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Energy scales

o Energy level structure: H [1ha) = Eq |tha)

n=123,...
for H: «: (=0,1,2,3,...,n—1
mep=—4,—0+1,....0—1,¢

eV/keV
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Energy scales

o Energy level structure: H |1)s) = Eq [tha)

I meV

o Relativistic corrections: fine structure
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Energy scales

o Energy level structure: H |1,) = Eq [tha)

S— [ eV

e Relativistic corrections: fine structure

@ Orientation nucleus in electron cloud: hyperfine structure
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Energy scales

o Energy level structure: H |1)s) = Eq [tha)
o Nuclear excitations

keV/MeV
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Molecular Hamiltonian

e Molecule / solid / defect cluster of:

o v nuclei (a =1...v) with charge +Z,e and mass M,
o N electrons (i =1...N) with charge —e and mass m.

e Stationary Schrodinger equation:
Himat¥(r, R) = E¥(r, R)

o Nonrelativistic Hamiltonian:

v v
N h2 Z.7 2
Hmat = E __vi + @ ﬂe
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J. Joos (UGent) Introduction WEFS-2025

Born-Oppenheimer approximation

Ansatz: ¥(r,R) = ¢(r, R)((R)

Neglect non-adiabatic terms:

M

N —h2
Hyaa = ;:jl sar (2Vat (r B) - Vel (R) + (R)VEY(r, R)),

justified by M, < me.

Separation between electronic and nuclear degrees of freedom is obtained

Born-Oppenheimer approximation = “adiabatic approximation” =
“clamped-nuclei approximation”
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Born-Oppenheimer approximation

o FElectronic eigenvalue equation:

N v N
Z —h?_, Z Zoe? Z e2

2m Vi~ 4dreg |Ra — 74 * dmeg |r; — 74
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v M ZQZBez
+Zﬁz dmeo |[Ro — Ry| | V(7 ) = B (R)om (r. R),
= >a

(nuclear coordinates treated as parameters)
o Nuclear/vibrational eigenvalue equation:

v K2
— Vﬁ + En (R)> Cm (R) = €mpCmpu (R) .
(O; YT m EmpGmp
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Born-Oppenheimer approximation

3v dimensional
hypersurfaces (E,,(R))

R, R,
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Born-Oppenheimer approximation

Example: No molecule

o v =2, s0 3rv = 6: 3 translations; 2 rotations; 1 internal coordinate dn_n
100 _ T T T T 7]
80 APSE A
T’\ ng=2>5
g 60 R
o
o
o
N
% 40t .
g
=
5]
20 8
Of Nz ]
0.5 1.0 15 2.0 25 3.0
dn-x (A)
WEFS-2025

J. Joos (UGent) Introduction

Table of Contents

© Spectroscopy

WFS-2025

J. Joos (UGent) Introduction



Spectroscopy

Transition probability

o Two level system:

Hint

o Fermi’s golden rule:

27

. 2
Wisg = i ’<f| Hiyg |Z>‘ 5(Etot,f - Etot,i)

o Conservation of energy: Fiot = Ematter + Flight-
o Hin: light-matter interaction
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Spectroscopy

Techniques and energy ranges

o Fundamental information on electronic structure

UPS
PL
FTIR
Raman
Mossbauer
LTNO
PAC AES
T _~—— |EPR/ENDOR
J N—— | "MR/NQR
XAS
XES/RIXS
XPS
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Spectroscopy

Techniques and energy ranges

o Fundamental information on electronic structure

o Light-matter interaction exploited in applications

(a) (b) N

=l
=2 -

M. Ruf et al., J. Appl. Phys. 130, 7 (2021).
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optical
~ eV

microwave/RF
~ eV (GHz)
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