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Electron Energy Loss Spectroscopy

• Measure the changes in the inelastic scattering distribution of an  electron 
beam transmitted through a thin specimen.

• Each type of interaction between the electron beam and the specimen 
produces a characteristic   change  in the energy and angular distribution of  
scattered electrons.

• The energy loss process is the primary  interaction event.  All other sources 
of analytical information ( i.e. X-rays, Auger electrons, etc.)  are secondary 
products  of the initial inelastic event.  Thus, EELS  has the highest potential 
yield of information/inelastic event
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Electron Energy Loss Spectroscopy

• Measure the changes in the inelastic scattering distribution of an  electron 
beam transmitted through a thin specimen.

• Each type of interaction between the electron beam and the specimen 
produces a characteristic   change  in the energy and angular distribution of  
scattered electrons.

• The energy loss process is the primary  interaction event.  All other sources 
of analytical information ( i.e. X-rays, Auger electrons, etc.)  are secondary 
products  of the initial inelastic event.  Thus, EELS  has the highest potential 
yield of information/inelastic event

5

5

Zaluzec - 2023

d-band

s-band
1 2 3

AES

XPS/UPS

XEDS/XRF

EELS/XAS

DO
S

Incident Electrons Incident Photons

L shell M shell
2 4 531

}

Schematic Diagram Illustrating Sources of 
Inelastic Scattering Signals

6

6



10/28/25

4

Zaluzec - 2023

Int
en

sit
y 

(A
rb

 U
nit

s)

700 750 800 850 900 950 1000 1050

Energy (eV)
1100

XEDS

XPS

EELS

Experimental XEDS, XPS, and EELS data from the Copper L shell. Note the 
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The Energy Spectral Profile

EELS

Z=4
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Plasmon Energies of some Elements

Colliex 1984

Ep = (h/2π)(ne2/ε0m)1/2 = (28.8eV) (zρ/A)1/2

n = density of “outer-shell” electrons, 
z = valency (free-e/atom)

x = Experimental
• = Calculated
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Experimental Edges
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fcc structure
PdHx ~ a0 = 4.02 Å
Pd     ~ a0 = 3.89 Å

1000 C    2000 C

Hydrogen ( 13.6 eV) is virtually lost in the Low Loss / Plasmon SignalZ=1
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Helium
In Pd

D. Taverna etal
PRL 100, 035301 (2008)
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Z=2
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Fluorine K shellLithium K shell

Low     Loss Peaks  

Zero     
Loss 
Peak 

Electron Energy Loss Spectroscopy of Lithium Compounds 

Conventional Core Loss Spectroscopy
Generally Requires  ~ 1-2 eV Resolution 

LiF Spectroscopy

Z=3
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Electron Scattering

Scattering from an isolated atom in free space
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R = Average Interatomic Spacing

Scattering from an collection of an amorphous collection of atoms
 - neighboring atoms give rise to interference 

Amorphous
Silica (SiO2)
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qE ~1.15 mR

Intensity of Edges is Directly Related to Mean Scattering Angle
Example: Amorphous Carbon (Z=6)
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Intensity of Edges is Directly Related to Mean Scattering Angle
Example: Boron – Nitride

qE ~1.62 mRqE ~0.777 mR
21

(Z= 5 & 7)
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Elastic Scattering Introduces additional angular dependence via  Diffraction
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Elastic Scattering Introduces additional angular dependence via  Diffraction
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Core Loss Dispersion Surface
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  Instrumentation: Detector Systems

  Energy Loss Spectrometers 
   Basic Principles
   Electrostatic/Electromagnetic
   Serial/Parallel Detector Systems
   Spectral Artifacts 
  Multichannel Analyzers
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Commerical
Spectrometers

Vs
Imaging Filters
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Spectral Imaging
Slice-by-Slice   vs  Point-by-Point
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Unfiltered Elastic

1st Plasmon 3rd Plasmon

Energy Filtering in Thick Specimens
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Unfiltered Elastic

1st Plasmon2nd Plasmon

Silicon 111 ZAP- Gamma Corrected
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Spectroscopy vs Filtered Imaging
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Krivanek etal 2010
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What is the Goal of the EELS Experiment

• Detection 

• Quantification 

• Filtering ( Elastic vs Inelastic Signal)

• Spatial Distribution (HyperSpectral Imaging)

• High Resolution Spectroscopy … 
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Data Analysis and Quantification:

  Spectral Processing
  Thin Film Quantification Methods
  Specimen Thickness Effects
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M23C6 in Steel : 
Spectral Overlap
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Ik =   Pk* Io

 Ik = Number of electron having excited a kth inner shell

 Pk  = Probability  of excitation of the kth shell

 Io = Incident  electron  current

Pk = N sk

 N = Number of atoms of the element analyzed
 sk = Ionization cross-section for the kth shell
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Alternatively;

Consider the ratio of Intensities of any two Edges in the same spectrum IA and IB

Invoke the Ratio Method and obtain the exact equation:

Note the similiarity of this equation with that of Thin Film XEDS
49
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But in the real world the assumptions used in the
above simple arguments are never realized:

• Measure all scattered electrons (β=π=180 0)
• Integration over all energy Losses

Because we must measure over a finite energy
window ( δE) we modify the expression to:

 NA = 
I A (δE)

 σA (δE)*I 0

we also measure over a finite angular window ( β)
and therefore, we modify the expression to:

 NA =  
  I A (δE, β)
σA (δE, β)*I 0

and the ratio equation becomes:

NA
NB  = k AB  

I A (δE, β)
I B(δE, β)

                                         
  with

k AB  = 
σB(δE, β)
σA (δE, β)

α

β

Specimen

Incident
Beam

Convergence

Inelastic
Scattering

Angle

e -
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Hexagonal Boron- Nitride

qE ~1.62 mRqE ~0.777 mR
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Problems in EELS Quantification
Cross-section Calculations
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Problems In EELS Quantification
 Collection Angle Issues
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Zaluzec -  early 1980s
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316 SS - ppt
TiN- M23C6
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t/l=0.35
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316 SS - ppt
TiN- M23C6 EELS/EFTEM Map

N Ti

Cr Fe

500 550 600 650 700 750 800 850 900

t/l=0.35

Zaluzec, Blackford  - 2011
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Effects of Specimen Thickness

• Multiple Scattering

• Low Loss

• Core Loss -Visiblity

• Quantification Effects
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• To measure the thickness of 
compare the intensity of the zero 
loss (I0) to the total integrated 
intensity in the spectrum (IT). 

• This ratio is directly 
proportional to the local 
thickness of the specimen.

 t / l = ln (IT// Io)

l = mean free path
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(Malis et al., JEMT 1988)

Inelastic MFP: 

λ =106 F (E0/Em)/ln(2β E0 /Em)

λ in nm,
β in mrad,
E0 in keV
Em in eV

Em = 7.6Z0.36

F = (1+E0/1022keV)/(1+E0/511keV)2
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Variation
in EELS 

Edge P/B
with 
kV
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Specimen Thickness Effects on EELS
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Deconvolution of Multiple Scattering
using Leapman/Swyt Method
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Contamination Effects on EELS
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Spectral Imaging
Slice-by-Slice   vs  Point-by-Point
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Gatan Digital Micrograph
72
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EFTEM elemental
maps of mouse
pancreatic
Islet cells

Nitrogen   
Phosphorus
Sulfur

Mut

Mut

Cnt

Cnt

Leapman et al. (2003)

1µm

Shows sulfur-rich 
insulin granules in b  
cells
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EFTEM Oxygen Map

PS  - C8H8        PMMA – C5O2H8
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EFTEM CarbonMap

PS  - C8H8        PMMA – C5O2H8
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Steps in Quantitative (Elemental) Analysis

  Select the operating mode: Is it appropriate?
   CTEM, STEM.....
   Image Coupled, Diffraction Coupled
  Obtain a typical spectrum
  Optimize the experimental conditions 
   Accelerating Voltage (maximum consistent with your specimen)
   Chooze the best Edges to analyze (K, L, M,....)
   Optimize b for the weakest edges (qE=  dE/2Eo)
   Optimize a to minimize problems (a < b/2 )
   Optimize the Acquisition Mode
    Normal - High Concentrations
    Difference - Low Concentrations 
   Optimize the Data Acquisition 
    Select  Energy Resolution  and Range
    DQE & Statistics
  Process the Data to Extract Intensities
    Normal
    Difference
    Reference Spectra
  Check the relative specimen thickness (t/l< 1�
  Calculate the compositions
   Absolute # of atoms
   Relative #  of atoms
   Standards/Standardless?
  ReCheck for Artifacts/Problems
   Diffraction
   Orientation/Channeling
   Unidentified Edges
   Spectral Overlaps
   Radiation Damage

80
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Core Loss Electron Spectrosopy

Linear  dichroism: 

The linear polarization of the 
incident electrons  parallel to the 
direction of momentum transfer. 
This polarization can be used  
sense the anisotropy of the 
valence states involved in the 
core excitation process.  It can 
detect the number  or changes in 
the number of the  valence holes 
in different directions of the 
atomic volume. 

In many cases, the anisotropy of 
the charge in the atomic volume 
is caused by crystal-field 
interaction and is due to an 
anisotropy in the bonding.

Linear Dichroism and

81
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A Conventional EELS experiment in the TEM

Angular Resolution typically  2-10 mR

Beam Convergence
2-10+ mR

82



10/28/25

42

Zaluzec - 2023

Momentum Resolved EELS (MREELS) in Core Loss Spectroscopy
derives its information from transitions from initial to final states

K shell  p-> s                L shell p->s and p->d
83
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Energy Loss Disperson Surface
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p*
s*

**

Core Loss Dispersion Surface
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A Conventional EELS experiment in the TEM

Angular Resolution typically  2-10 mR

Beam Convergence
2-10+ mR
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In some systems/conditions the difference is subtle
But …. this also depends upon what your looking for.

Variation of Amorphous Carbon NES with Collection Angle (b) 
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For Anisotropic Materials there can be large variations in the relative intensities of spectral features as a 
function of Angle (Momentum)

Variation of Graphite NES with Collection Angle (b) 
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93

Graphite Hex - BN

Momentum Resolved
HR EELS  for 

Phonon
Dispersion Measurements

Kazu Suenaga, AIST, Osaka, Japan
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Additional  Topics

  Low Loss Spectroscopy
  Plasmon Losses Studies
  Dielectric Properties
  Core Loss Spectroscopy
  Near Edge Structure
  Extended Fine Structure
  Radiation Damage

94
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Structure in EEL Spectra  is a manifestation of:
Bonding (Chemistry/Physics) and/or Crystallography (Structure)  

Low Loss Regime

Optical, Dielectric, 
Electronic, Magnetic 

Properties

Core Loss Regime

Composition, Bonding, 
Electronic, Magnetic , 
Structural Properties

95
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EELS Measurements of Valence Electron Densities
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Table 2 Experimental and Calculated Plasmon Shifts 
 in Selected Metal-Hydrogen Systems 

Material Expt. Ep 
(eV) 

Calculated 
FEM    

ΔEp/H/M 

Expt.  
ΔEp/H/M 

FEM Calc.  
Group II     
Mg 10.0 + 0.5 10.90 2.1+ 0.7 1.24 
MgH2 14.2+ 0.5 13.38   
Group III     
Sc 14 + 2 eV 12.87 1.6+ 0.7 1.50 
ScH2 17.2 + 0.5 15.87   
Y 12.5 + 0.2 11.19 1.4 + 0.7 1.41 
YH2 15.3 + 0.5 14.0   
Group IV     
Ti 17.2 + 0.5 17.69 1.4+ 0.7 0.87 
TiH1.97 20.0 + 0.5 19.4   
Zr 16.6+ 0.5 15.37 0.9+ 0.7 0.91 
ZrH1.6 18.1+ 0.5 16.83   
Group V     
V 22.0 + 0.5 22.29 0.0 0.3 
VH0.5 22.0 + 0.5 22.44   
PseudoGroup VI    
FeTi 22.0 +  0.5 25.04/21.9*   
FeTiH( β) 22.0 +  0.5 24.65/21.8* 0.0 -0.84/-0.3* 
FeTiH2(γ) 22.0 +  0.5 24.15/21.5*   

  * Calculated using modified FEM with ms=me and  md=1.9 me  
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Information in Core-Loss Profiles
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ELNES
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Copper L-shell Core Loss Spectroscopy in 
Metallic, Oxide and High Tc Superconductor Phases 
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Optical Properties of Metallic Nanoparticles

•Optical properties of nanophase 
materials can be probed by  EM 
radiation via excitation of surface 
plasmon resonances (SPR’S).

•Surface Plasmon Resonances are 
collective excitations of 
valence/conduction electron

•Frequency/Width of the surface 
modes are dependent upon dielectric 
constants of the nanostructures size, 
shape and local environment

•Requires excellent energy resolution 
in EEL Spectroscopy Mode to 
accurately measure. 
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Optical Properties of Metal Nanoparticles
Influenced by Size, Shape, Local EM Fields & Dielectric Environment
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Electron Sources  : Conventional XFEG vs  CFEG
Compare Energy Resolution

XFEG ~ 650 meV @ 300 kV
CFEG ~ 300 meV @ 300 kV
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Electron Source Energy Spread  Comparisons
CFEG vs PicoProbe MonoChromated XFEG

Pico Probe has the Highest Resolution Electron Energy Loss Spectrometry in the 
Midwestbut there is better i.e. Nion Ultra-Hermes DSTEM  < 5 meV 

CFEG  ~ 300 meV @ 300 kV
PicoProbe OptiMono   ~  90 meV @ 300 kV
PicoProbe  UltiMono    ~ 35 meV @ 300 kV
PicoProbe  UltiMono   ~ 18 meV  @   60 kV
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Tunable XFEG MonoChromator Performance
Facilitates Metrologically Relevant  Measurements  

XFEG OptiMono  ~ 90 meV @ 300 kV
XFEG UltiMono   ~ 35 meV @ 300 kV
XFEG UltiMono   ~ 18 meV @   60 kV
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High Resolution UV/IR/Vibrational  Low Loss Spectroscopy
at  < 20 meV Resolution 

HREELS is Essential  for Low Loss / Vibrational Spectroscopy Studies 

h-Boron Nitride

h-BN Phonon Dispersion
Curves - Serrano etal 
Phys Rev Lett 98, 095503. 
2007

20230621 - BN @ 60 kV
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HREELS Vibrational Spectroscopy  of Lithium Hydroxide

Aligned Data
ZLP Extrapolated
ZLP  Subtracted

2023111406 - 300 kV
d EFWHM ~ 34 meV

ZLP Extrapolation  and Subtraction

182 meV

50 meV
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Monochromated HyperSpectral  Imaging
1.65 - 3.1 eV   <->  750 - 400nm 

Plasmonics -  Near Field / Surface Phenomena will enhance Signals

Au nano-antennae
Arenal etal.    In press 2012 
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Plasmon Resonance Energy Shift ~ 700 meV

~ 1.65 - 3.1 eV 
 750 - 400nm IR UV

Al

Al- Bluk 
Plasmon

Al-Surface
Plasmon

Au

Plasmonic Spectroscopy is becoming increasingly useful
tool in our arsenal of characterization techniques  =>> Applications to NP’s and Adsorbates

Ag

Optical Properties of Metal Nanoparticles
Influenced by Size, Shape, Local EM Fields & Dielectric Environment

112
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C. Colliex, L. Liz Marzan, I .Pastoriza-Santos  - 2006 

Photo-Induced Conversion of Ag nanospheres to Triangular Prisms
Detecting Surface Plasmon Resonances
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Excitation Modes Change with Shape!

C. Colliex, L. Liz Marzan, I .Pastoriza-Santos  - 2006 
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Energy (eV)

XEDS

EELS

900 1000

O K

NiL

Late 1970’s – mid 1980’s
 Si(Li) – XEDS / SEELS-PEELS

2000’s ->
SDD/XEDS   &  Efilters/EELS

XEDS/EELS
Spectral Comparison

Intensity, Resolution  & Signal/Background
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OK

NiL

OK

NiL NiK

NiO
NaCl Structure  
ao = 4.176 Å

Single Crystal
Ar Ion Milled
Variable Thickness

•200kV
•X-FEG
•XEDS: SDD
•EELS: Gatan GIF
•DT Be Stage
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l(NiO)200kV ~ 101.7 nm
Egerton & Cheng Ultramicroscopy
Volume 21, Issue 3, 1987, Pages 231-244

Simultaneous 
XEDS and EELS
Data Acquisition
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Test Specimen  :   Nickel Oxide  - Compare the same Elemental Signals in XEDS and EELS
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On the Performance of XEDS and EELS in the AEM: 25 Years Later 
H.L. Fraser , D.O. Klenov , Y.C. Wang , H. Cheng  N. J. Zaluzec 

Microsc. Microanal. 17 (Suppl 2), 2011, 590-591 doi:10.1017/S1431927611003825

On the Performance of XEDS and EELS in the AEM: 25 Years 
Later

35

Ten Years have elapsed
since the 2011 study
and developments 
justify revisiting to see
what has changed.
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Comparison of EELS and  XEDS  showing the OK and NiL signals for two values 
of t/l,  
A & B are raw data, while C&D are normalized at  the OK background values.   

Dual JEOL 100 mm2 XEDS  & Gatan Quantum HR. 

Measurements -  JEOL  Mono NEOARM 200 F @ Chalmers University
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Experimental variation in the Signal/Background for EELS  (A) and XEDS (B) measurements as a function of relative thickness at 60 and 200 kV. 
Solid lines are guides to the eye  for 200 keV data.   Note the relatively uniform I/B for XEDS vs EELS. 

D < 15% D > 90% 

Measurements – NiO 
JEOL  Mono NEOARM 200 F @ Chalmers University

@ 60 kV & 200 kV

∆𝐼𝑡	𝜆	
𝐼𝑡	𝜆

	 ∝	

𝑘

𝐼!

I + 𝐵 ∗ t
λ

FoM (∝ MDF) 

Both I & B 
vary with thickness

∆𝐼
𝐼 	∝ MDF ∝

𝑘

𝐼!
I + 𝐵

Thickness
Normalization
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FoM Analysis – NiO 
60 kV & 200 kV

∆𝐼𝑡	𝜆	
𝐼𝑡	𝜆

	 ∝	

𝑘

𝐼!

I + 𝐵 ∗ t
λ

FoM (∝ MDF) 

Note:  
• As Eo increases EELS improves due to the decreasing Bgnd  due to  reduction in multiple scattering
• Small  difference vs Eo for XEDS  because I/B does not change significantly 
• A moderate improvement in XEDS detector efficiency will be significant  as I will increase
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Geometrical Broadening    dG ~ 2at
(all probes)

a semiangle
t     thickness

625 Z
Eo

ρ
A

!

"
#

$

%
&t3/2

dB (cm)
t    thickness(cm)
r density (gm/cm3)

E0   Accelerating Voltage (keV)
Z, A   atomic number &  wt 

Beam Broadening             dB ~ 
(general scattering) 

Chromatic Broadening      dC ~
(EFTEM)  

FCcβ
ΔS
Eo

Cc  Chromatic Ab Coeff (mm -> µm)
b Scattering semiangle (mR)
Ds  Energy Window/Slit Width (eV)
E0    Accelerating Voltage (keV)
F    Factor 0.1 (low loss) -0.3 (high loss) 

Inelastic Delocalization      dL  ~ 0.44 λ
θE
3/4

θE =
ΔE
2T0

T0 = γm0c
2

l Electron Wavelength
qE Mean Scattering angle
DE  Energy Loss
To Electron Kinetic Energy 

Image/Diffraction Delocalization     dR = | C5 �5 g5 + C3 �3 g3 + � �f g | max
C3 = Cs
g diffract. vector
Df defocus

There are always  Limiting Factors
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