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Quick repetition: 

Part I: Principle of EELS 
–  Interactions between e- - beam and sample 
–  the EELS spectrum 
–  Spectrometer 
–  What kind of information do I get?  
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Electron - Sample Interactions 

Strahov Stadium in Prague 



Electron Intensity Distribution 



Electron - Sample Interactions 
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Questions you can ask an electron: 

Q1: where are you going to?  ( direction) 

Q2: how is your relation with the others? ( phase) 

Q3: how fast are you travelling?  ( energy) 

Q4: are you up or down?  ( spin) 
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The EELS Spectrum 

The EELS spectrum
 corresponds to the
 probability of an
 interaction over
 energy loss. 

Number of electrons plotted as a function of the energy that 
the electrons lost during passage of the sample... 
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1. Elastic Interactions 

Elastic scattering: 
Elastic scattering at low angle is mostly due 
to Coulomb interactions with the negatively 
charged electron cloud. 

Diffraction:  

Interference of (coherently) scattered electron 
waves from periodically arranged atoms in a 
crystalline solid. 

Q1: where are you going to? 

Dark field (DF) Bright field (BF) Diffraction 

Elastic scattered 
electrons are used for 
image generation in 
conventional TEM! 



1. Elastic Interactions 

Q2: how is your relation with the others?  

Elastic scattering: 
Elastic scattering is also the basis for  

high resolution imaging, where changes in  

the phase of the electron waves gives rise 

to contrast variations:  

Phase contrast imaging 
(HIGH RESOLUTION TEM, HRTEM) 

Coherent, elastic scattering 

Elastic scattered 
electrons are used for 
image generation in 
conventional TEM! 

J. Phys. Chem. C 2008, 112, 18815 



1. Elastic Interactions 

Elastic scattering: 
Elastic scattering at higher angles is 
essentially due to Coulomb interaction with 
an atomic nucleus. 

Rutherford scattering: 

Incoherent, elastic scattering to high angle 

Intensity is related to atomic number and 
thickness of specimen 
High Angle Annular Dark Field 
HAADF - STEM Imaging  

Elastic scattered 
electrons are used for 
image generation in 
conventional TEM! 

Q1: where are you going to? 
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2. Low-Loss EELS 

•  Mainly Plasmons (longitudinal density fluctuations in a plasma (metals)  
or the electrons in the valence band) 

•  Also Intra- and Interband transitions (as opposed to ionization edges, which
 catapult electrons into the conduction band or outside the local atom’s
 potential). 

•  Energy loss range comparable with the range accessible to V-UV
 spectroscopy. 

•  Information about (local) dielectric properties of the material:
 Determination of dielectric function with high spatial resolution  

ELF: Energy loss function 

Derive  ε1 ε2 by using the Kramers-Kronig relations 
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O 1s → 2pZ 
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3. Core-Loss EELS 



Inelastic scattering 



Energy Loss Spectrum 

Ionization edges appear at element characteristic energy! 



Inelastic scattering 



EELS vs. EDX: 



EELS 

EELS vs. EDX: 

EDS 



EELS vs. EDX: 

EDS 
•  X-rays provide elemental

 information only 
•  spectra contains signal

 from sample holder (Cu)
 and other parts of
 sample 

•  High detection efficiency
 for high Z elements 

•  Energy resolution poor! 
•  Only simple processing

 required 

EELS 
•  Elemental, Chemical &

 Dielectric information 
•  Very efficient, high

 sensitivity to most
 elements 

•  High detection efficiency
 for low Z elements 

•  Energy resolution 0.3-2eV 
•  More complex procesing

 required 



Outline 

Part I: Principle of EELS 
–  Interactions between e- - beam and sample 
–  the EELS spectrum 
–  Spectrometer 
–  What kind of information do I get?  
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Energy filters/Spectrometer 



Energy filters/Spectrometer 



Energy filters/Spectrometer 

In-Column (Omega) Filter 

•  4 Dispersive elements (4x90°) 

•  Integrated into micr. column 

•  Spectra and images projected on viewing screen,  
CCD, photographic film, TV-camera 

•  High transmissivity 

Post-Column Filter 

•  1 dispersive element (90°) 

•  May be added to any existing
 microscope 

•  Only detectors integrated into energy
 filter possible (no film, no viewing
 screen) 

•  Small transmissivity 

In-Column vs. Post-Column 



Outline 

•  Part I: Principle of EELS 
–  Interactions between e- - beam and sample 
–  the EELS spectrum 
–  Spectrometer / Energy Filters 
–  What kind of information do I get? 

This depends on the mode of operation: 
•  Energy filtering 
•  Spectroscopy 



Energy filtered imaging 

•  Energy filtered imaging and mapping 
•  Spectroscopy 



Energy-Filtered TEM (EFTEM) 

C1 .. C7: correction elements 

The energy window is shifted by 
changing the accelerating voltage of 
the microscope.  This ensures that 
the TEM optics may remain 
unchanged. 

Slit aperture 



Zero-Loss filtering 

Angle-limiting aperture 

Sample 

Transmitted
 beam 

i.e. 200 keV Well defined energy 

Spectrum 



Convergent-beam electron diffraction patterns of cubic-BN taken at 
[110] electron incidence.  

(Left) Without energy-filtering.  
(Right) With energy-filtering  

Patterns become much clearer, if the diffuse inelastic scattering 
background has been removed by zero-loss energy filtering. 

Zero-Loss filtering 



Zero-Loss filtering 

Mestrado Dia V: EELS-TEM37 

O K 
0-Loss filtering  
enhances contrast ! 



Low-Loss/Plasmon filtering 
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Low-Loss/Plasmon filtering 

J. NELAYAH et al. , nature physics VOL 3, 348-353, 2007  

Mapping surface plasmons on a single Ag nanotriangle 

maps of plasmons,  
recorded in the near 
infrared/visible/ultraviolet 
domain 

Top: Experiment 
Bottom: Simulation 



Low-Loss EELS: Example 2 

Si particles with SiO2 surface layer. Plasmon filtered image recorded using plasmon of  
 Si (around 17.5eV) and plasmon of SiO2 (at around 22.5eV) 

Energy-filtered imaging using the plasmon of Si and SiO2 



Elemental Mapping 

Three window method for background removal in EFTEM 

G. Kothleitner, Felmi, Graz, Austria 
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Background extrapolation: usually power law IBackground(E) = AE-r 



Vanadium map Coated tubes 

Example 2: VxOy-film on CNT 

Nov. 25, 2009, Seminar, SNU C2E2

Energy Filtered Imaging 



Outline 

•  Part I: Principle of EELS 
–  Interactions between e- - beam and sample 
–  the EELS spectrum 
–  Spectrometer / Energy Filters 
–  What kind of information do I get? 

Elemental composition, 
Elemental distribution,   
dielectric properties etc.  



Outline 

•  Energy filtered imaging and mapping 
•  Spectroscopy: 

–  Specimen thickness 
–  Quantification 
–  Chemical information 



The fine structure of ionization edges:  
ELNES Energy Loss Near Edge Structure 

Chemical Information 



Chemical Information 

•  Fine structure? 

Is there a similarity to X-ray absorption? 

NEXAFS (near edge X-ray absorption fine structure),  
or XANES (X-ray absorption near edge structure) 



Similarity to NEXAFS! 

–  TEM requires less space! 
–  TEM offers very high spatial resolution! 
 +  and geometric information at the same time! 



Similarity to NEXAFS! 

V LIII V LII 

O K 



Example 1: TiO2-film on CNT 

Willinger et-al. Phys. Chem. Chem. Phys., 2009, 11, 3615 - 3622  

200nm 200nm 

Carbon nanotube 

MeOx TiO2 TiO2 
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C 1s → 2pxy/z 

Example 1: TiO2-film on CNT 



Example 1: TiO2-film on CNT 

TiOx fits to rutile TiO2 

Chemical information at high spatial resolution: 

Willinger et-al. Phys. Chem. Chem. Phys., 2009, 11, 3615 - 3622  



TiO2 - Polymorphs                   (F. Hofer, TU Graz) 



V LIII V LII 

O K 

Example 2: VxOy-film on CNT 



V LIII V LII 

Example 2: VxOy-film on CNT 

Energy shift! 

O K 
Oxidation state 
changes from  
V5+ to V2+ ! O K 



V LIII V LII 

Energy shift! 

Different intensity (area)  
of oxygen K edge! 

O K 
O to V ratio 
changes from  
5/2 (V2O5) to 1/1 (VO) ! 

Example 2: VxOy-film on CNT 



Example 2: VxOy-film on CNT 

Comparison of spectra reveals: VOx is very close to V2O4! 

M.-G. Willinger et al. Nano Lett. 2008, 8, 4201 



Another example: 

Energy Loss Near Edge Structure 

Single element: Carbon Oxygen in different environments 



Outline 

•  Part I: Principle of EELS 
–  Interactions between e- - beam and sample 
–  the EELS spectrum 
–  Spectrometer / Energy Filters 
–  What kind of information do I get? 

Elemental composition, 
Elemental distribution,   
dielectric properties etc.  

Chemical information: 
elemental ratio, oxidation state and more! 



Outline 

•  Part I: Principle of EELS 

•  Part II: Detailed Interpretation / Simulation 

•  Bandstructure of Solids: 
•  simple moelcular orbital picture,  
•  linear combination of atomic orbitals 

(LCAO) 
•  Interpretation of the EELS finestructure 
•  Simulation 
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Molecular orbital energy-level diagram 
and an O-K ELNES of V2O5: 
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V L3 
V L2 

O K 

4p 

4s 

3d 
t2g 

eg 

t1u 

a1g 

eg 

t1u 

a1g 

2p (π) 
2p(σ) 

V O 

V L-edge and O K-edge of V2O5: 

EF 

1s electron 



Excitation of an electron 
from a core shell... 

O Atom 

1s 2s 

… into an unoccupied state 
    above the Fermi-level    EELS Spectra        

Matrix element term &  
density of states term (DOS) 

Interpretation of the ELNES 

Dipole Approximation & 

Orthogonality of      
       : 

Matrix element equal to  
XAS 



K.Schwarz, P.Blaha, G.K.H.Madsen, 
Comp.Phys.Commun.147, 71-76 (2002) 

Method: 
–   Density Functional Theory (DFT) 

Program:  
–   WIEN2k (FP-LAPW-code) 

Spectroscopy 
!core levels (with core holes) core levels (with core holes) 
!X-ray emission, absorption, electron-energy-loss X-ray emission, absorption, electron-energy-loss 
!optical properties (dielectric function, Kramers-Kronig) optical properties (dielectric function, Kramers-Kronig) 
!fermisurface(2D, 3D) fermisurface(2D, 3D) 

Total energy and forces 
!optimization of internal coordinates, (MD, BROYDEN) optimization of internal coordinates, (MD, BROYDEN) 
!cell parameter only via Etot (no stress tensor) cell parameter only via Etot (no stress tensor) 
!elastic constants for cubic cells elastic constants for cubic cells 
!Phonons via super cells Phonons via super cells 

Interpretation of the ELNES 



SCF-principle 

Payne et al., Rev. Mod. Phys. 64, 1045 (1992). 

Calculate starting 
density from atomic 
densities: ρin  

Calculate potential 
from density 

Solve Kohn-Sham 
equation:  

[-∇2 + V] ψk =  Ek ψk 

Calculate density 
from gained wave 
functions: 

ρval = Σψk
*ψk  

New density = old density? 

Input: Unit cell with 
atomic positions 

V 

ψk , Ek 

ρ = ρval+ρcore  

no 

yes 
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M.-G. Willinger, D. S. Su, R. Schlögl,  
Phys. Rev. B 71, 155118 (2005). 

Interpretation of the ELNES: 
Simulation of the Electronic Structure 



Contributions from 
differently coordinated 
atoms 

Interpretation of the ELNES 



Interpretation of the ELNES 
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distorted 
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Observation of crystal field 



Conclusion 

Analysis of the energy distribution of the electrons after interaction with the
 sample provides insight into: 

•  Dielectric response of the sample (low-loss):  
Band gap, optical properties, dielectric function 

•  Elemental composition (ionization edges): 
Distribution of different elements, elemental ratios 

•  Electronic structure (fine structure of ionization edges): 
oxidation state, crystal field, local band structure, bond hybridization and  
anisotropy, …  

All this in information is obtained in the TEM at very high spatial resolution! 

It’s all about Atoms and their arrangement! 



Warnings: 

•  Radiation damage 
•  Interpretation of HRTEM images 



Attention! Radiation damage 



Attention! Thermal effects 



Attention! Thermal effects 

Melting point of nano particles 

Example for size dependent properties:  



Attention: Image interpretation! 

In TEM, we look at 2-dimensional projections of 3-dim. objects!  



But be careful! 

•  Many materials are beam sensitive! 



Literature 



Literature 

The bible of EELS... 



Literature 

theoretical basics 

... for those who 
want to enter more 
deeply into the 
theoretical basics 
of inelastic 
electron 
scattering... 
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…finally 

Thank you for your attention! 


