dlm

SpotMode = 0.0, DiffMode = 0.0 DiffMode = 1.0, C_(OPF) = 0.0 mm, C _(Obj) = 0.

Introduction to the Theory of Image
Simulation in TEM

Christoph T. Koch | Uni Ulm | Institut fur Experimentelle Physik Part | of a Pre'CongreSS WOI’kShOp at EMC2012
in Manchester, UK on Sept. 16, 2012
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STEM Image Simulations

1. Probe Formation (all aberrations up to C.)

©

free download of the complete package at http://elim.physik.uni-ulm.de


http://www.christophtkoch.com/stem/screenshot4.jpg
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TEM Image Simulation

1. Build a model
(possibly based on
experimental
observation)

2. Compute the
electron scattering
in the sample

3. Compute images
from the exit face
wave function

e

free download of the complete package at http://elim.physik. 'ni-ulm.dreii'
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Outline

1. What to watch out for in multislice simulations

Df=-1000nm = Df=+1000nm
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1. What to watch out for in multislice simulations

a) How to sample the potential laterally

b) How to slice the crystal potential longitudinally

c) Slicing in case of defects or disordered structures

d) Scattering factors for HAADF-STEM and phase contrast TEM

e) Avoiding aliasing often at cost of resolution



September 16, 2012 | EMC2012 Manchester | Image Simulation Workshop

a) How to sample the potential of super-cells laterally

— A
18 : 4
L ] L 3 L L L ] I} L i |

16 - S | « Try to make super-cell size
integer multiple of unit cell size

14 - . . » » - . . » ]

19 . « Try to make the number of
sampling points an integer

1d e = & & s s = e & multiple of the number of unit
cells

& L [ * L - - [ * L T

B s & s s s & s 8 s - This example: 5 x 5 SrTiO;

unit cell => don't use 512 x 512 pixels
e Y but use 500 x 500 pixels
2 . * - - » . - =
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b) How to slice longitudinally (along the beam)

Tilted sample

Exact zone axis

20
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Slice shifting

Crystal tilted 5° Cc_)mmonly used approximation:
Slice shifting
(This should only be used for
very small tilts)

QSTEM does not use slice shifting
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c) 3D slicing of model potential

Problem: To which slice do we assign the atomic projected potential ?

1. Compute the 3D potential of the whole model on a fine grid.
2. Slice the 3D potential and integrate potential within each slice.
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Potential slices of a tilted specimen

' Projected slice
| potential
(log scale)
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Exact Computation requires 3D potential

*Frozen phonon approximation for TDS simulation includes z-position.
*Electron propagation is always normal to potential slices.
Slices can be extremely thin.

Model of a double
period (DP)
reconstructed
partial dislocation
core in silicon:
The dislocation
core has a
periodicity twice
that of the lattice.

Atomic positions,
if projected to center of slice
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CBED patterns of 90° partial dislocation core

le Period (SP) reconstruction Double Period (DP) reconstruction

Ring of diffuse scattering

Simulation done with multislice, Debe-WaIer factor: 0.44A2, NO TDS
thickness: 46nm (log-scale)
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Z-info in HAADF-STEM images

Sample: DP-reconstructed 90° partial dislocation core in Si, viewed along (110)
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d) Scattering factors

Dirac-Fock Calculations of X-ray Scattering Factors and Contributions to the Mean Inner
Potential for Electron Scattering

Rez et al, Acta Cryst A50 (1994) 481

Tabulated up to s=sin(0)/A = 6.0 lonic scattering factors
(important for HAADF-STEM simulations) (important for BF-(S)TEM simulations)
f. 12
1ol —neutral
8-
f - E'\ s
" 60- 44 Mg?*
: 27
40 < E Yb Uo :| '2 3 s
E . 107T=
20 4 gl 0%
G 1 ril I 6-
0o 1 /2 3 4 5 6s 4

Most parameterizations I neutral
fitted up to s=2 only 0 1 2 s

Use Bethe-Mott formula to get f,,(s) o
V,(MgO): 17.5V (neutral) / 11.5V (ionic)
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Mean Inner Potential Contribution of lons

Watson sphere radius Total potential V,

118 pm 4.63V
(neutral atom: 13.0 V)

‘ 67 pm 1.84V
(neutral atom: 8.7 V)

140 pm 4,10V

(neutral atom: 2.0 V)
Potentials from Rez, Rez and Grant, Acta Cryst A 50 (1994) 481
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Mean inner potential: charge matters

Sﬂfgém n %oamdfyu

-
rn-n-u-n o
tutniututntﬂiﬂ#
- - - - - -

SrO columns are invisible in the charge map, because they are neutral

Mean inner potential
contribution
(using neutral atom
scattering factors)

Mean inner potential
contribution
(using ionic

scattering factors)

O-containing columns
have strong positive
contribution to mean
inner potential

_a' Charge of atom columns
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Phase shift of single V5" (O? vacancy)

Charged ion scattering factors Neutral atom scattering factors
Sample thickness: 20 nm Sample thickness: 20 nm

Radius of objective aperture smaller than % first Bragg angle

Phase t=19.5 nm [1.11 .. 1.11] Phase t=19.5 nm [2.12 .. 2.13]
' ' ' ' J1.1078 ' ' : : : 32,1265
10 1 F d1.1076 10F { | 92126
L 11.1074 L 121255
{ | i .
. 1 1072 H2.125
E g 1107 E g 21245
= £
= =
1.1068 2.124
4t 4t !
1.1086 21235
2t 1.1064 2t ! 2123
1.1062 21225
0 - - : : - 0 : s : s -
0 2 4 B 8 10 0 2 4 B 8 10
¥ in nm ¥ in nm
Phase contrast: 2 mrad Phase contrast: 4 mrad

Corresponding Fresnel BF-TEM contrast: 0.2 .. 0.4 %.
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e) Avoiding aliasing often at cost of resolution

Aliasing artifacts may occur, when numerical operations on
an image (or a complex wave function) are performed
In reciprocal space. These effects are avoided by

1. Using bandwidth limited lookup tables for the 3-
dimensional atomic potential when constructing the
slices of the projected potential (no time-consuming
bandwidth limiting of the final slices needs to be
performed then)

2. The outer 1/3 of the wave function Iin
k-space is set to zero after every
Fresnel propagation.
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2) The Wave Transfer Function & Contrast Transfer

Sample diffracts electrons,

creating partial waves (beams)
with different directions of
sample propagation (q)

¥ __ Undiffracted beam

m Diffracted beams

< > Diffracted beams are separated
. — and travel different distances
=> k-dependent phase shift

¥(q) — ¥(q)-e* P = ¥(q)- e+

Diffracted beams are re-united

=> Lenses can be used to compute

\P'(f) = Z:LP'((_:DeZﬂiqF =FT" LP'(q)] 1D & 2D Fourier Transforms
q
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The Wave Transfer Function

Imperfect lenses are treated by perturbation of the paraxial ray equation using, for
example, the following expansion (other expansions of lens aberrations exist as well):

1(%.9) =|A|9cos(p~¢,,) (image shift)
+=|A S cos(2[¢—¢22])+%\cl\92 (astigmatism + defocus)
+=|A S cos(3[¢—¢33])+%\82\,93 cos(p—p,,) (3-fold astigmatism + coma)
+=|A 9 cos(4:¢—¢44])+%\83\94 COS(2[¢—¢42])+%‘C3‘94 (..+..+ spherical aberration)
+=|A|$° cos(5:¢—¢55])+%\D4\95 cos(3[p— ¢53])+%\B4\85 cos(¢— s, )

+—|A[9° cos(6]p — s )+ +%\C5\96

With increasing image resolution, higher-order aberration coefficients become important.

The spherically symmetric aberrations (C,, C., ...) are present even in perfect (round)
lenses. Special correcting elements must therefore be designed to correct for them.

S:Sin‘1Qq\/1)z\q\l ¢:tan_l(qy/qx)
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Astigmatism

meridional rays

saggital rays

Electrons passing at different directions away from the optic axis have
different focal lengths.

1
Aberration (or “phase distortion”) function: x(8,0) = §|A1|'92 COS(2[¢ — ¢22])
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Effect of Astigmatism

Diffractogram (log scale) Diffractogram (log scale) Diffractogram (log scale)

-4 -2 0 2 4 -4 =) 0 2 4 -4 -2 0 2 4
Af=50nm, [A;|=25nm Af=0nm, |A,|=25nm Af=-50nm, |A;|=25nm
$2,=30 $,,=30° $,,=30°

Astigmatism is most easily corrected by switching between
over- and under focus and making the diffractogram round for
both using the stigmator (quadrupole) coils.
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Coma
Coma is defined as a variation in magnification over the entrance pupil

1
1(8,9) = g ‘ 52‘193 COS((” — (031)



Effect of Coma

Real(CTF)

Diffractogram (log scale)
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Irmag(CTF)

Min Ampl T‘ Max Phaze: |_1—_‘ Armarph: EI

k

mrad

Sarmpling: 0.1 nin - Acc. Yoltage: 200

[ it g | mrad 0

Defocus -E5 7 0

Ca 12 frifth
Estigmatism 0 nim |I| de
Figld Curvature: 0

Corma: i St aE

[ 3-fald Astigm.: ] i 0

[ ] Defta: 100 fitm

[ Corw. Angle: 0 mrad

[] Fincushion Dist .. o

[] Spiral Dist. 0

Lowver Display

() Image (%) Diffractogram

Upper Display

(Cywvave (B CTF
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Asymmetric Aberrations only visible with Tilt

Diffractogram (log scale) Diffractogram (log scale) Diffractogram (log scale)

-4 5, 0 2 4 -4 -2 0 2 4

C. = 1.2mm, Af = -65.7nm, C, = 1.2mm, Af = -65.7nm, C,=1.2mm, _Af = -65.7nm,
B,=10um, Tilt=(0,0)mrad B,=0pm, Tilt=(0,0)mrad B,=10um, Tilt=(2,0)mrad

Asymmetric aberrations may reduce the contrast in the
diffractogram, but do not alter its shape.

Coma and tilt may appear as astigmatism in the diffractogram



3-fold Astigmatism

#(8.0) =3 || cos(alg - )

3-fold astigmatism, being
an asymmetric
aberration, is not visible
in the geometry of the
diffractogram
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Real(CTF)

Diffractogram (log scale)

ImagiCTF)

it Al 0s |r-.-1a:< Phase; | 1 |.ﬂ-.m-:|rph: 0s

k

mrad

deg

deq

deq

Satmpling: 0.1 nm - Acc. Voltage: 200
] Tit: 2 e 0
Defocus E57 it
Ca 12 it
[] Astigmatism: 0 nim | 0 |
[ ] Field Curvature: 0
[] Coma: 0 =i
3-fald Asticm.: S000 ] 25
: 20 nim
[ Conv. Angle: 1 e
[ ] Fincushion Dist 0
[ ] Spiral Dist.: 0 Update Image

Lowver Display

() Image (%) Ditfractogram

) Wiave

Upper Display

(&) CTF




3-fold Astigmatism + Coma

#(8.0) =3 || cos(alg - )

3-fold astigmatism, being

an asymmetric

aberration, is not visible
in the geometry of the

diffractogram
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Real(CTF)

50

kv in 1/nm
=

ke in 1/nm

Diffractogram (log scale)

¥in 1/nm

— Lower Display
@ Diffractogram
() Diffr. Pattern

() Image
(") Phase

0
®in 1/nm

]

50

Upper Display
i) Wave @ CTF

50
0
-50
-Al n 50
[T counts: 1 Spatial Coherence
Amorph: 1 @ Quasi-coherent
Sampling: 00095524 nm 7) Flux-preserving
Acc. Voltage: 200 KW,
[ obj. Aperture: 3 mrad 1 mrad
[7] Beam Tit: 5.8 mrad 58 mrad
Ca: 0.0000 | ™M
[ Astigmatizm: 0.0 nm 0.0 deg
Defocus step: 0 nm 1 Images
Coma: 0.2 um i} deg
3 fold Astigm.: 02 um 0
Focal Spread: 0s nm
ki : higher orders | [ include
Conv. Angle: 1 mrad
[] wibration: ] pm 0 pm @ :
- [] Pincushion Dist.: 0 [ Update ] [ww Windu..]
|:| Spiral Dist.: 0 [S-ave Wave] [ Save Img I

[ Field curvature: 0

[ Foc. SEFiE-S-] [ t-df Series I
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Asymmetric Aberrations Visible in Diffractogram when Tilted

Real(CTF)

ky in 1/nm

kx in 1/nm

Diffractogram (log scale)

yin 1/nm

-50 0 50
xin 1/nm
Lower Display - — Upper Display
(") Image (@ Diffractogram ’7.::. Wave (@ CTF
(") Phase () Diffr. Pattern |’

Imag(CTF)

50

-50
AR
|:| Counts:

Amorph:
Sampling:
Acc. Voltage:
|:| Obj. Aperture:
Beam Tilt:
Defocus
Cs:

|:| Astigmatism:
Defocus step:

Coma;
3-fold Astigm.:

Focal Spread:
Conv. Angle:

|:| Vibration:

[] Spiral Dist.:

|:| Field Curvature:

] |:| Pincushion Dist.:

0.0098524
200

6.6
-5
0.0000
0.0

0.2
0.z
0.5

a0

Spatial Coherence
(@ Quasi-coherent
nm

() Flux-preserving

kv,

mrad 1 mrad
mrad £8 mrad

o

mm

Tl 0.0 deg

nm 1 Images
um 0 deg

um 0 deg

;Tad |:| include
pm 0 pm g :

| Update | hew windo.]
ISaveWave] [ Save Img l

’ Foe. SEries] [ t-deeriesl
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Zemlin Tableau

tilt.

Tilt = (-1.5,-1.5)mrad

Tilt = (-2,0)mrad Tilt = (2,0)mrad
Defocus

Cs
Astigmatismm:

Coma:
3-fold Astigm.:

Tilt = (0,-2)mrad

-65.7

1.2

20

[ Field Curvature:

10

nm
mm

nm

um

um

25

15

The Zemlin tableau is a series
of diffractograms recorded at
different illumination tilt
angles. It allows evaluation of
even and odd aberrations,
which is not possible without

1] deg

deg
deg
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The Point Spread Function (PSF) of the STEM Probe

<} STEM Probe Aberrations

C1,2a (nm): 3.464
C23a(nm) | 9.848
C34a(um) | 0.000
C45a(um): | 0.000
C56a(mm)| 0.000

Display -=

Zoom +

Zoom -

Cancel

|"V“l l"_..l Iv'—“l
H I I I I B

C1,2b (hm):

C23b (nm):
¢3,4b (um): |
C4 5h (um):
C5 Bb (mm):

2.000

-1.736

0.000
0.000
0.000

C1 (nm): -10.700
C21a (nm): 0.000
C3.2a(um). | 24.905
C43a(um): | 0.000
C54a(mm)| 0.000

Probe intensity

€2,1b (nmY:
| €326 (um):
C4 3b (um):
| C5.4b (mm):

0.000
2179
0.000
0.000

Cony. angle: 24 mrad
€3 (um): 50,000
C41a(um) | 0.000 C41b (um) | 0.000
C5,2a (mm): ' 0.000 C5,2b (mm): 0.000 C_5 (mm): 0.000
Phase map

3 i

2t J

o \ \\ |
« |
2t _
3k A

-3 -2 1 0 1 2 3

Shows what the Contrast Transfer Function (CTF) looks like in real space

(A STEM probe is the intensity of the PSF of the illumination system)


http://www.christophtkoch.com/stem/screenshot4.jpg
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Effect of Partial Spatial Coherence in TEM

While coherent aberrations mingle amplitude and phase information in the
images, partial coherence destroys information within the image all together.

Diffractogram {log scale) Diffractogram (log scale) Diffractogram (log scale)

-4 -2 0 2 4
C, = 1.2mm, Af =-65.7nm, C,=1.2mm, Af =-200nm, C, = 1.2mm, Af =-500nm,
A=20nm, oo=1mrad A=20nm, ao=1mrad A=20nm, ao=1mrad

Finite values of A and o are a result of limited (partial)
temporal (longitudinal) and spatial (transversal)
coherence as well as chromatic aberrations.
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2) Partial spatial & temporal coherence in STEM and TEM

STEM TEM
Partial temporal coherence Partial temporal and spatial
coherence should be included
« Repeat calculation for range of by numerical integration
different beam energies (can (repeating the simulation for
be done at no extra cost in different beam energies and
frozen phonon calculation) angles of incidence)
Partial spatial coherence * Quasi-coherent approximation
(apply envelopes to wave
« Simple convolution of final function)
Image with the shape of the
effective source « Flux preserving approximation

for partial spatial coherence
=> convolution of intensity by
envelope function
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Partial Coherence in HRTEM

Partial spatial coherence Partial temporal coherence
. Energy spread of source:
Virtual source mAE ~ 0.8eV

R EEIEEXEX Sample

Obj. pre-field

Specimen

)>Objectlve lens

(with chromatic
aberration C,
and current
instabilty Al)

Image plane

Parameters describing partial coherence

Incoherent sum of interference patterns Spatial: illumination semi-convergence o

AE? _Al®
AN NN N N Temporal: focal spread Azch = 2|—

Reduced fringe contrast

24
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Accounting for energy spread in STEM

Incident probe intensity Incident probe intensity

Incident probe intensity
dE: —0.43eV df: —B5A

dE: 0.00eV df: DA

dE: 0.43eV df: 65A

Ay [T |‘..,.|.,... AQD T T i — &
= | | = 350 | || ] = 200 | |l
S 50 f | & 300 | ] - |
g | E 250} | E E 150 f |
Z 100 F || £, 200 F | : £ |
z | | Z 150 | || : o200 |
ga : 2 s ' 2 -

o 50 ¢F ' g 00 F 3 % 5ok I
= A = sof i|| : ] N I
D' ot N D' e 1L S 0 I,y

-0 -5 0 5 L0
distance from probe center [A]

-0 -5 ] 5 LD
distance from probe center [A]

-0 -5 ] 5 Lo
distance from probe center [A]

dE: -0.43 045V dE: -0.43 . 0.43eV

dE: -0.43 . 0.43eV

aEEE .
§_NRRENRNNNNN

dE = 0.43eY

dE = 0.00=Y

dE = -0.43eV

A Gaussian-shaped energy spread is taken into account by computing images at
different energies (and with that defocus), as the different probe shapes above
demonstrate.
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Accounting for source size in STEM

File:

NEE& Qay® ¥ 0D The source size may be
||ristnphmﬂatlab1.QSTEMISTO_1IZI1| Changed “On the fly” When
a0 == ] | displaying the images

detector] _Qlirmg ”~
detectord _1 img

detectord _2img
detector!_Simg
detector2_Olimg
detectar2_1.img
detector2_2img —
detectar2_3img LM e e (0E
detectar3_tlimg -
detector3_1 img
detector3_2img

detectord 3 img ||ristophmﬂatlab1QSTEMISTO_1 o |
detectord Qg
detectord 1 iy < 10° [ Select folder ]

detectord _2img
detectord _3img
diffAyy_0_O.img
diffAvg_0_1.img
diff vy _0_10.mg
diffAwvg_0_11.img
cliff ey 0 12 ko

detector] _Dlimg rs
detector] _1mg
detector] _2img
detector! _3.img
detector2_Olimg
24 detector2_1.img
detector2_2.img
detector2_3.img
detector3_0dmg
detector3_1mg
detector3_2mg
21 detector3_Jmg
detectord_Dlimg
detectord_1.mg
detectord_2img
19 detectord_3img
: diff Ay _0_0.img
18 diff &g _0_1 .img
: diff Ay _0_1000mg
diff &g 011 g
Wi A 0L A ey bt

26
25

Source size [(A) 23

Overzarmplg. 22

Thickness: 20.74
Sampling: 0.7 x 054, 30 runs averaged over
STEM image

Source size (A
Owversarmpling:

Thickness: 20,74, |:| Log
Sampling: 0.7 % 0.54, 30 runs averaged over
STEM image
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Interpolation between computed pixels in STEM

Oversampling=10
Source size =0

o 1 2 3 4 &5 B 7
Image, as computed

Oversampling is
done by padding
with zeros in

reciprocal space.

Please be careful with
oversampling !!!

Oversampling = 10
Source size = 1A
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The Transfer Cross Coefficient (TCC) for TEM

() =FT" U Wo(q+q"T(q+ ¢4 )Uo(q")dq

s

Transmission cross coefficient (TCC)

TCC(q+4q.¢)V=Talqg+q.¢"'Ti(q+q¢".q)

xerp(—ilx(q+4q") — x(q)])

( Sy ¥ SNINARE:
_ ) 2 | oxlg ) oxlg)
Temp. Coherence: Ta(q +¢'.q ) =exp —?{?r,ej.;-f { — —

\ | OAf OA |

[ a2 [ov(g+q)  oy(g)]’
Spatial Coherence: 1.(q + q;. t’;f} —CXp | — (,.:, \) { :}f ff - l; { ]

\ V2 olq +4q) oq

Coherent Transfer: Y(q) =TAAfq* + 057N Cugt + ...
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The quasi-coherent approximation

. ( a ox(q) .
Spatial Coherence Envelope Function: Fs(q)=exp \(— I\ g

“

ri e
Temporal Coherence Envelope Function:  E (q)—exp | —2(7A )’ { }_';:f -']
L 0AS

2
(1) = [FT™ [Wo(qexp(—ix(q))E (Q)E.(q)]]
Problem: Multiplying the complex wave function with an envelope cuts away electrons!
(which is unphysical)
Will assume:

1. (dispersion free) monochromator: energy width 90meV => neglect T,(q+q’,q’)
2. C.-corrector => x(q) = n-A-Af-g?

B cr
d(rm) 0.500 0.250 0487 0425 0400 D083 0.071 0.083 0058 0.050 Ao G BE BT . 06 0083 007 Envelopes
N, . - s s |
‘ . Spatial
Combined
i ' Hhiin AT T
U

_______________________________________________________________________
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Flux preservation important at large Af

The TCC correctly predicts the presence of
DF images in defocused BF images
(in the quasi-coherent approximation these electrons would be missing)

Df=-1000nm i - Df=+1000nm

Experimental BF images of a £5 grain boundary in SrTiO3.
Large Objective aperture, relatively large convergence angle.
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Thank You!

Real(CTF) Imag(CTF)
50

by in 1/nm

-50
50 0 50 -Al n 50
ko in 1/nm [7] counts: 1 Spatial Coherence
Amorph: 1 @ Quasi-coherent
Diffractogram (log scale) Sampling: 0.0095924 | nm () Flux-preserving
Acc. Voltage: 200 KV, .
[ obj. Aperture: 3 mrad 1 mrad
Beam Tilt: 58 mrad 58 mrad
£ o= 0.0000 | MM
A=
= [T Astigmatism: 0.0 nm 0.0 deg
= Defocus step: 0 nm 1 Images
Coma: 0.2 um 0 deg
3-fold Astigm.: 0.2 um 0 deg
Focal Spread: 0.5 nm
. P higher orders |:| include
-50 0 &0 Conv. Angle: 1 mrad
xin 1/nm [] wibration: 0 pm 0 pm 0 :
SpotMode = 0.0, DiffMode = 0.0 overOeser g Oy [ v (“upine ) fow oni |
- Ay — . ") Image (@ Diffractogram ’7(:) Wave @ CTF [ Spiral Dist.: 0 [S-aueWaue] [ Save Img l
() Phase () Diffr. Pattern [ Field Curvature: 0 [FDC_ 5&rie5] [ t—deEriesl




