, ωj)
In the limit η →0:
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Comparing to:

!j = h" # Ekin = Ei
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# Ex

N#1Where A(kj,ωj) ≠ 0 only when 
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A bit of math and the quasi-particles



Rewriting in terms of the electron binding energy ω, considering the momentum
conservation and including the Fermi-Dirac distribution:

I(k,ω) = Iif(k,A,ν)A(k, ω) fd(ω, T) 

Proportional to
Matrix elements

Spectral function

Fermi-Dirac

This is the most important result: in the sudden approx. the
photoemission spectrum is proportional to the single particle spectral
density function A(k, ω)

This relationship has been obtained in the limit η→0 (η is the peak width), i.e. the
peaks are Dirac’s δ. It can be extended to “real systems” where the width Γ is finite.
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Quasi-particle: when one hole is added adiabatically forming an (N-1)-electron
system the coulomb interaction is screened by the formation of an electron
cloud around the hole. At equilibrium, the hole+the screening cloud is a quasi-
particle.
An eigenstate |N-1, x of the (N-1)-electron system can be obtained by adding a
quasi-particle to the N-electron system (quasi-particle state).

If instead we suddenly simply add a bare hole of momentum k (or we remove
an electron of momentum k) we obtain the state ck|N,i , that in general is not an
eigenstate of the (N-1)-system, but it will have a finite overlap with the
corresponding quasi-particle state.
The spectral density function A(k, ω) gives the probability that the original
system plus the bare hole will be found in an exact eigenstate of the (N-1)-
system
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Where ε(k) is the quasi-particle energy referred to the Fermi level µ=0 

  

}
Zk

As ε(k) → µ,  Γ ∝ (ε- µ)2→0

The quasi-particle is well-defined only at (or very close to) the Fermi level, where
its lifetime 1/ Γ →∞



Interacting electrons

=1/2ε(k)

=µ

Coherent

Incoherent

non-interacting
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Example: TiTe2



The total width γ (overlapping
region) depends on the slopes,
or group velocities.
γ is dominated by Γf (much
larger than Γi).
Difficult to obtain the true
quasiparticle inverse lifetime.



Normal emission Interesting when vi=vf and vi/vf=0



Grazing emission

When vi/vf=0     γ = C·Γi  

C = 
-1





The self-energy
It is useful to express the effects of the electron interactions in terms
of the “electron self energy” defined as:
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… rewriting G(k,ω) and A(k,ω): 





The “Kinky” physics
• Clear-cut case of a quasiparticle picture
• The quasiparticle mass near EF is renormalized and
the density of state increased
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Electron-phonon coupling

Spectral function: 
excitation spectrum







Coupling to adsorbate vibrations on a surface



Intrinsic electron-phonon coupling on a surface: Debye model









Electron-phonon coupling constant and superconductivity



Coupling to other bosons



Fe(001) surface state: dispersion and lifetime width





1D System: breakdown of the Fermi liquid
Spinon and holon dispersion

t

J

t - hopping integral

J∝t2/U - magnetic exchange

U >> t
strong
coupling



B.J. Kim at al., Nature Physics 2 (2006)









1D System: breakdown of the Fermi liquid
The Tomonaga-Luttinger liquid



H. H. Ishii Ishii et al, Nature, 426, 540 (2003)et al, Nature, 426, 540 (2003)
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SWCNTs: an example of Tomonaga-Luttinger liquid



n(E) ∝ |E-EF|α, where α=(g+g-1-2)/8
depends on the size of the Coulomb
interaction and g is the Luttinger
parameter

α ~ 0.53±0.05  for pristine SWCNTs
in agreement with other estimations

α=0  Fermi liquid

log-log plot Transition from a 
Tomonaga-Luttinger liquid 

to a Fermi liquid

TLL

F
L S1S1 S1*S1*

0.40.4-0.4-0.4 00

R. Larciprete, S. Lizzit, L. Petaccia, A. Goldoni, PRB 71, (2005)



Mott-Hubbard insulator



Ca2-xNaxCuO2Cl2: at x=0 Mott-Hubbard insulator





Polaron formation



Ca2-xNaxCuO2Cl2: doping dependence



Ca2-xNaxCuO2Cl2: doping dependence
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HOMO-1
HOMO

LUMO

A. Goldoni, L. Sangaletti, S.L. Friedmann, Z.-X. Shen, M. Peloi,
 F. Parmigiani, G. Comelli and G. Paolucci, J. Chem. Phys. 113, 8266 (2000)

Strongly correlated metal

Mott-Hubbard insulator

Strong correlations U ~ 1 - 1.3 eV
Small band dispersion W ~ 0.5 - 0.6 eV
Orbital degeneracy (HOMO 5 fold, LUMO 3 fold)
Small Fermi energy ~ 0.25 eV
Phonon spectrum up to 0.2 eV
Jahn-Teller distortions in charged C60
EJT~ 0.03-0.18 eV for C60

n-

Fullerenes



Band dispersion of K3C60(111)

K

M

G

G

Dispersion < 100 meV

Binding Energy (eV)
1.5 1.0 0.5 0.0 -0.5

phonons

plasmon

T = 90 K

Spectrum dominated by phonon and plasmon
excitations;  quasi-particle coherent peak 
confined near EF

0.8 0.6 0.4 0.2 0.0 -0.2

Binding Energy (eV)

near  Minimum
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 Γ K K

EF = 

 ΓM



K6C60 (Ionic Crystal)

bcc lattice

LUMO bands completely filled:
band insulator
Ground state trivial

No molecular motion
No J-T distortion
No correlation effects
No screening
Coupling also to K+ modes

Photoemission creates a single hole in a full band,
that couple to phonons ===> POLARON PROBLEM



S. Wehrli et al., Phys. Rev. B 70, 233412 (2004)

Predictions for K6C60 (Ionic Crystal)

What we should expect ?
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Band dispersion of K6C60(110)

5 4 3 2 1 0
Binding Energy (eV)

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)

H N H ΓΓ

VBM = 0

1

2

3Bi
nd

in
g 

En
er

gy
 (

eV
)

Γ

N

HN

H

Γ

N

= EF

Γ

N

H

Γ

H
N



Band dispersion of K6C60(110)

At Γ the bandwidth due to the presence of the three
LUMO bands should be very sharp and, even
considering our integration in K⊥, in the worst case
we must expect a width of the photoemission
feature of 0.25 eV => difference more than a
factor of 2
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α2F(ω)=λ(ω/ωD)2 (3D model){Debye

Model

ωD= 200 meV
W0=0.11±0.04 eV

λ=1.15±0.05
Intermediate
polaron regime

Temperature dependence of K6C60(110) LUMO width at Γ

B. Hellsing et al., 
J. Phys.: Condens. Matter 14, 5959 (2002)



Calculations explain why the el-ph coupling leads to a broadening of spectra calculated by
neglecting el-ph coupling, with minor influence on the dispersion.
O. Rösch and O. Gunnarsson, Eur. Phys. J. B 43, 11 (2005)

In the intermediate polaron regime the dispersion of the incoherent spectral function (that
dominates the spectrum) is weakly affected compared to the weak-coupling regime (spectrum
dominated by the coherent part and bear a close resemblance with the free-electron case), but
with a much more broadened lineshape reflecting the stronger coupling to the phonon
distribution. M. Hohenadler et al., Phys. Rev. B 71, 245111 (2005)

Similar results obtained for a Mott-
Hubbard insulator with intermediate
coupling to phonons
S. Fratini and S. Ciuchi, PRB 72  235107 (2005)



Andrea Goldoni
Sincrotrone Trieste S.C.p.A.



• How low photon energy are produced

• The Bad ElPh beamline

• Reasons for low photon energy: bulk sensitivity, higher momentum
resolution, good energy resolution easier

• Sudden Approx still valid?

• Final state effects?

• Other problems



How low photon energies can be obtained ?
1) Gas discharge lamp (He=21.22 eV, Ne=16.85 eV, Ar= 11.62-11.83 eV,
         H2= 10.2 eV)
Large spot size (several mm), ~ 1014 photons/s, intrinsic linewidth ~ 1-2meV,
satellite lines



How low photon energies can be obtained ?

2) Laser systems (6 - 7 eV)
Spot size 1-500µm, > 1015 photons/s on the sample, intrinsic linewidth 0.26-0.1meV,
only one energy

D.S. Dessau, Univ. Colorado (USA)

Schematic of a system for performing

photoemission spectroscopy based on

a frequency quadrupled Ti:sapphire

oscillator (6 eV) running at 100 MHz.

Note the high repetition rate:

Needed for a high signal to noise while keeping
the instantaneous electron emission rate low.

This last aspect is critical for keeping the

electronic response of the sample in the linear

regime and to minimize space-charge and other

spurious effects.

S. Shin, RIKEN, Tokyo Univ. (Jap)



S. Shin, RIKEN, Tokyo Univ. (Jap)



3) Synchrotron radiation
Spot size 10-400µm, > 1012 photons/s on the sample, intrinsic linewidth < 1meV, 
continuous energy range

How low photon energies can be obtained ?



4m Normal Incidence Monochromator: 5˚ 

Energy range: 5 - 23 eV with two gratings, a third grating foreseen for 23-35 eV

BaD ElPh Layout

Beam IN

Beam OUT



The monochromator performances
24.8 12.4 8.27 6.2 4.9641.3

Energy (eV)

3000 lines/mm

1500 lines/mm

20 eV, resolving power 45000 (10 µm) 
12 eV, resolving power 75000 (10 µm) 
8 eV, resolving power   50000 (10 µm)



256x256 pixels
128 slices (spectra)
3 MHz count-rate Mounted on a two-axis goniometer

Expected performances:

Cryostat/manipulator
 T ~ 4 K

Total energy resolution
~ 3 meV

Momentum resolution
<  0.005 Å-1

Actual performances:

Cryostat/manipulator
 T ~ 11 K (on the sample)

Total energy resolution
~ 5.7 meV

Momentum resolution
<  0.005 Å-1

Courtesy of R. Claessen (Univ. of Wuerzburg)
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5.04.54.03.53.0

Kinetic Energy (eV)

 hv = 9 eV         PE=2 eV

 
 somma_vite 160K
 fit_somma_vite 160K 
EF=5.03563; FWHM:5.8meV; T=164 K 

 somma_vite 300K
 fit_somma_vite 300K 
EF=5.0356; FWHM:5.8meV; T=300 K 

 spettro_vite15K_SS
 fit_spettro15K_SS 
EF=5.0356 
FWHM=5.7 meV 
T=20 K

5.205.155.105.055.004.954.90
Kinetic Energy (eV)

θ range = 5˚
21 slices; Δθ ∼ 0.25˚
ΔΚ < 0.005 Å-1

A. Goldoni et al., unpublished



Why going to very low photon energies?
4 eV< hv < 20 eV

1) Bulk sensitivity
2) Higher momentum resolution
3) Good energy resolution easier



Why going to very low photon energies?
4 eV< hv < 20 eV

1) Bulk sensitivity
2) Higher momentum resolution
3) Good energy resolution easier



Electrons photoemitted with low photon
energies are the most bulk sensitive
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T. Kiss et al.,JESRP 144-147, 953 (2005)



ΓM

C.R. Ast, H. Hochst, PRL 87, 177602 (2001)

Fermi surface of Bi(111): Bulk vs Surface states



C.R. Ast, H. Hochst, PRL 87, 177602 (2001)



Momentum
Distribution
Curves at EF for
Bi(111) along the ΓK

hv=9 eV

hv=18 eV

Note:
bulk states (BS) appear
at low photon energies

C.R. Ast, H. Hochst, PRL 87, 177602 (2001)



Photoemission from Mg(0001): surface vs bulk states

Measured at hv=44 eV
Bulk states intensity very very small

T. Kim et al., PRB 72, 075422 (2005)



Bulk band
(now well visible)

Mg(0001) measured at hv = 9 eV

Enhanced bulk sensitivity at low photon energy

Surface state
5.04.54.03.53.0

Kinetic Energy (eV)

P. Vilmercati et al., Notiziario Neutroni e Luce di Sincrotrone (2008)



Mott transition in V2O3

(V1-xCrx)2O3 prototype system for isostructural

metal-insulator transition induced by electron correlations

(V1-xCrx)2O3     x =0,011

T=300K paramagnetic insulator

T=200K paramagnetic metal
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Binding Energy (eV)

(V1-xCrx)2O3

PM-PI hv=9eV

T=300K PI
T=200K PM

difference

(similar experiment made by R. Claessen et al.)
M. Marsi et al., submitted to PRB



Photoemission on BaD ElPh
Low photon energy
Normal emission

Mott transition in V2O3

metallic phase shows larger

difference between

surface and bulk

� Surface is more

correlated than bulk

� True also for other

strongly correlated systems ?
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M. Marsi et al., submitted to PRB



Coronene (C24H12) on Au(110), intercalated with Rb

Petra Rudolf et al.
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hv = 21 eV

As the LUMO fills no states near EF:
always insulating

Plenty of similar photoemission
examples in the literature:
phtalocynins, porphyrins, …
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Rb-Coronene: Fermi region with hv < 10 eV
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At hv =9 eV the evolution is completely different:
density of states crossing Fermi

The LUMO states are closer to Fermi and crosses EF

hv ~ 21 eV hv ~ 9 eV

Petra Rudolf et al.



C60/Ag(111)

6

4

2

0

Attenuation length of low electron in solids: 
CoO/Ag and C60/Ag

e-

F. Offi et al., PRB Rapid Comm. (in press); A. Goldoni et al., in preparation



Why going to very low photon energies?
4 eV< hv < 20 eV

1) Bulk sensitivity
2) Higher momentum resolution
3) Good energy resolution easier

At the surface the
crystal symmetry is
conserved in the
surface plane but is
broken perpendicularly
to the surface: the
component of the
electron momentum
parallel to the surface
plane (k//) is conserved,
but k_|_ is not
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The angular resolution is defined by the electron energy
analyzer. Suppose it is 0.5˚ and the BZ boundary is ~ 0.25 Å-1.

At Ek=25 eV  the BZ boundary is reached after ~ 5.5˚
We have 11 sampling points → Δk// ~ 0.025 Å-1

At Ek=9 eV  the BZ boundary is reached after ~ 9.5˚
We have 19 sampling points → Δk// ~ 0.014 Å-1 

GOOD for systems with small BZ



Example: Band structure in fullerides
Typical hexagonal surface lattice parameter > 10 Å

Γ

Γ
1ML-KxC60/Ag(100)

1ML-K3C60/Ag(111)W. Yang et al., Science 300, 303
(2003);
V. Brouet et al., PRL (2004)

Measured at 22 eV. Lower photon
energy should allow better Fermi
surface mapping.



Why going to very low photon energies?
4 eV< hv < 20 eV

1) Bulk sensitivity
2) Higher momentum resolution
3) Good energy resolution easier

T. Kiss et al.,JESRP 144-147, 953 (2005)



Angle Resolved Photoemission Spectroscopy of MgBAngle Resolved Photoemission Spectroscopy of MgB22 Single Crystals Single Crystals

ss  and  and pp  superconducting gapssuperconducting gaps

A

B

C

S. Tsuda et al. Phys. Rev. Lett. 91, 127001 (2003 )

TwoTwo  
superconductingsuperconducting gaps:  gaps: 

DDss=5.5 =5.5 meV   meV   DDpp=2.2 =2.2 meVmeV

S. Souma et al. Nature 423, 65 (2003 )



πσ





Pseudo-gap opening in FeSi

K. Ishizaka et al., PRB 72, 233202 (2005)



Critical question for ARPES at such low energies: 
is the Sudden Approx still valid?



I(k,ω) = Iif(k,A,ν)A(k, ω) fd(ω, T) 

Proportional to
Matrix elements

Spectral function

Fermi-Dirac

This is the most important result: in the sudden approx. the
photoemission spectrum is proportional to the single particle spectral
density function A(k, ω)
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The single particle spectral function A(k, ω) gives the probability that the
original system plus the bare hole (electron suddenly removed) will be
found in an exact eigenstate of the (N-1)-system
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Interacting electrons

=1/2
ε(k)

=µ

Coherent

Incoherent

non-interacting
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No dramatic changes in the electronic spectra near the Fermi surface.
The sudden approx seems to be still valid or its breakdown may be
not so important for the states near EF.

J.D. Koralek et al., PRL76, 017005 (2005)



Another critical point for ARPES at low energies: 
“Final state” effects

6 eV

8 eV

9 eV

R.W. Lof et al., PRL 68, 3924 (1992)



C60(111) multilayer @ RT

‘K’
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hv = 8 eV

HOMO
band dispersion
~ 0.6 eV

No difference
@ 77 K

A. Goldoni et al. 



C60(111) multilayer @ RT

‘M’
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hv = 8 eV

A. Goldoni et al. 



C60(111) multilayer @ RT

K

��

hv = 15 eV

HOMO dispersion apparently smaller than at 8 eV, but of the
order of 0.2 eV (K// integration? Final state effects?)

HOMO-1 HOMO

A. Goldoni et al. 



C60(111) multilayer A. Goldoni et al. 



8.5 eV

C60(111) multilayer

photoemission

inverse photoemission



C60(111) multilayer

‘K’

��

hv = 8 eVhv = 8.5 eV

A. Goldoni et al. 







Good agreement, everything seems understood





What happens?



Other problems:

• Magnetic fields must be screened very well

• The total reflection angle for bulk state emission can be reached

• Large Brillouin zones cannot be mapped completely



SPIN POLARIZATION: 
HOW TO MEASURE 
and SOME EXAMPLES



Gold foil

Gold foil is used because of its high Z, it is non-reactive and because thin gold, films which
reduce multiple scattering, are easy to produce.

The Mott detector: measuring
the electron spin polarization



The presence of a spin-orbit term in the scattering potential introduces a 

spin dependence in the scattering cross section. Two detectors at 

exactly the same scattering angle to the left and right of the foil count 

the number of scattered electrons. 
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Mott scattering, also referred to as spin-coupling in elastic Coulomb 

scattering, is the separation of the two spin states by scattering an 

electron beam off the Coulomb field of heavy atoms.  



EF
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Ni(110)

Ni(111)
J. Osterwalder et al, (2005)



Rashba-Spin-Orbit Effect at Metal Surface States
J. Osterwalder et al, (2005)







Crystal Field splitting: Compressive strain in GaAs
P. Saez et al, IEEE (1996)



PES of PES of GaAs GaAs and and GaAs-based GaAs-based materialsmaterials

•• Advantages:Advantages:
moderate even high polarization: moderate even high polarization: P ~90% @ QE 0.5%
high brightness: 10high brightness: 1055 A/cm A/cm22··srsr
good beam quality: small energy spreading etc.good beam quality: small energy spreading etc.
polarization direction can be easily changed by reversing thepolarization direction can be easily changed by reversing the

helicity helicity of the incident lightof the incident light

•• Disadvantages:Disadvantages:
PP is only 20 is only 20── 35% for bulk  35% for bulk GaAsGaAs
low QE for strained low QE for strained superlattice GaAs-based superlattice GaAs-based materialmaterial
Cs and OCs and O22 activation to get  activation to get ““negative electron affinitynegative electron affinity””  everyevery

hundreds of hourshundreds of hours
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