
Electron Matter Interactions in 
Transmission Electron Microscopy 

PHYS-637

Week 1- Introduction



Prof C. Hébert, LSME, EPFL cecile.hebert@epfl.ch; ch@hebert.at

● Week 1: Introduction (CH)
● Week 2: The electron wave, elastic scattering by an atom, and crystal scattering geometry. (DA)
● Week 3: Diffraction from a crystal: kinematical and dynamical (Bloch wave) theories. (DA)
● Week 4: Week 4: Bloch wave theory: adaptations and observations; phonon scattering. (DA)
● Week 5: Phase contrast imaging, electron holography. (TL)
● Week 6: Phase contrast, Lorentz TEM and other techniques. (TL)
● Week 7: Phase contrast, high resolution imaging and simulation theory (TL)
● Week 8: Simulation software for imaging and diffraction. (TL and DA)
● Week 9: Inelastic scattering, introduction; geometry; accessible information. (CH)
● Week 10: Inelastic scattering: core loss spectroscopy, experiments and theoretical simulations. (CH)
● Week 11: Dichroism in the TEM; Low loss EELS. (CH)
● Week 12: Low loss EELS: theoretical calculations and angular-resolved measurments. (CH) 
● Week 13: EELS: plasmonics and nano-optics. (DA)
● Week 14: Vibrational spectroscopy (DA); Photon Induced Near-field Electron Microscopy (PINEM) (TL)
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Week 1: Introduction

• A few words of history
• The Instrument
• Orders of magnitude
• Prerequisits: crystallography

mailto:cecile.hebert@epfl.ch


Prof C. Hébert, LSME, EPFL cecile.hebert@epfl.ch; ch@hebert.at

● 1931: Knoll & Ruska build the first 
prototype

● 1933: The TEM surpasses the light 
microscope in resolution

● 1939: first commercial instrument

● 1986 E. Ruska is awarded the 
Nobel prize

History of TEM

E. Ruska

From Nobel Lectures, Physics 1981-1990, Editor-in-Charge Tore Frängsmyr, 
Editor Gösta Ekspong, World Scientific Publishing Co., Singapore, 1993 

Sketch of first TEM by Ruska, 1931
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History of TEM

● Abbe diffraction limit for the light microscope

d = λ
2nsinθ

● Equivalent for the electron microscope

d = 1.2λ
sinθ

λ = 2.5 ⋅10−12 m @ 200 kV;
θ ≈10 − 20 mrad

⇒  d 1.5 to 3 Å
S. J. Pennycook & al., in: The Oxford Handbook of Nanoscience and Nanotechnology, ed. A. V. 
Narlikar and Y. Y. Fu, Oxford University Press, Oxford, United Kingdom, 2010, p. 205.
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History of (corrected) TEM

• 1931: Ernst Ruska & Max Knoll invent the TEM
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Hope… and disappointment

• Wavelength of electrons at 200 kV: 2.5 pm
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Aberration are the limitation

• Electron lenses with a cylindrical symmetry have a positive Cs and Cc coefficient

• 2 options:
– 1 Correct the aberration of the TEM
– 2 Design lenses with the smallest possible aberration & “correct the images”
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2- design lenses with small Cs and Cc
• Small pole piece gap
• High tension
• “Straightforward” and successful route to 

HRTEM from 1931 to (very) late 90s 
• Correct the image, not the TEM (image 

simulation; exit wave reconstruction)

S. Iijima, APL, 1971 EM430@CIME: Au NPs, Flueli 

A. Catana  
(CIME/IPA, PhD thesis)
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1- correct lens aberrations

Optik, 1947

One “just” need to relax one of the following constraint: cylindrical symmetry of the lens, 
permanent fields, no space charge. 
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1- correct lens aberrations
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“40 disappointing years”
Darmstadt:


Scherzer, Seelinger, 
Meyer, Rose, Plies, 
Haider, Uhleman, 

Zach…

Tübingen:

Mollenstedt

Imperial College: 

Gabor

Cambridge:

Hawkes, Burfoot, 

Deltrap, Hardy 

Vienna:

Glaser, Dusek

Univ. of 
California: 

Meads, 
Whitmer

Leningrad:

Ioffe, Kel’man, Yavor, 

Ovsyannikova, Fishkova, 
Baranova…

Univ. of Chicago: 
Crewe, Beck

Dresden: 
Müssig

Nagoya: Maruse, 
Ishihashi, HibinoCavendish: 

Krivanek, Delby

Aldermaston: 
Archard
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1997: Success

Haider, Uhlemann, Schwan, Rose, Kabius, Urban

Nature, 392 (1998), p. 268


Project funded by the Volkswagen Foundation
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Presentation of the instrument

mailto:cecile.hebert@epfl.ch


Prof C. Hébert, LSME, EPFL cecile.hebert@epfl.ch; ch@hebert.at

The electron source

Typical high tensions: 60-300 kV
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The electron source

Type of sources

Coherence; energy spread
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The objective lens

• Aberration

• Contrast transfer function

• magnification
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The intermediate and projector lenses

• Further magnification

• Switch between imaging and diffraction
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The type of contrasts

Specimen (object)

Objective lens

Back focal plane : diffraction pattern

Objective Aperture

Image (first intermediate)
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TEM mass-thickness contrast
• Areas of higher mass thickness scatter 

electrons more than others
• Electrons are captured by the aperture and 

lost from the beam path
• Areas of higher mass thickness will 

therefore appear dark in the image
• This is known as 

– mass thickness contrast,

– scattering contrast,

– aperture contrast or

– amplitude contrast!

No aperture Aperture
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Diffraction contrast

No aperture Objective aperture

mailto:cecile.hebert@epfl.ch


Prof C. Hébert, LSME, EPFL cecile.hebert@epfl.ch; ch@hebert.at

Bright-field/dark-field imaging

Nickel based superalloys


Contrast γ/γ’
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● Week 1: Introduction (CH)
● Week 2: The electron wave, elastic scattering by an atom, and crystal scattering geometry. (DA)
● Week 3: Diffraction from a crystal: kinematical and dynamical (Bloch wave) theories. (DA)
● Week 4: Week 4: Bloch wave theory: adaptations and observations; phonon scattering. (DA)
● Week 5: Phase contrast imaging, electron holography. (TL)
● Week 6: Phase contrast, Lorentz TEM and other techniques. (TL)
● Week 7: Phase contrast, high resolution imaging and simulation theory (TL)
● Week 8: Simulation software for imaging and diffraction. (TL and DA)
● Week 9: Inelastic scattering, introduction; geometry; accessible information. (CH)
● Week 10: Inelastic scattering: core loss spectroscopy, experiments and theoretical simulations. (CH)
● Week 11: Dichroism in the TEM; Low loss EELS. (CH)
● Week 12: Low loss EELS: theoretical calculations and angular-resolved measurments. (CH) 
● Week 13: EELS: plasmonics and nano-optics. (DA)
● Week 14: Vibrational spectroscopy (DA); Photon Induced Near-field Electron Microscopy (PINEM) (TL)

Diffraction in this lecture
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● Week 1: Introduction (CH)
● Week 2: The electron wave, elastic scattering by an atom, and crystal scattering geometry. (DA)
● Week 3: Diffraction from a crystal: kinematical and dynamical (Bloch wave) theories. (DA)
● Week 4: Week 4: Bloch wave theory: adaptations and observations; phonon scattering. (DA)
● Week 5: Phase contrast imaging, electron holography. (TL)
● Week 6: Phase contrast, Lorentz TEM and other techniques. (TL)
● Week 7: Phase contrast, high resolution imaging and simulation theory (TL)
● Week 8: Simulation software for imaging and diffraction. (TL and DA)
● Week 9: Inelastic scattering, introduction; geometry; accessible information. (CH)
● Week 10: Inelastic scattering: core loss spectroscopy, experiments and theoretical simulations. (CH)
● Week 11: Dichroism in the TEM; Low loss EELS. (CH)
● Week 12: Low loss EELS: theoretical calculations and angular-resolved measurments. (CH) 
● Week 13: EELS: plasmonics and nano-optics. (DA)
● Week 14: Vibrational spectroscopy (DA); Photon Induced Near-field Electron Microscopy (PINEM) (TL)

Phase contrast in this lecture
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EELS :Excitation process
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EELS: accessible information
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EELS: geometry
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Instrumentation for EELS

Spectrometer
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● Week 1: Introduction (CH)
● Week 2: The electron wave, elastic scattering by an atom, and crystal scattering geometry. (DA)
● Week 3: Diffraction from a crystal: kinematical and dynamical (Bloch wave) theories. (DA)
● Week 4: Week 4: Bloch wave theory: adaptations and observations; phonon scattering. (DA)
● Week 5: Phase contrast imaging, electron holography. (TL)
● Week 6: Phase contrast, Lorentz TEM and other techniques. (TL)
● Week 7: Phase contrast, high resolution imaging and simulation theory (TL)
● Week 8: Simulation software for imaging and diffraction. (TL and DA)
● Week 9: Inelastic scattering, introduction; geometry; accessible information. (CH)
● Week 10: Inelastic scattering: core loss spectroscopy, experiments and theoretical simulations. (CH)
● Week 11: Dichroism in the TEM; Low loss EELS. (CH)
● Week 12: Low loss EELS: theoretical calculations and angular-resolved measurments. (CH) 
● Week 13: EELS: plasmonics and nano-optics. (DA)
● Week 14: Vibrational spectroscopy (DA); Photon Induced Near-field Electron Microscopy (PINEM) (TL)

EELS in this lecture
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Techniques in Microscopy
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The (crystalline) specimen

A large part of the investigated specimens are crystals (even 
sometimes in biology: e.g proteins can be crystallised!)

Many imaging techniques make use of the interaction of the 
beam with the crystal: High resolution, diffraction, dark field, 
weak beam, convergent beam diffraction, large angle 
convergent beam diffraction…
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The (crystalline) specimen

• Electrons are waves … and articles

There are :
- the cubics
- the others…
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The (crystalline) specimen

• Electrons are waves … and articles

Planes, directions and families of those. Miller indices.

In 2D, we can draw families of lines 
parallel to each other, containing the same 
linear arrangement of atoms. In 3D these 
are planes. 

They are called lattice planes

We can also look at vectorial directions 
with respect to the unit cell. 

How do we label those ?
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The (crystalline) specimen
We use miller indices for planes and directions for the vectors.

They are taken in the referential system of the unit cell. For a cubic system, it is an orthonormal one. For any other system, it is not. 
Be careful, some « intuitive evidences » will be WRONG!

Direction: end point of the vector.

e.g. :
- // to a: 1,0
- on the diagonal: 1,1
- it can point down: 1,-1

Directions are given in 
squared brackets
in 3D they are labelled 
u,v,w
[u,v,w]
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The (crystalline) specimen

Lines (planes) are given by the miller indices h,k (l).
The line (plane) intercepts the crystal at a/h,b/k,(c/l)

Here, we have the 1,1 line

Planes are given in round 
brackets (h,k,l)

Families of planes are 
given in curled brackets 
{h,k,l}
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The (crystalline) specimen

Draw the (2,1) line and the [2,1] direction
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The (crystalline) specimen

Zone and zone axis

A zone is a set of plane whose intersections in a crystal are 
parallels.

The zone axis is the direction of those intersections

Therefore zone and directions are equivalent. 
Zone and zone axis are then noted in squared brackets [u,v,w]

In TEM, you will commonly read « The crystal is oriented in the 
[u,v,w] zone axis.
This means the optical axis of the microscope is // to this zone 
axis

Zone law or Weiss zone law: 
if a plane (hkl) lies in a zone [uvw] hu+kv+lw=0

a
b

c
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The (crystalline) specimen
Reciprocal space

a* is perpendicular to b and c
b* is perpendicular to a and c
c* is perpendicular to a and b

a*.a = b*.b = c*.c = 1

similarly to real space, the reciprocal vectors define the reciprocal unit cell.

thus we have directions in reciprocal space. They are identified by h k and l
An hkl direction in reciprocal space is perpendicular to the (hkl) plane in 
real space.

a reciprocal space vector d*hkl=ha*+kb*+lc* has a length d*hkl d*hkl=1/dhkl 
with dhkl the interplane distance of planes (hkl)

The reciprocal space vector’s length gives the spacial frequency of the 
planes (hkl)

Draw the a* and b* reciprocal unit vectors; draw the 11 reciprocal direction and the (11) line
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The (crystalline) specimen

2 pi or not 2 pi ?
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A word of caution: investigated volume
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