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Electron Diffraction in Structure
Determination

A Why and when electron diffraction
A Oriented-pattern electron diffraction
A Three-dimensional electron diffraction (3DED)

A Sparks from the infinite galaxy of electron diffraction
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Transmission Electron Microscopy
D. B. Williams & C. B. Carter, Plenum Press

Electron Crystallography: Electron Microscopy and Electron Diffraction
X. Zou, S.Hovmoller& P. Oleynikoy, Oxford University Press

High Energy Electron Diffraction and Microscopy
L. M. Peng, S. LDudarey & M. J. Whelan, Oxford University Press
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X-ray powder diffraction
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Visible light vsaccelerated electros
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Transmission electron microscope (TEM)

HR-Iimaging
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Accelerated electrons/s X-rays

A Short wavelength (~ 0.60.1 A)
- small scattering angle
- almost flat Ewald sphere
- many reflections excited contemporarily

A Strong (Coulomb) interaction with matter
- 10%-10* stronger interaction than X-rays
- good signal/noise fronmanovolumes
- dynamical scattering

A Charged (8

- easy to deflect and focus in a nanoprobe
- scattered information can be recombined
In Images

Electromagnetic lens



What 1Is a TEM?

Scanning electron microscope
(SEM)

) — electron gun

——accelerating anode
focusing magnet

to screen control

scanning magnet

backscattered electron ol

detector
X-ray detector \

secondary electron detector
sample

Transmission electron microscope
(TEM)

source

C1
condenser system

C2
condenser aperture

sample
objective lens
objective aperture

projector system

imaging
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structure

HR-TEM imaging: local
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HR-TEM |mag|ng structure modelllng

Experlmental Image

\.

Filtered
Image

Simulated
Image

HRTEM evidence for 8reversals in them = 17 antigorite polysome.
CapitaniG. C.,Mellini M., Am Mineral90, 991 (2005).
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HR-TEM imaging vsElectron Diffraction

A Resolution limit of about 2.61.5 A for conventional TEM
A Necessity of almptimal orientation Electrons _
A 2D projections: Incoming
- very complicate to understand the third direction radiation
(especially for cells with long parameters) Sample
- hard reconstruct in a 3D object by tomographic algorithmp |
Al maging requi r e8samalamaget o f Iigh/\?\ Scatter.|

( Lens >
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After 2 minutes



HR-TEM imaging vsElectron Diffraction

A Resolution limit of about 2.61.5 A for conventional TEM
A Necessity of almptimal orientation Electrons _
A 2D projections: Incoming
- very complicate to understand the third direction radiation
(especially for cells with long parameters) Sampl e
- hard reconstruct in a 3D object by tomographic algorithmp |
Al maging requi r 8samaamaget o f Iigh/\"( Scattering
Diffraction

In diffraction we miss the

crystallographic phases

t we need a muahnilder illumination,
we achieve better resolution

and it iIs more easy to géb data

After 2 minutes



Microscopy and Diffraction

Mh e

For general object you obtain an
amplitude Fourier transform

For aperiodic object (acrystal),
you obtain aiffraction
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SAED vsNED

Selectedarea electron
diffraction (SAED)
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SAED vsNED

Selectedarea electron
diffraction (SAED)
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SAED vsNED

You must change the optical settings
when you switch from sampkearch
Imaging to diffraction

A small convergencas possibly present

You illuminate only the areaof interest
(no collateral beam damage

Signal from asmaller area

A More sensible to sample driftduring
continuous tilt

A Lower or no background signalfrom
empty grid

A More efficient for nanocrystalline
aggreqgates and intergrowths

Nanobeam electron
diffraction (NED / NBD)

Incoming
electron beam
Condenser l l l l
aperture
Illummated Crystal
area of interest

San;[;:(; tilt _9\% Ksamp]e p]ane
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Diffraction from oriented patterns




lefractlon from oriented patterns

When the crystal is
oriented along a crystallographic
axis, you obtain at the same time a

In-zone diffraction pattern and a
good HRTEM image

Orienting a crystal means that
equivalent atomsin overlapping
cells are precisely
aligned along columns

i ———
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Crystal orientation

To orient a crystal, we
use adouble-tilt holder




In-zone oriented electron diffraction
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Cell parameter determination

order Laue zone)

ler Laue zone)

Vainshtein plot 25



Diffraction from twmned crystals

Typical diffraction from two
monoclinic twin domains

Eachtwin domain diffracts
as a single crystal,
and all diffraction patterns
sum up

Two diffraction lattices with
complementary beta angle

Sometimes twinned domains
produceshon-crystallographic
reflection extinctions or they can
produce appareméflection
modulations with holes



Diffraction from disordered crystals

Di sordaemd especiabtacpl & : Denisovite
generates continuo
of di ff ugset rsecaaktitneg I

(b)

Sometimes only certain classes of
reflections show diffuse scattering,
or anyway this is more evident in

certain classes of reflections

Vaterite
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Diffraction from a polycrystalline object

When crystals are too small and/or aggregated, we obtai
ring patterns, analogous terdy powder diffraction

Il n this cas
correl ate t|
riongs wi th
Il nterpl anati
Ay [ o 8} -
Hydrothermal products L g7y | c OF I

of experimental geology
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In-zone oriented electron diffraction
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Dynamical effects
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Dynami cal ef f e

Kinematic scattering
Single scattering

I = (Fria)?
Always the case for Xays
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Dynamical effects
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When reflection
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radially from the center,
there isno structural
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Dynamical scattering

Space group-d3m
Reflectiond, ;o O oh3+4n f or
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Dynamical scattering ..

Rings of Cu,O from  From a singlananocrystal
Nanocrystals the walls of the nanotube

of Cu

Nanotube walls \4\(
made of multiple P
Cu,O grains™\, 4&a "

Nt

Dynamical scattering of the walls
of the nanotube (CyO), trigged
by one the (strong) Cu reflections



Dynamical scattering

Dynamic effects lead toradistribution of reflection intensities,
which results in:

- Violation of systematic extinctions and symmetry relations between reflections
(difficulties in recognizing the Laue class and the space group

- Violation of the kinematic relationship I, ~ (Fp.)?

(difficulties in using this data for structural solution and refinement;
high Ry,,and high structural residuaR1/wR2)

- Violation of Friedel's Law

(we can recognize the naentrosymmetrgf a structure



Precessi on el ectro

000 000

Scan g 00
Specimen =

De-scan e 000

Double conical beamrocking system for
measurement of integrated electron
diffraction intensities. the Northwestern

R. Vincent, P.AMidgley, Ultramicroscopy53, S A EE University, USA
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Advantages of Precession Electron Diffraction

A increase of the number of diffraction spotsntercepted by the Ewald sphere
A integration over the reflection intensity aregiuction of the excitation error effect
A reducing the effect of slight misorientationof the sample

A reduction of the dynamical effects and the diffraction dependency on the thickness
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Structure solution with three-dimensional sets ofprecessecklectron diffraction
iIntensities.M. Gemmj S.Nicolopoulos Ultramicroscopyl07, 483 (2007).



~Structure solution by in-zone ED

Li ,Ti gNi O,

LiIBH , It has never become a L\
widespread and robust technigye
for structure determination

Ith i I:th2
Negative thermal factor
Missing light atoms
Difficulties in sorting the

a : )
A correct solution
® > c
: b

Structure solution of the new titanate L}, TigNi;O,, using precession electron diffractionGemmiM., Klein H.,
RagealA., Strobel P., Le Cras FActaCrystallogrB 66, 60 (2010).

Crystal Structure of a Lightweight Borohydride from Submicrometer Crystallites by Precession Electron

Diffraction . Hadermann.JAbakumov A, Van Rompaey SPerkisas T Filinchuk Y., Van Tendeloo G -
Chem Mate4, 3401 (2012).




Tomographicacquisition

[/ \\

The crystal igotated in steps(or continuously)
using the whole tilt range of the TEM goniometer,
neglecting specific crystallographic orientations
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Tomographic acquisition strategy

incident
electron beam

recording

system

diffraction ® :

Automated electron Diffraction Tomography (ADT or EDT):
acquisition of not oriented diffraction patterns in fixed steps’of 1

- no need for crystal orientation:fast and easy acquisition

- off-zone patterns:reduction of dynamical effects
- use of the full tilt range of the microscopeimproved data completenegs

Towards automateddiffraction tomography. Part | - Data Acquisition.
U. Kolb, T. Gorelik, C. Kiibel, M.T. Otten D. Hubert,Ultramicroscopyl07, 507 (2007).



In-zonevs Tomographic ED acquisition
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Tomographic acquisition:
sampling thdull accessible reciprocal space .«»'
in steady steps /" diraction
around ararbitrary (non -crystallographic) axis
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3D Electron Diffraction (3DED)

\ /
‘i--ﬂ”

ADT

Towards automateddiffraction tomography. Part Il 8 Cell parameter determination.
Kolb U., Gorelik T., Otten M.TUIltramicroscopyl08 763 (2008).
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3D Electron Diffraction (3DED)
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