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Abbé’s principle
in light optics

spherical
wave

truncated
spherical

ﬁ wave

object
plane imaging lens image plane
Figure 21-2: Image formation of self-luminous objects. x: resolution (point spread function)

L: wave length

NA: numerical aperture (lens diameter)
Handbook of Optical Systems: Vol. 2. Physical Image Formation.
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Abbé: image formation by diffraction

object imaging pupil image
source plane lens plane plane

Figure 21-3: Abbe Theory of image formation by diffraction and interference.

«light-speed fast»

Abbé's principle of image formation
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Abbé's principle
mathematically

FT- image
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Abbé'’s principle
mathematically

FFT

with mask

object FT FT+ image
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Abbé'’s principle
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Abbé'’s principle
mathematically

object FT FT+ image

R L e e A s S L o

Abbé'’s principle
mathematically
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the TEM in “high-resolution” mode

A high-resolution image is an
intferference image of the
transmitted and the diffracted
beams!

Diffracted electrons: coherent
elastic scattering

(the electrons have seen the crystal
lattice )

The quality of the image depends on
the optical system that makes the
beams interfere
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lentille projectif - -

lame mince
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lentille objectif

diaphragme objectif

lentille intermédiaire -«

plan d'observation

Bright Field

Haute résolution

High-Resolution

-

High-resolution

Expectation: The image should
resemble the atomic structure !

Atoms..?

Thin samples: atom columns: orientation

of the sample (incident beam // atom
columns)

The observed contrast varies with
thickness and defocalisation...!

Need to compare with simulations !
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the objective lens

Field with rotational symmetry

Lorentz Force :F=-ev ~ B
e on optical axis: F = 0, e not on optical axis : deviated
optical axis: symmetry axis

Scherzer 1936:

Magnetic lens with rotational symmetry:

Aberration coefficients:
C,: spherical

C.: chromatical

Always positive Il

@, .%]{b‘h‘+2(ﬂ’+h’b}’k‘+2§’k‘k"m
%

1
C,= Iib‘h‘&

Example: Talos/Osiris

. .. 1/4 = =
« Scherzer » resolution limit: Dres =0.661° /4CS / 75 0;0212918%‘ 532 2/1'8 mm

res

Image formation

+ Source: coherent and
coherent monochr'omatic

Illumination

* TIllumination: parallel

+ Sample: thin, nicely prepared
( e / (no amorphization), orientation
(zone axis)
- objective lens: aberrations,
A e focus, stability !

Cs

* projection lens system

(magnification)

image




lllumination

coherent

incident wave

| specimen

objective lens
Spherical aberration

Cs

image

Image formation

+ Illumination: parallel beam

+ Sample:

P(F) = ¥, exp” ™

weak phase object:
weak phase object aproximation
(WPOA)

Objective lens:

Abbé’s principle

¥(%) = ¥, (D) OTR)

transfert function )
coherent transfer function (CTF)

- Image contrast (intensity)

LX) =¥.®¥ )

Plane wave
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Exit wave

elastic scattering
sample = pure phase objet

Wave vector in vacuum:

Cristal potential

Cristal potential = phase object

Phase shift Aa. due to the cristal potential V;:

"\J.f’” \f Wave vector in a potential:

e \/Zme(E + V(?)%2

o =
Aoa=—7V (x,z
. ,(%,2)

GZ%E

Exit wave function: ¥ (X) = exp [— ioV, (i;z)J




Transfer Function

The optical system (lenses) can be described by a convolution with a transfer
function T(x):

Point spread function (PSF): describes how a point on the object side is
transformed into the image.

Yi(x) = [T (x—wldu = ¥,(x)® T(x)

—oo.

Transfer Function:
describe how a complex®object” wave-function is
transfered into an “image” wave-function

Wi(h) = Y, (h)T(h)

The image INTENSITY observed on a
screen (or a camera / negative plate etc.)

I(x) = (V] (x) 1) = ¥, (1) ® W] (k) = [, ()] (h— h)dl

I(h) = [¥,(WT(h)] @ [, ()T (~h)]

Transfer Function
T(h)=c(h ';eXp[Zﬂi ;((ﬁ)]J-j\ (h)E,(h)

* Phase factors:
- Spherical Aberration
- Defocus
- Amplitude factors:
- (objective) apertures
- spatial coherence enveloppe (non-parallel, convergent
beam)

- Temporal coherence envelope (hon monochromatic
beam, instabilities of the gun and lenses)




Transfer Function

T(h) — expl27iy ()]

Spherical aberration defocus
) }Az
Objectplane oo e
image plane oo <« ¥ “Phase shift

f"’ Delocallsahon
Phase shift
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Delocalisation

Image formation

Tllumination
lllumination L
coherent ‘P(F) = ‘Po epomk-r
* Sample
/ Y (X) = exp[— ioV, (i;z)]; 1-ioV,(X;2)
| specimen
m + objective lens
sé’htﬂr?f{iﬁe'ﬁifm T(h) = expPaiy(h)]  avec y(h)=025C 2" +0.5Az2h>
¥,(%) = ¥,(X) © T(%)
Image, contrast
image LX) =Y¥,(X)¥; (%)
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The « magic » of image contrast

Weak phase object
Y, (x) = exp|—ic Vp(.x;z)] =1-io Vp(.g;z)

Wo(h) = 8(h)—icV,(h)
Fourier
Wi(h) = ¥, (WT(h) = ¥ (hexp[2riy(h)] Space

Wih) = [8(h)—icV,(h)|[cos2my (k) +isin2my(h)]

Selecting sin[2ny(h)] = -1 | cos[2my(h)] = O  for the strongest reflections h

>

Image wave function

W,(h) = 8(h) -V ,(h)

The image intensity ~ ‘V(x) ‘Fi*(;)) is given by :

Intensity of a weak phase objet in “direct” contrast

Ix) = (1-6V,(x))(1 +6V,(x) =|1-26V (x)f+ O(67 V3 (x))

but....

Selecting sin[2ny(h)] =0 | cos[2my(h)] = 1. for the strongest reflections h

Image wave function

Wi(h) = [8(h)~icV (k)]

Intensity of a weak phase objet in “reversed” contra
I(x) = (1-i6V,(x))(1 +i6V (x) 5 1+ 6"V p(x)
Intensity is proportional to the square of the projected potential V), : Image interpretation in terms of atom
columns becomes complicated....

For a direct and simple interpretation of the image contrast:
the imaginary part (sin) of the transfer function exp[2riy(h)] should be ~-1

The only free parameter in the microscope is: the defocus Az




CTF

« CTF: contrast transfer function T(h)= eXP[ZﬂiZ(ﬁ)]
(« useful part » = V) 2(h)=0.25C 2h* +0.5A220

CTF(h) = —sin[g Clh + ﬂAz/ihz}

Coherent Contrast Transfer Function Coherent Contrast Transfer Function
(h,k,)) planes for : auxxxx (h,k.1) planes for : anxxxx

Ay
A

1 3 3 4 s 10

(wifpm] 1.969/ cs[mm] 0.65/ dffnm] 84.0/ds[nm] 4.0/ sc[mrad] 0.40 wl[pm] 1.969 / ¢s[mm] 0.65/ df[nm] 98.0/ ds[um] 4.0/ sc[mrad] 0.40

« Scherzer Defocus »

With AZscherzer

Coherent Contrast Transfer Function
(h.k,I) planes for : auxxxx

Az = — /4/3 CA " ‘ | o

o T [am-11

The CTF has a wide pass band

3/4, 1/4 Do S
_0.66/1 / CS / wi[pm] 1.969 / cs[mm] 0.65 / dffnm] - 44.0 / ds[nm] 4.0 / sc[mrad] 0.40

Dscherzer =

The first zero crossing of the CTF defines the « point-to-point » resolution of

an electron microscope
The atom columns appear as dark areas on a bright background

I(x) = (1=0V,(x)(1 +6V,(x)) = 1=20V,,(x) + O(6"V(x)




Spatial and temporal coherence
- - NNt Fluctuations of lens current
T(h)= a(h)eXp[sz(h) Fluctuations of High Tension

Information
limit

Resolution
CM300UT FEG e (Scherzer)
Field emission
C.: 0.7mm
Dz= -44nm

Resolution (point to point): 1.74
Information limit : ~1.24

. L)
[ ] L]
. L)

Back focal plane (diffraction plane)

e S A e A L L e e AT e A el




Wave funct.

Defocus

defocus

proj. pot.

scherzer

IR

Au [100], thickness 20nm

b

Pass bands
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HRTEM image formation

specimen project. pot. atom pos.
a

[,

lllumination

coherent

T T T T B O -

projected
[ specimen potential n

Problems:
defocusing for contrast: delocalization of information, information limit not used
objective lens
Transfer

e i ---------
: e ---------

thickness

image

image of “projected potential”

Pl A R g ® -y . : o
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Experiment

thickness [ nm ]

What do you notice ?

Can you figure out the underlying explanation?

defocus [ nm ]

Thickness-defocus map in Fe3Al intermetallics
M. Karlik Materials structure, 8 (2001),3

e e e e e

3O
\
L




"delocalisation”

Au nanoparticle on amorphous carbon.Various defocalisation

Effect of defocus <-> «phantom images»

0 bJ ect .p'e.ne ____________________________________________________ e et ——————— ...
transmitted beam : : diffracted beam(s)
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delocalisation «phantom images»




1 HRTEM examples from the Talos: imaging nanowire
defects

Z

Can we see the effect of the transfer function...?




The FFT tells the «truth»
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HRTEM image formation
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Illumination

coherent 02 -

projected -
potential

[ specimen

objective lens
Spherical aberration
Cs

Zore : [2-1-1] Zore : [2:171]

Problems:
defocusing for contrast: delocalization of information, information limit not used

Transfer

thickness

image

image of “projected potential”
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Aberration-Corrected Analytical Transmission Electron Microscopy, First Edition,
Editcd by Rik Brydson.
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From https://www.globalsino.com/EM/page3740.html
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, 1990; Haider et al., 1998)
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corrected transmission electron microscope

the aberration-
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Gold crystal

(a) (b)

Cs corrector on (a), off (b)

- DEMO Transfer function




Handbook of Nanoscopy, Volume 1&2

Copyright © 2012 Wiley-VCH Verlag GmbH & Co. KGaA

E— e — o
RN AT NI

Handbook
of Manoscogry

Editor(s): Gustaaf Van Tendeloo, Dirk Van Dyck, Stephen J. Pennycook
Published Online: 23 MAY 2012 05:12AM EST
Print ISBN: 9783527317066
Online ISBN: 9783527641864
DOI: 10.1002/9783527641864
2] r

3 Ultrahigh-Resolution Transmission Electron Microscopy at Negative

Spherical Aberration
Knut W. Urban, Juri Barthel, Lothar Houben, Chun-Lin Jia, Markus Lentzen,
Andreas Thust, and Karsten Tillmann
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(a) (b)
Figure 3.2 S(TiO;y. (a) Perspective view of the unit cell. (b) Figure 3.3 Experimental image of SrTiO; taken along the
Projection along the [110] crystal direction. In this viewing [110] zone axis employing the NCSI technique (FEI Titan
direction, three types of atomic columns are distinct, which 80-300 with imaging corrector, operated at 300 keV). All

are occupied alternatively with strontium and oxygen, with

three atomic species are visible (compare inset) at bright
titanium, and with oxygen atoms

contrast on a dark background
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Positive Cs

Z(hm)

4 12 10 8 6 4 2 0 2 4 6 -8 -10-12-14

Thickness (nm)
Thicknass (nm)

(a) (b)

Negative Cs Nega‘rlve C§ Positive Cs

Z (nm)
4 2 0 -2 4 -6 -8 -10-12-14 6 4 10 12 14

Thickness (nm)
Thickness (nm)

@ () —40 um Ce=+40 um

Figure 3.4 Simulated \'mages for SrTiO; [110] at 200keV. The composite shows a s'mgie unit cell in [110] projection for dif-
ferent defocus vaiues Z and sample thicknesses at an eleciron energy of 23l keV for ihe sphericai aberration parameter s =
Onm, +40 um, and —40 um {a—cj. {d) Direct comparison of the positive and negative Cs situation, where in the —Cg case
overfocus (positive values of Z) and in the positive Cs case the usual underfocus {negative values of Z) is applied. The frame
is used as a guide for the eye for same sample thickness.
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Figure 3.13 Pb(Zrg;Tips)O3 imaged along
the [110] direction. The inset on the left
shows that the horizontal Zr/Ti atom rows
are shifted toward the respective Pb atom
row above the Zr/Ti row. Oxygen is shifted
even more, thus becoming ne longer co-
linear with the Zr/Ti rows. This indicates
that the material is ferroelectrically polar-
ized. The polarization vector p points down-

shat sz 0 a0a®
Pbo. L ] L J L) °)
il eo000e000
- L] [ ] L] L) .
L T T
- - - . - -

atomic shifts. The direction of the polariza-
tion vector there is upward. The dotted line
shows the appertaining ferroelectric inver-
sion domain wall. With respect to the atomic
structure, the inclined domain-wall sections
consist of vertical transversal and horizon-
tal longitudinal domain-wall segments. As

a result they are uncharged. The horizontal
sections are longitudinal domain walls, which

Lo a T : ; : %f j.%,
’,‘4 ” "_:'.")‘I :!{',6 ward. The inset on the right shows opposite are charged [56]. sz/ 4
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Figure 3.14 A 180" domain-wall segment
of mixed type seen edge-on. The arrows “p
indicate the opposite polarization directions
across the domain wall. The parallelograms
denote the segments of transversal domain
wall. The vertical dotted line marks the cen-
tral plane of the domain wall. The horizontal

»
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dotted lines trace projected unit cells on ei-
ther side of the domain wall. Indicated by
the shift of the oxygen atoms, “up” on the
left and “down’ on the right of the central
plane indicates directly that the width of the
wall is a single <110> projected unit cell
wide [56].
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Cs-corrected imaging

g »  direct imaging of heavy and light atoms in a sinlge
= image
% *  No delocalisation: atoms are seen at their real
g = position
= 5
» £ s
g Sa
§ois Oxygen vacancies in YBa,Cu,0,
Sz £R
o653
£882
§55%
<O0Uxn

Experimental image

Chun-Lin Jia, Markus Lentzen, and Knut Urban
Microsc. Microanal. 10, 174-184, 2004




