
MAUD School   

Structural Analysis of Nanomaterials 

using Electron Diffraction 

Philippe BOULLAY 

Cristallographie et Sciences des Matériaux ï CRISMAT UMR 6508 CNRS ï Caen, France 

1. Precession Electron Diffraction Tomography : from structure solution to structure refinement 

2. Electron Powder Diffraction : Rietveld analyses using MAUD   

0. Structural and microstructural analyses : why using electrons?  

8
2
 Å

 

38 Å 

[001]  

data 

fit  
E-WIMV 



MAUD School   

Structural Analysis of Nanomaterials 

using Electron Diffraction 

Philippe BOULLAY 

Cristallographie et Sciences des Matériaux ï CRISMAT UMR 6508 CNRS ï Caen, France 

phase S/M, structure and microstructure 
(size, shape, texture)  

powder 

cell, symmetry 

and structure 

XRD 

Mo Ka l=0,7107Å 

single-crystal ƹ tens of micrometer Ʒ 

0. Structural and microstructural analyses : why using electrons?  



phase S/M, structure and microstructure 
(size, shape, texture)  

powder 

cell, symmetry 

and structure 

XRD 

Mo Ka l=0,7107Å 

single-crystal ƹ tens of micrometer Ʒ 

PEDT 

200kV l=0,0251Å 

Precession Electron Diffraction Tomography (PEDT) Electron Powder Diffraction (EDP) patterns 

Nanoparticles (NP) 
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ƹ tens of nanometer Ʒ 
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Amplitude scattered by a crystalline lattice 

in   ò 3D ó 

atomic form factors 

atomic positions 

transmission function 

atoms in the elementary unit cell crystal form factor 

 measure Ig=||Ag||
2  

the phase is lost 

TF 

Motif de diffraction 
Fraunhofer Diffraction = FT of the transmission function of the object 

TF-1 

¬ 

structure factor 

 



Amplitude scattered by a crystal (finite size effects)  crystal form factor 
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¬ 



Ewald 
sphere  

Laue zones (ZOLZ and HOLZ) 

level 0 
level 1 

2D Ĕ 3D 

incident e-beam 
zone axis [uvw]   

sample    

screen or detector   

Ewald sphere  

Laue zone 2 
(SOLZ) 

Laue zone 0 
(ZOLZ) 

Laue zone 1 
(FOLZ) 
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V=200kV  Ĕ  l=2,508 10-12m 

direct observation of reciprocal planes (zone axis patterns) 



Ʒ interact with the electrostatic potential 

of the crystal (electrons + nucleus) 

Electron beam / matter interactions 

Structural Analysis of Nanomaterials 

using Electron Diffraction 

elastic e- / e- repulsion  Ĕ low scattering angles      ¬ 

e- / nucleus attraction   Ĕ higher scattering angles   

                   Ĕ backscattering                 ® 

¬ 

e- 

 

® 

strong 

Coulomb 

interactions 

            is related to the differential elastic scattering  

 cross-section                    :  

electrons electrostatic potential 

of atom (ion) n 

X-ray 
electron density 

of atom (ion) n 

is the atomic diffusion factor or atomic form factor 

charged particules 

 



kinematical approximation  

interactions of very weak 

magnitude 

incident wave: hardly modified 

scattered wave: small perturbation 

- interact with the electrostatic potential of the crystal (electrons + nucleus) 

- strong Coulomb interactions 

Electron beam / matter interactions 

diffraction  

coherent elastic scattering 

no energy or wavelength change 

of the incident wave 
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kinematical approximation 

is generally not valid in 

electron diffraction 

Ĕ  multiple scattering events 

sample preparation 



k0 k1 

*  ¶ 0 0 0 h k l  

0 0 0 

A diffracted beam acts as a secondary incident beam :  

visible effect  Ĕ translation of the whole diffraction patterns 

Multiple scattering 

not visible effect  Ĕ affect the diffracted intensities  

  Ĕ biased intensities = problem for structure refinement   
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      h 0 0 : h = 2n extra spots observed due to multiple scattering 



dynamic kinematic 

e- / matter : strong interactions ED Ʒ  dynamical scattering 

Crystallography : determine the arrangement of atoms in a crystalline solid  

Crystal structure : structure solution and structure refinement 

mostly rely on the analysis of diffraction patterns (X-ray, neutrons and electrons) 
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e- / matter : strong interactions ED Ʒ  dynamical scattering 

Ὅθ |Ὂ| 2 is not valid! 

multiple scattering 

Crystallography : determine the arrangement of atoms in a crystalline solid  

Crystal structure : structure solution and structure refinement 

mostly rely on the analysis of diffraction patterns (X-ray, neutrons and electrons) 
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Crystallography : determine the arrangement of atoms in a crystalline solid  

Crystal structure : structure solution and structure refinement 

mostly rely on the analysis of diffraction patterns (X-ray, neutrons and electrons) 

Cs corrected HREM imaging 

atomic positions, strain analysis 

Cs corrected STEM imaging 

Z-contrast (HAADF and BF) 

EDX 

chemical mapping 

STEM-EELS 

chemical and valence mapping 

You can do a lot more than just diffraction 

experiments in a modern TEM or STEM ! 

Imaging and spectroscopy 

at atomic resolution 

e- / matter : strong interactions 

thin films, nanosized particle / area 

ED 

small diffracting volume 

CBED 

dynamical scattering 
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TODAY ! 



Electron Diffraction  for structure and microstructure analysis ? 

Ʒ 

e- / matter : strong interactions ED Ʒ  dynamical scattering 

Crystallography : determine the arrangement of atoms in a crystalline solid  

Crystal structure : structure solution and structure refinement 

mostly rely on the analysis of diffraction patterns (X-ray, neutrons and electrons) 

Structural Analysis of Nanomaterials 

using Electron Diffraction 

? 
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1. Precession Electron Diffraction Tomography : from structure solution to structure refinement 

a. Electron Diffraction Tomography (EDT)  

b. Precession Electron Diffraction Tomography (PEDT)   

c. PEDT and structure solution (kinematical approximation)             

d. PEDT and structure refinement (dynamical approach)             



ñphi-scanò data collection 

U. Kolb et al., Ultramicroscopy 107 (2007) 507 

collection of a series of randomly oriented 

ED patterns at a fixed angular interval 
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Electron Diffraction Tomography (EDT) = gain 3D info + high data completeness 
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ñphi-scanò data collection PETS (L. Palatinus) 
1 >  peak search 

 transmitted beam position,  

 goniometer tilt, calibration,  

 reflections ǎƛȊŜΣ Χ 

n frames  Ƹ peaks list ò2Dó + center position 

2 >  peaks analysis 

 same reflection in several frames 

peaks list ò3Dó (x,y,z) + clusters analysis 

4 >  data extraction 

hklm I s(I) file 

indexing + orientation matrix + RS sections   

JANA2006 (V. Petricek) 3 > 

U. Kolb et al., Ultramicroscopy 107 (2007) 507 

collection of a series of randomly oriented 

ED patterns at a fixed angular interval 

Electron Diffraction Tomography (EDT) = gain 3D info + high data completeness 



- limit the interactions between the diffracted beams 

- less sensitive to thickness variation 

- increase the resolution limit  

- integrated intensities 

R. Vincent and P.A. Midgley, Ultramicroscopy 53 (1994) 271 

Ʒ Electron crystallography : more complicated than XRD due to dynamical conditions 

limit  the dynamical effects 

thin samples, light atoms, oblique texture ED, é 

PED 

4 >  data extraction 

hklm I s(I) file 

Ʒ EDT datasets : go further and use intensities for structure solution ?  

structure ? 
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Electron Diffraction Tomography (EDT) = gain 3D info + high data completeness 



ñphi-scanò data collection 

U. Kolb et al., Ultramicroscopy 107 (2007) 507 

collection of a series of randomly oriented 

ED patterns at a fixed angular interval x 

z 

sg 

q 

g 

Ewald sphere in PED 
Ƹ 

relrods intensity integration 
PED angle = 1.2°                  step 1°  

data collection time ~ 1h 

Precession Electron Diffraction Tomography (PED + EDT) 
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z 

sg 

q 

g 

Ewald sphere in PED 

limit  the dynamical effects PED 

- limit the interactions between the diffracted beams 

- less sensitive to thickness variation 

- increase the resolution limit  

- integrated intensities 

Data Analysis Ƹ1 hkl I s(I) file 

NdGaO3 Pnma ���‰�O�î���Æ���î���‰ �Æ�����‰�O�î 

f~1,75° 

f~0,8° 

increase the data completeness EDT 

Precession Electron Diffraction Tomography 

structure solution 

kinematical approximation  

structure refinement 

PEDT 

zone-axis PED 

Precession Electron Diffraction Tomography (PED + EDT) 


