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Photoelectric effect:

monochromatic kinetic energy
light to be analyzed

Conservation of energy:
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One-particle approximation

« Photoelectron Spectroscopy
-- “occupied” density of states

* Inverse Photoelectron Spectroscopy
-- “unoccupied” density of states
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Core Levels
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Chemical Environment

ethyl acetone
trifluoroacetate
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Fig.2.5. Chemical shifts for the C Is levels in ethyl trifluoroacetate (a), and acetone
(b), and the N Is levels in sodium azide (c). Chemcial shifts can be crudely related to
electronegativity differences: The known [2.8] electronegativity differences (Ax) are
C-H: Ax =04 C-O: Ax = 1.0; C-F: Ax = 1.5, which rationalize the chemical shifts in
ethyl trifluoroacetate [2.3]




Energie (eV)

6 4 2 r X

Zustandsdichte {willk.Einh) Wellenvektor

Abb, 7.12. Bandstruktur E (k) lings Richtungen hoher Kiistallsymmetrie fiir Kupfer
(rechts). Die experimentellen Daten stammen von verschiedenen Autoren und wur-
den von Courths und Hiifner [7.4] zusammengestellt. Die ausgezogenen Linien des
E(k)-Verlaufes und die Zustandsdichte (inks) wurden von Eckhardt et al. [7.5] be-
rechnet. Bemerkenswert ist die gute Ubereinstimmung sowohl der experimentellen
Daten untereinander als auch die Ubereinstimmung mit der Theorie



Can we understand the spectral lineshape ?
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Why extra peaks in Cu 2p core level of CuO ?




Can we understand the spectral lineshape ?
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Why extra high energy peaks in VB of CuO ?




The oxygen bands in a transition metal compound like
NiO show in an actual experiment the expected disper-
sion, and the data reproduce very well the predictions of
local den51ty theory. However, the 34 experimental struc-

scribed by a molecular orbital theory in first approxi-
mation where the dispersion can be put on as a small
perturbation. Therefore the interpretation of the spectra
of a system like NiO has to follow the lines which have
been found for the rare earths materials [9]. There also
one has 5d bands of considerable widths which are de-
scribed well by local density theory, whereas the 4 f ex-
citations are better described by a local approach.

This does not mean a break down of local density
theory. It rather signals that photoemission produces for
the excitation out of the 3d band, final states, which still
are highly excited and therefore are so distinctly different
from the ground state 3d bands that it is inadequate to
compare the measured dispersion curves with those cal-

culated in a local density approach. Rather it looks that
one has to start o1t from a local model like the cluster

approach and then add on the dispersfons which probably
will only amount to a few tentn of an eV at best. In this
sense for the interpretation of the photoemission spectra
of NiO a hybrid model [21] has to be applied in the same
way as it was used so successfully for rare earth systems.

We note that similar observations can be made for
CoO [17,35] and Nil, [18]. Again the 02p and 74 p de-
rived bands show large dispersions and are favourably
compared with the results of band structure calculations.
In contrast the 34 derived photoemission features, which
should not be confused with the initial state d-bands, have
little dispersion and are shifted closer to the p-bands as
expected for these excitonic states.

True !

These are incorrect statements:
“ground state d-bands*
1s an invalid concept !!

This 1s an incorrect statement:
“initial state d-bands‘
1s an invalid concept !!




The discussion about the cause of the insulating nature
~of NiO (and related compounds) has unfortunately been .
obscured by argument about terminology [17]. Therefore
‘a few very simple statements seem to be appropriate.
‘Because of the translational symmetry of a crystal, and
the very nature of the wavefunctions of the ions from
which they are made up the electronic states in a crystal
are bands with a nonzero dispersion [38]. It is a different

uestion whether a particular experimental technique like

hotoemission spectroscopy is able to measure these.
_bands. Applied tq NiO this means that it is established
from very simple principles [38], that the electronic states
of these materials are bands and it is known that the
broad p-bands exhibit their dispersion in photoemission
_experiments while the more narrow d-bands cannot be
‘mapped by this technique.

One may argue that a band structure that cannot be .

measured by photoemission spectroscopy is not mean-

sful and that the -bands as measured by this technique

(Fig. 8, and [17, 18, 34, 35]) are_the rcal ones and that

the discrepancy evident in Fig, 8 is due to a failure of

local density theory, While we can not dismiss this ar-

gument in total, we think that the evidence is more against

than for it. The measurcment of the ground state band
structure of a localized system (like d=clectrons in N

clectrons in rare earth compounds

by the fact, that within the time scale of the experiment

bt chough charge can be provided by the erystal in order

n out the hole to a degree, that makes it look

lar to the initial state. However, thermodynamic ex-

periments sample this band structure (although in & more

i ¢t way) and the activation measurements scem o

greement with the energy level diagram in Fig. 2

ing the reasoning behind it [21-25]. Also the

s. | and 4, which show the *L 'statc at 2 eV

below E,.indicate the excitonic nature of the excited state

and the thermodynamics that pin the Fermi energy to the

ground state band structure at the top of the valence
band.

This 1s an incorrect statement:
“ground state d-bands*
do not exists and
can therefore not be measured

True !

This 1s an incorrect statement:
“oround state d-bands*
do not exists and
can therefore not be measured




Ashcroft and Mermin: Solid State Physics, page 309
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Photoelectron spectroscopy and correlated systems



H, molecule model
one-electron approximation

energy level diagram spectrum

inverse
photoemission photoemission

triplet singlet
p & E,—E, =2t
too large !!




H, molecule model
Hubbard model

total energy level diagram

N=2

alb!

E~E ~42U |
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H, molecule model
Hubbard model

total energy level diagram

N=1 (PES) N=2 N=3 (IPES)

(singlet)



H, molecule model : Hubbard model
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H, molecule model : Hubbard model
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Example: Ti,0,

electronic structure and dimer formation




Metal-Insulator-Transition in Ti,0O,

» gradual transition
> ~10! change in p
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c-axis dimer Ansatz for Ti,O,

° Ti3+

3d!, S=1/2

* TP?*-Ti’" pairs : a,, molecular singlet formation -> effectively S=0
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valence band photoemission on Ti,O; single crystals

room temperature : insulating phase
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valence band photoemission on Ti,O; single crystals

room temperature : insulating phase
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Two-peak structure like in a H, molecule model -

(relative weights according to quantum mechanical interference effect)




Comparison experiment vs. C-DMFT

Chang, Koethe et al. (Cologne) Poteryaev, Lichtenstein, Kotliar.,
— T [T Phys. Rev. Lett. 93, 086401 (2004).

: Singl'e site |
 —U=2
[ ==-U=3
= U=4

2t=1.7eV

L Cluster
F —U=2
[ ==-U=3
- U=4

ant
bonding | bonding

DOS (states/eV)

P
wn
+
-
-5
o)
| -
©
p
7]
-
D
e
[ -
i

l 1 L 1 1 l
10 5

Energy (eV)

too low intensity of anti-bonding peak ?!

Binding Energy (eV)




Ti 2p core level XPS: experiment vs. multiplet theory
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What happens across the Metal Insulator Transition ?

» gradual transition
> ~10! change in p
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Orbital occupation in Ti,O5 from XAS: across MIT

“isotropic”
=300 K T=458 K =500 K 1=575 K

N N R I I o
1.00 | 0.997 0.745

m
[T | | || e |

Break-up of “dimers”

MIT = going from a collection of “dimers” into a 3-dimensional solid

“Making hydrogen metallic”
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Ti, 05 : single crystal, valence band

| HAXPES
i hv = 6.5 keV
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T | ' | ' |
-Ti,0, : single crystal, Ti 3d

| HAXPES
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1st order Metal Insulator Transition in VO,

6III(IIIIIIITIIIIIIIIIIT[ T>340K:meta|'ruti|e

M. Marezio et. al., T < 340K: insulator, monoclinic,
Phys. Rev. B 5, 2541 (1972) dimerized zig-zag chain
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Intensity (arb. units)

1st order Metal Insulator Transition in VO,

Experiment éx‘ ¥
hv = 700eV

- — R phase (T = 348 K)
- ==-M, phase (T = 300 K)

CDMFT
from Biermann et al.
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Koethe et al., PRL (2006)



Let us go back to the black board ....
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H, molecule model : Hubbard model
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Concluding remarks :
Photoelectron Spectroscopy: ideal to study electron correlations

One-particle approximation Many-body framework

P (w) = Iz * [Im G, ()|

Ehotoemlssmn,:, inv. photoemission:
valence band “conduction band”

Core Levels

energy level diagram total energy level diagram

N=1 (PES) N=2 N=3 (IPES)

alb0. atb!
ab?, a%b?

* photoemission:

--- ‘occupied” density of states H2 Hubbard model

* in.verse photoemission:
--- “unoccupied” density of states

(singlet)



