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Why TEM and Electron diffraction?Why TEM and Electron diffraction?

For electrons, the wavelength is related
their energy E,

λ ~ 1.22 E -1/2

For a 100-keV electron, λ ~ 0.004 nm

Wavelength limit of resolution is not 
possible due to imperfect electron lenses !

The achievable resolution: < 0.15 nm

Resolution of light microscopy

δ = ————0.61 λ
µ sin ß

λ is the wavelength of the radiation
µ sin ß is approximately 1

For green light, λ is about 550 nm, so the
resolution of a light microscope is 300 nm

TEM Morphology

Bright field and dark field imaging Defects, Phases

High-resolution imaging Defects, Interfaces, Surfaces

StructureElectron diffraction

Convergent-beam diffraction Symmetry, Strain
Lattice parameter

Energy-dispersive X-ray spectroscopy (EDX)

Electron-energy loss spectroscopy (EELS)

Energy-filtered TEM (EFTEM)
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Electron Microscopes at FHIElectron Microscopes at FHI

Two Philips TEMs

Hitachi SEM

…more to come…
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Why using electron microscopy Why using electron microscopy -- exampleexample

Tribomechanical activation of V2O5

Powder Patterns

14.000 19.000 24.000 29.000 34.000
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Why using electron microscopy Why using electron microscopy -- exampleexample

SEM

After 3 h milling After 5 h milling

After 20 h millingAfter 10 h milling

V2O5 precursor
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Why using electron microscopy Why using electron microscopy -- exampleexample

After 3 h milling After 5 h milling

After 20 h millingAfter 10 h milling

4 nm 2.8 nm

High-resolution TEM

V2O5 precursor
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What makes an electron microscopeWhat makes an electron microscope

1. Vacuum system

2. Electron guns

3. Electromagnetic lenses

4. Sample stages 

5. Imaging recording system
(digital or analog)
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Field Emission Gun (FEG)Field Emission Gun (FEG)

V0
acc volt

V1
ext volt

Cathode

Electron Beam

Focusing Anodes

~4kV

200kV Probe diameter 2 nm

Brightness 109 A/cm2ster

Vacuum required 10-8 Pa
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Electron sourcesElectron sources

An FEG tip, showing the extraordinarily
fine W needleAn LaB6 crystal
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Illumination sourcesIllumination sources

Units W LaB6 FEG

Work function, Φ eV 4.5 2.4 4.5

Operating Temperature K 2700 1700 300

Brightness A/m2/sr 109 5 1010 1013

Energy Spread eV 3 1.5 0.3

Vacuum Pa 10-2 10-4 10-8

Lifetime hr 100 500 >1000
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Lorentz Lorentz force and electromagnetic lensesforce and electromagnetic lenses

When an electron with charge q (= -e) enters a magnetic 

field of strength B, it experience a force F (Lorentz force)

F = q (E + v x B) = -e (v x B)

Electron lenses are the magnetic equivalent 
of the glass lenses in an optical microscopy,
And , to a large extent, we can draw comparisons
between the two.
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The physical basis of imaging and diffractionThe physical basis of imaging and diffraction

Newton´s Lens Equation

1            1            1
—— + —— = ——

u            v            f

Magnification

M = —vu

To resolve a lattice distance of 0.2 nm

a magnification of 5 106 is needed,

assuming human eyes can resolve two
points of 0.1 mm
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Exciting the lens strength Exciting the lens strength -- focusfocus

Lenses spatially fixed, but strength changeable
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Aberrations of lensesAberrations of lenses

The electromagnetic lenses are not perfect
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Ray paths in transmission electron microscopeRay paths in transmission electron microscope
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What is image contrast?What is image contrast?

Contrast (C) as the difference in intensity 
(∆I) between two adjacent areas

11

12

I
I

I
IIC ∆
=

−
=

Human eyes can´t detect intensity
changes < 5%, even < 10% is difficult
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Image contrast in TEMImage contrast in TEM

I. Mass-thickness contrast

Incident beam

Lower mass
thickness

Higher mass
thickness

Objective lens

Objective aperture

Image plane

Intensity profile



Jakob B. Wagner, Microstructure, Dept. AC, Fritz-Haber-Institute (MPG), Berlin, Germany

Image contrast in TEMImage contrast in TEM

II. Diffraction contrast

Incident beam
Incident beam

specimen

Objective lens

Objective
aperture

Diffracted
beam

Diffracted
beam

Direct
beam

Direct
beam

Bright field (BF) Dark field (DF)



Jakob B. Wagner, Microstructure, Dept. AC, Fritz-Haber-Institute (MPG), Berlin, Germany

Image contrast in TEMImage contrast in TEM

III. Phase contrast – in pictures

The electron wave 
passing through the 
high potential has its 
wavelength reduced 
giving a phase advance
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Image contrast in TEMImage contrast in TEM

III. Phase contrast – in words and formulas

rkr ⋅= iAe)(ψIncident wave: Plane wave

)(1)( )( rr r
p

Vi
e Vie p σψ σ −≈= −

Exit wave:
Assuming weak-phase object approximation
Vp : scattering potential

Final intensity: )(21)()()( * rrrr pee VI σψψ +≈=
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Image contrast in TEMImage contrast in TEM

III. Lattice fringes in pictures

G1

G2
G3

-G1

-G2
-G3

O

O G
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HighHigh--resolution imagingresolution imaging

Sample

Lens

Back-focal
plane Image plane

Exit Wave

U

f

V

Abbe Interpretation of imaging
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AbbeAbbe interpretation of imaginginterpretation of imaging

Incident electron 
wave (plain wave)

Interaction with
thin sample

Exit wave Electron wave 
before lens plane

Fresnel diffraction
over U

Fresnel
diffraction over f

LensElectron wave at 
back focal plane

Diffraction pattern
(Intensity)

Electron wave 
after lens plane

Electron wave at 
image planeImage (Intensity) Fresnel diffraction

over V
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Some mathematics…Some mathematics…

FT and IFT

∫

∫
∞+

∞−

∞+

∞−

−==

==

duixuuFuFxf

dxixuxfxfuF

- )2exp()()}({)(

)2exp()()}({)(

1 π

π

F

F
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Defocus and aberrationsDefocus and aberrations
I. Defocus

f

U V∆f
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Defocus and aberrationsDefocus and aberrations

II Spherical aberration

3
00 θsCr =∆ Cs : Spherical aberration coefficient

432223
2 2

1)(
2
1 Hλπλπχ ss CvuC =+=Phase shift in back focal plane due

to spherical aberration

Factor )exp( 2χi
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Defocus and aberrationsDefocus and aberrations

III Chromatic aberration

Faster electrons are brought to a focus
beyond the Gaussian image plane. 

♦Fluctuations of the acceleration voltage
♦Fluctuation of lens current
♦Fluctuations of the acceleration voltage
♦Fluctuation of lens current Spread of focal lengthSpread of focal length

)2(
0

0

I
I

V
VCf c

∆
−

∆
=∆

D: Standard deviation of Gaussian 
distribution due to the chromatic aberration

2222
3 2

1 HDλπχ =)exp( 3χ−Envelope in back focal plane
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Defocus and aberrationsDefocus and aberrations

IV Beam divergence

Paralell incident beam (ideal condition)
Divergence angle α~ 0.5 mrad (real condition)

Envelope in back focal plane

222222
4 )( fCs ∆+= HH λαπχ

)exp( 4χ−

0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

u(Å-1)

exp(-χ3)

exp(-χ4)
α=0.5 mrad，∆f=-410Å
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Contrast Transfer Function (CTF)Contrast Transfer Function (CTF)

The CTF is the collection of effects 
due to defocus and aberrations:

0.2 0.4 0.6 0.8 1.0

-1.0

-0.5

0.0

0.5

1.0

 

 

u(Å-1)

LaB6

FEG
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CTF TermsCTF Terms

0.2 0.4 0.6 0.8 1.0

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

 

Point resolution

u(Å-1)

Information limit

The positions of the crossovers 
are dependent on the defocus
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Picturing the Contrast Transfer FunctionPicturing the Contrast Transfer Function

Amorphous Thin Carbon Film

Reciprocal SpaceReal Space
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Image interpretationImage interpretation

Only for thin crystal (WPOA) and the focus value close to Scherzer focus, 
the contrast of HREM image can be interprated as crystal structure up to 
point resolution. 
In general, the black or white dots in HREM image DO NOT correspond
to atoms or atom groups.

! !

Si [110] image by JEM-2010 FEG electron microscope with
different defocus values
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Structure determinationStructure determination

♦ Go back from image(s) to structure

Through-focus images StructureExit wave

Deconvolution method Projected potential ϕ(x,y)

Thin crystal and defocus
value can be obtained

♦ Image simulation and matching

Experimental image

Image simulation
Modified model

Initial model
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Simulated HRTEM imagesSimulated HRTEM images
Thickness(Å)

Defocus(Å)

23.04

-100

-300

-500

-700

46.08 69.12 92.16 115.20 138.24
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Image contrast matchingImage contrast matching
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Imaging the catalystImaging the catalyst

2µm

Suitable 
size/thickness for 

lattice fringe imaging

Mo oxide
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Imaging the catalystImaging the catalyst

0.37nm

0.37nm

5nm

• Crystals embedded in 
non-crystalline material
• Lattice plane spacing 
are in general not 
equal to atom distance
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Imaging the catalystImaging the catalyst

MoO2 [011]

[011] 0.34nm [200] 0.24nm

[211] 0.24nm

69º 40º

71º

5nm
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Imaging the catalystImaging the catalyst

5nm

Surface decoration
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Imaging…Imaging…

Synthesized Graphene Ribbons Furnace Soot Black Smoke

Sparc Discharge Soot Euro IV Soot from Heavy Duty Diesel Engine
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Radiation damageRadiation damage
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Radiation damageRadiation damage

2 nm
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Radiation damageRadiation damage

Duration: 93 s
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Why TEM and Electron diffraction?Why TEM and Electron diffraction?

For electrons, the wavelength is related
their energy E,

λ ~ 1.22 E -1/2

For a 100-keV electron, λ ~ 0.004 nm

Wavelength limit of resolution is not
Possible due to imperfect electron lenses !

The achievable resolution: < 0.15 nm

Resolution of light microscopy

δ = ————0.61 λ
µ sin ß

λ is the wavelength of the radiation
µ sin ß is approximately 1

For green light, λ is about 550 nm, so the
resolution of a light microscope is 300 nm

TEM Morphology

Bright field and dark field imaging Defects, Phases

Electron diffraction Structure

High-resolution imaging Defects, Interfaces, Surfaces

Convergent-beam diffraction Symmetry, Strain
Lattice parameter

Energy-dispersive X-ray spectroscopy (EDX)

Electron-energy loss spectroscopy (EELS)

Energy-filtered TEM (EFTEM)
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Electron diffractionElectron diffraction

What can be extracted from electron diffraction?

•Orientation relationships
•Diffraction from small volumes
•Specimen thickness determination (however, only from 100nm and  > )
•Symmetry determination
•Lattice parameters determination
•Structure factor determination

Selective area diffraction
Micro-diffraction
Convergent beam electron diffraction
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The real space latticeThe real space lattice

•The content of unit cell can be translated:
rn=n1a + n2b + n3c
ni - integers

•A direction is given
rhkl=ha + kb + lc

•symmetry related directions
<hkl>
[001], [100], [010] = <100> etc (or <010>)
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The reciprocal latticeThe reciprocal lattice

|ghkl|=ghkl=1/dhkl

ghkl⊥ (hkl) planes
a•b*=a •c*=b •a*=b •c*=…=0
a •a*=b •b*=c •c*=1

b × c
a(b × c)

b*=...a*=

ghkl=ha* + kb* + lc*

The reciprocal space is a standard
coordinate system, just as real space

rhkl=ha + kb + lc
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Zone axisZone axis
[u,v,w]

(000)

),,(],,[ lkhwvu ⊥

Example: cubic structure, (100), (110), (120), (340)…… planes 
belong to [001] zone axis
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Diffraction modeDiffraction mode
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Diffraction patternsDiffraction patterns

MoO3-[010]MoO3-[010] MoO2-polycrystallineMoO2-polycrystalline

Single crystal Polycrystalline material
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Indexing of diffraction patternIndexing of diffraction pattern

Single crystal pattern

022

002

• Two sets of lattice planes 
and the angle in between

• Using extinction rules

• Using diffraction pattern on 
other zone axis

• Simulation

Cubic ZrO2 (fluorite structure) on [110] projection



Jakob B. Wagner, Microstructure, Dept. AC, Fritz-Haber-Institute (MPG), Berlin, Germany

Indexing of diffraction patternIndexing of diffraction pattern

Ring pattern
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Structure developmentStructure development

After irradiation of 10 min 60 min 120 min

Frame 1 and 2: diffractions 
can be attributed to MoO2 on 
[-111] projection.
Frame3: Diffractions can be 
attributed to MoO2 on [-122] 
projection.

200 min 360 min
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Why TEM and Electron diffraction?Why TEM and Electron diffraction?

For electrons, the wavelength is related
their energy E,

λ ~ 1.22 E -1/2

For a 100-keV electron, λ ~ 0.004 nm

Wavelength limit of resolution is not
Possible due to imperfect electron lenses !

The achievable resolution: < 0.15 nm

Resolution of light microscopy

δ = ————0.61 λ
µ sin ß

λ is the wavelength of the radiation
µ sin ß is approximately 1

For green light, λ is about 550 nm, so the
resolution of a light microscope is 300 nm

TEM Morphology

Bright field and dark field imaging Defects, Phases

High-resolution imaging Defects, Interfaces, Surfaces

StructureElectron diffraction

Convergent-beam diffraction Symmetry, Strain
Lattice parameter

Energy-dispersive X-ray spectroscopy (EDX)

Electron-energy loss spectroscopy (EELS)

Energy-filtered TEM (EFTEM)
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ElectronElectron--sample interactionssample interactions

SampleSample

Incident electron beamIncident electron beam

Angle-limiting aperture

Auger electronsAuger electrons

Secondary electronsSecondary electrons

Backscattered electronsBackscattered electrons

Elastically scattered electronsElastically scattered electrons

Transmitted beam to 
energy-loss

spectrometer

Transmitted beam to 
energy-loss

spectrometer

Cathodoluminescence
(visible light)
Cathodoluminescence
(visible light)

BremsstrahlungBremsstrahlung

Characteristic x-raysCharacteristic x-rays

HeatHeat

β
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EDXEDX

EDX – Energy-dispersive X-ray spectrometry

E(keV)
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Electron Energy Loss SpectroscopyElectron Energy Loss Spectroscopy

Detection
System

Electron Emitter
E0

Probe Forming Optics

Sample

Post-Specimen Optics

Magnetic 
Sector

E0 - E

E0

α

β

B
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The energy loss spectrumThe energy loss spectrum

-20 180 380 580

Energy Loss (eV)

-10 -5 0 5 10

Zero loss peak

-10 10 30 50 70

Low loss spectrum

Core loss spectrum (L -edge)

120 140 160 180 200

500 520 540 560 580

Core loss (V L-edge and O K-edge)

After spectrum processing

Energy loss spectrum of a
vanadyl pyrophosphate catalyst

X 400
X 6

The EELS spectrum corresponds to the 
probability of an interaction over energy 
loss.
EELS measures the double differential
cross section for inelastic scattering :

Ω
σ
∂∂

∂
E

2
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The energy loss spectrumThe energy loss spectrum

Empty states

M L

K
O

V

530 eV

519 eV

Neighboring
atoms

Core-shell
energy levels

Conduction / Valence bands

EF

V2O5 EELS spectrum

0 100 200 300 400 500 600 700

x 300

 

 

in
te

ns
ity

 (a
rb

itr
ar

y 
un

its
)

Electron energy loss (eV)



Jakob B. Wagner, Microstructure, Dept. AC, Fritz-Haber-Institute (MPG), Berlin, Germany

Energy Loss Near Edge StructureEnergy Loss Near Edge Structure
Information about the Density of StatesInformation about the Density of States

O-K edge: Simulation & Experiment

510 520 530 540 550
Energy Loss [eV]
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2 1 rr

r
Matrix element term &
density of states term (DOS)

f,i ief Rqi
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iRqif
rr

Dipole Approximation &

Orthogonality of :
Matrix element equal to 
XAS
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ELNES fingerprinting ELNES fingerprinting –– vanadium oxidesvanadium oxides

500 510 520 530 540 550 560
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ELNES fingerprinting ELNES fingerprinting –– soot, carbon blacksoot, carbon black

280 290 300 310 320 330 340

σ∗

π∗

HOPG

FR 101

FW 1

P1

Euro IV

GfG
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Euro IV Diesel Engine Soot
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Why TEM and Electron diffraction?Why TEM and Electron diffraction?

For electrons, the wavelength is related
their energy E,

λ ~ 1.22 E -1/2

For a 100-keV electron, λ ~ 0.004 nm

Wavelength limit of resolution is not
Possible due to imperfect electron lenses !

The achievable resolution: < 0.15 nm

Resolution of light microscopy

δ = ————0.61 λ
µ sin ß

λ is the wavelength of the radiation
µ sin ß is approximately 1

For green light, λ is about 550 nm, so the
resolution of a light microscope is 300 nm

TEM Morphology

Bright field and dark field imaging Defects, Phases

High-resolution imaging Defects, Interfaces, Surfaces

StructureElectron diffraction

Convergent-beam diffraction Symmetry, Strain
Lattice parameter

Energy-dispersive X-ray spectroscopy (EDX)

Electron-energy loss spectroscopy (EELS)

Energy-filtered TEM (EFTEM)



Jakob B. Wagner, Microstructure, Dept. AC, Fritz-Haber-Institute (MPG), Berlin, Germany

EFTEM EFTEM –– combining imaging and spectroscopycombining imaging and spectroscopy

Using energy loss electrons for imaging
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EFTEM EFTEM –– an examplean example
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In situ electron microscopyIn situ electron microscopy

Placed at Haldor Topsøe A/S, Lyngby, Denmark

FEG

Sample

GIFGas cylinder

Turbo pump

Mass 
spec. IGP

Gas inlet

Tietz camera
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In situ electron microscopeIn situ electron microscope
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In situ HRTEM In situ HRTEM –– does it matter?does it matter?

Reduced in 3.5 mbar H2 at 450 °CPassivated sample

Ni(111),
0.20nm

Ni(200),
0.18nm

Ni/MgAl2O4 steam reforming catalyst



Jakob B. Wagner, Microstructure, Dept. AC, Fritz-Haber-Institute (MPG), Berlin, Germany

Equilibrium shapes versus gas compositionEquilibrium shapes versus gas composition

Cu(111)

ZnO(011)

Cu(111),
d=0.21nm

Cu(200),
d=0.18nm

ZnO(011),
d=0.25nm

ZnO(012),
d=0.19nm

Cu(111)
Cu(111)

H2 H2/H2O H2/CO

1.5mbar, 220oC 1.5mbar, H2/H2O=3/1, 220oC 1.5mbar, H2/CO=95/5, 220oC
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For your information!For your information!

Doing (electron) microscopy is a 100% occupation
-no operator = no outcome

-And then the interpretation and analysis as well…
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