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Fresnel Imaging: Pros & Cons

Pro: Con:
= simple = (partially) non-linear contrast
= fast » defocus — unsharp images
= sensitivity adjustable = quantification difficult (but
possible)

» sensitiv to dynamical scattering

Can be overcome by Holography! (now)
Recommended reading:

1. Volkl, Edgar, Allard, Lawrence F., Joy,
David C. (Eds.) , Introduction to Electron
Holography, Springer (1999).



1. Fundamentals of electron scattering

a. Axial scattering
b. Magnetic and electric Ehrenberg-Siday—Aharonov—-Bohm effect

2. Fundamentals of Electron Holography and Tomography
a. Holographic Principle (interference, reconstruction)
b. Holographic Setups (inline, off-axis) and instrumental requirements

c. Separation of electrostatic and magnetic contributions
d. Tomographic reconstruction of 3D electric potential and magnetic

Induction vector field from tilt series of projections






How do fields act on electrons waves? *

_ _ ~D kinetic momentum
reduced Klein-Gordon equation FY — P eV | w operator
(high-energy approximation) 2m p = —ihV + eA

1 Y = eikzzl/J
paraxial approximation 2k, hp,p = [P % — 2meV |y
« small-angle scattering [-5.° e
. ek _ aZ¢~l[2h2kz+aV hAZ ()
no backscattering -
1 ~ 2D time-dependent

Schrodinger equation

axial approximation _ e
(wavelength << object details) 0z ~ i IGV B EAZ] v

« very small angle scattering







source

detector
phase difference Ag




Deteétable phase shift

source

Ap =0 j Vds

S2—51

\ J
Y

electric

!

A(p =0 (Vp,l — Vp’z)

detector

phase difference Ag

Member of the »
Z . ? . §; ;
Leibniz Association ;‘ m
= =

e



Detegtable phase shift

source

Ap =0 ] Vds
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For the magnetic phase shift a Lorentz force detector
IS not required at the electron trajectories ! phase difference Ag



Ehrehberg - Siday — Aharonov - Bohm Effect
Proposal: Ehrenberg & Siday 1949
Aharonov & Bohm 1958

Experiment: Mollenstedt & Bayh 1962
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Sum?ﬁary: object exit wave
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Sumfnary: object exit wave

phase modulation ¢(x, y) :

micro- /nanofields
e electric
* magnetic

amplitude modulation a(x, y):
« scattering into large angles
e Interference effects
* inelastic scattering



1. Fundamentals of electron scattering

a. Axial scattering
b. Magnetic and electric Enrenberg—Siday—Aharonov—Bohm effect

2. Fundamentals of Electron Holography and Tomography
a. Holographic Principle (interference, reconstruction)
b. Holographic Setups (inline, off-axis) and instrumental requirements

c. Separation of electrostatic and magnetic contributions
d. Tomographic reconstruction of 3D electric potential and magnetic

Induction vector field from tilt series of projections



Easter 1947, on the tennis court:

... and all of sudden it came to me,
without any effort on my side.

’ O | Interference and diffraction
B A\ are mutually inverse
1902-1979
Nobel Prize 1971
Electron Holography
measures phases



Dennis Gabor

Holography

Object wave hologram

interference Iffraction
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Coanon Forms of Electron Holography

focal series inline off-axis transport of intensity
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Holoéraphy - Dennis Gabor’s idea
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Holoéraphy - Dennis Gabor’s idea
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HoIeraphy - reconstruction of wave
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Holo.:c:j'raphy: recording hologram

hol= Y +7r)Y+71)°
=YY +rr+yYr*+yYr
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Where to take the hologram ?

Object plane

~resnel region ?

— . |
~raunhofer region

~ourier plane

In principle: .where" is not essential,

but with electrons we are ..coherency-limited”



Where to take the hologram ?

Inline Holography

Scattering Regimes Reconstruction Schemes

lllumination k=2z/4 |\

Differential Defocus /
Transport of Intensity
Reconstruction

Defocus Series
Reconstruction

Fresnel (near field)

Fraunhofer (far field) Fraunhofer Holography

e



1. Fundamentals of electron scattering

a. Axial scattering
b. Magnetic and electric Enrenberg—Siday—Aharonov—Bohm effect

2. Fundamentals of Electron Holography and Tomography
a. Holographic Principle (interference, reconstruction)
b. Holographic  Setups (inline, off-axis) and instrumental

requirements
c. Separation of electrostatic and magnetic contributions
d. Tomographic reconstruction of 3D electric potential and magnetic

Induction vector field from tilt series of projections



Tranéport of Intensity Reconstruction

Paraxial Eq.

ovY(r,,z) [
=—A Y(r, ,kz
P oM (r.,z)

Continuity Eq. / Transport of Intensity Eq.

op(r,,z 1 :
,O(a; ) :_EVLJL(H’Z)
density / intensity . phase
p= |\IJ|2 = _EVL '(,O(Il, Z)VL(D(H, Z)) p=arg¥
experimental data from 2 slightly defocussed images
N op(z) _ p(2+62)-p(2-612) +O(522)
(z+612), p(z-512) o 202
P | B _
>,0(Z)='O(Z+5Z);’O(Z 5Z)+O(522)




Tranéport of Intensity Reconstruction

simpliefied TIE reconstruction minimal model

o7 K 1 J1\t .

— —%VL '(,O(rﬂ )V, o(r,, Z))

phase object

p(r,,z)=const.

op(r,,z) _
o7 — _IALCD(H, Z) focus 1

focus 2 \\ e
>
L Poisson problem

(e.g., solve with periodic boundary conditions)




TIE: ﬁros & Cons

Pro: Con:
* linear signal * not so fast (2 recordings)
= simple reconstruction * not sensitiv to small spatial
= simple experiment frequencies (large scale
variations)

= no external reference / _
vacuum required = ambiguous result (because of

= works at moderate unknown boundary conditions)

coherency



Inline Holography reconstruction algorithm

f initial wave function )
. v=0(r 2 = 0 )
minimal model L (l ) )
( propagate
D & . W (x, 2m) ‘
E ?_;:_a \. y me'
E| 5 l =
:G -@ N ‘é
& > L compute R-factor =
R = [ L (x) — 125 () |2 | d2r =
| | 3
I | &
| update (project) & S
< I > U,,(r) = Im(r)e(ial‘g(‘l’fx'.”(f))) ,_J é
| il g
| l I
I { m ‘E
I bflc)k—propa.gatc g
| 5 L Up'(r,z = 0) | §
I b °
: N =
) L 7 o]
focus 1 1\ E —— «
5o assemble averag(c) =
I i) ; T
= . TOHD(r) = 30w’ (r)
focus 2 \./ 2
V WD (1) = WO () /[0 D ()|
I . l v
solution
o = ¢+t Ry = R(vHD




Focal Series Reconstruction
Experimental focus series Reconstruction of B-Field
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Focau'lx. Series: Pros & Cons

Pro: Con:
= sensitiv to smaller (but still = very slow
not very small) spatial = ambiguous result (depending on
frequencies starting guess)
= works at every TEM = complicated reconstruction

= nNo external reference /
vacuum required



Off-axis electron ho ography

Hologram
it w{
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Off-é%is electron holography

Hologram ; Electron Source
—tr— Condenser
Object Plane..........|... T Specimen
Reference Wave ™ Object Exit-Wave
'l N > ObjeCtive
Virtual Electron Sources | Lens

Back Focal
Plane

| Biprism

Image Wave Reference Wave
N Detector
e = Image Plane
= lior (1) =l (1) + 24,15 (1) COS (qcr +o( r))



Magraixetic phase shift in Cobalt stripe domains

Amplitude image

100 nm

Phase image

Vacuum
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Projected B-field
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COS (10 X Qar‘nag (x, y))

400

(ax(Pmag> _ _%j ( By(x, Y, Z) )dZ goel(x,y) = CE J V(x,y’ Z)dZ



Ox Pmag e By(x; Y, Z) s
( - _%J _BX(xJ y; Z) dZ (pel(x’y) - CE J V(x, y, Z)dZ

% 3 Fernandez-Pacheco, A. et al. , Nat Commun 2017, 8, 15756. i
- Sample provided by Denys Makarov, Helmholtz-Zentrum Dresden-Rossendorf.



P N icm
FIG. 5. Cross section of cooling stage. A, second shield; B,

FIG. 4. Cross section of electron microscope with cooling ap- first shield; C, specimen holder; D, conducting rods; E, heater;

paratus. A, field emission gun; B, liquid-He reservoir; C, cool- F, objective pole-piece; G, superconducting coil; H, heater; I,
ing stage; D, ion pumps; E, biprism; F, condenser lens; G, objec- ) . . ) .
tive lens; H, intermediate lenses; I, projector lenses. Gre resistor; J, insulating supports; K, specimen.

g A N Osakabe, T. Matsuda, T. Kawasaki, J. Endo and A. Tonomura, Phys.Rev. A .
G 27 34(1986), 815 W



20 2 Nb-film
T=45K <
Tc=9.2K

B=15 mT (150
Gauss)

Phase
amplification 16*




Off-a;{is: Pros & Cons

Pro: Con:
* linear signal * (multiple) biprisms required
» simple reconstruction » reference (vacuum) required
* unambiguous result » large coherency reguirements

= sensitiv to the whole spatial
frequency range



1. Fundamentals of electron scattering

a. Axial scattering
b. Magnetic and electric Enrenberg—Siday—Aharonov—Bohm effect

2. Fundamentals of Electron Holography and Tomography
a. Holographic Principle (interference, reconstruction)
b. Holographic Setups (inline, off-axis) and instrumental requirements
c. Separation of electrostatic and magnetic contributions
d. Tomographic reconstruction of 3D electric potential and magnetic
Induction vector field from tilt series of projections

3. Magnetic fields and textures in solids
a. Magnetization, Magnetic induction, Magnetic field
b. Magnetostatics
c. Micromagnetics



L

f’x

............................

01, y) = @ (x,y) + (Pmag(xJY) 02(x,y) = Qo (x,y) — (Pmag(x:y)

(pmag(ny) — ((pl(ny) — (pZ(ny))/z
Per1(6,y) = (p1(x, ) + 02 (x,¥))/2



1. Fundamentals of electron scattering

a. Axial scattering
b. Magnetic and electric Enrenberg—Siday—Aharonov—Bohm effect

2. Fundamentals of Electron Holography and Tomography
a. Holographic Principle (interference, reconstruction)
b. Holographic Setups (inline, off-axis) and instrumental requirements

c. Separation of electrostatic and magnetic contributions
d. Tomographic reconstruction of 3D electric potential and magnetic

Induction vector field from tilt series of projections



Sepa"'ration of magnetic and electric phase shift

Pmag = ((Pl - 902)/2 Pel = ((Pl + <P2)/2

+ 00

Per(x,y) = Cg J V(x,y,z)dz




Towards 3D nanomagnetism

-

2D Magnetic

+ structural, chemical data

Reyes et al., Nano Lett. 16 (2016) 1230

Co NW N
‘____. . 3D modelling of M,B

phase maps by (eg. micromagnetic
TEM holography A o simulation)

.-0.333

i

Biziere et al., Nano Lett. 13 (2013) 2053

arison Projection



Towards 3D nanomagnetism

-

2D Magnetic
phase maps by
TEM holography

+ structural, chemical data

Reyes et al., Nano Lett. 16 (2016) 1230

ﬂw

Cu/Co NW \ 11 \N\N

3D modelling of M,B
(eg. micromagnetic
simulation)

Biziere et al., Nano Lett. 13 (2013) 2053

parison Projection

Loss of 3D-information! FW



Towards 3D nanomagnetism

+ structural, chemical data

Reyes et al., Nano Lett. 16 (2016) 1230

'-—-

u/Co NW \ LN
3D reconstruction - . 3D modelling of M,B

by electron holographic (eg. micromagnetic
vector field tomography A g simulation)
of B-fields

0 333

-0.333

Biziere et al., Nano Lett. 13 (2013) 2053

Comparison



Singlé:tilt axis holographic tomography of nanomagnets

Hologram 360° tilt Phase image 360° tilt

\series series
1. Holographic :

Acquisition - \
- /

X
y (tilt axis)
. £
electric/magnetic |

3. Separation
Electric potential Magnetic field B,y iq

2. Holographic
Reconstruction

4. Tomographic 4. Tomographic

Reconstruction Reconstruction
+ 00
a(pmag e

(Pel(x;Y) = CE J V(x;yiz)dz ax = _%J By(x’ y’Z) dZ

—o0 Electric phase image Magnetic phase derivatives

180° tilt series 180° tilt series

e R ;i i B i Al L ——— . -
% 7% Wolf et al., Chem. Mater. 27 (2015) 6771 et

- Simon, Wolf et al., Nano Lett. 16 (2016) 114



3D reconstruction of IV/(x,y,z) and B(x, v, z)

1. Tilt series acquisition of
off-axis electron holograms:
Two 360° tilt series around x- and y-axis

(gaps due to experimental limitations) ==t.............

2. Phase shift retrieval
from electron holograms

3. Separation of electric and
magnetic phase shift and alignment 4- '

4. Tomographic
reconstruction of

V(x,y,z) from @,

0Pmag
oy '

0Pmag
dx

B, (x,y,z) from

By (x,y,z) from

5. Computation of B,(x,y, z)
fromV-B(x,y,z) =0

Loy 25



Dual t|It axis holographic tomography of nanomagnets

Electron Holographic Implementation

Tomography =22 . ... Automated tomographic
”’\ ZED e e em =0 tlt SEries acquisition

* Installed at NCEM Berkeley,
U Antwerp, TU Berlin

o el ol el == o  Adapted for different TEMs
i - Wolf et al. Ultramic. 110 (2010) 390

Alignment

« Displacement correction

« Tilt axis finding

Wolf et al., Chem. Mater. 27 (2015)
6771

P — “Reconstruct 3D”
Getio |15 Ewract Tiks

T os. of backprojection: | kpos [0 zpos [0 S OftW ar e p aC kag e

iterations |5 W visual lize:
I~ save (10 select path alues of projection .difference: H
—I Iteration mean Std._Dev. lambda 4 OC u l I I e n a I O n a
fiests image processin a 36534394 O0124216 1.0197
12636874 48581164 05435
first slice I[I edaein px |10

N R I TR www.triebenberg.de/wolf
Wolf et al. Ultramigc:.136 (2014) 15
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http://www.triebenberg.de/wolf

Chali’wenges and problems of 3D B field mapping

Challenges Problems

Magnetic sample  beam damage
 diffraction contrast
» stray fields
* magnetization by Lorentz lens

13
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v &y N o0 W

0 50 100 150 200 250 300
nm

Permalloy disks
provided by J. Zweck, Regensburg

é@y % E. Dunin-Borkowski and T. Kasama, Microscopy and Microanalysis 10 (2004) 1016«



Chali"ﬁenges and problems of 3D B field mapping

Challenges Problems

Magnetic sample  beam damage
 diffraction contrast
» stray fields
* magnetization by Lorentz lens

13

12

11

10
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0 50 100 150 200 250 300
nm

Permalloy disks
provided by J. Zweck, Regensburg

é@y % E. Dunin-Borkowski and T. Kasama, Microscopy and Microanalysis 10 (2004) 1016«



Chalrenges and problems of 3D B field mapping

Challenges Problems
h dop
f By(x(a),y,Z(a)) dz = — ;ax(cx) derivation enhances noise

« only By, i.e., parallel to tilt axis
y in the direction of tilt axis

é@g «ﬁ' E. Dunin-Borkowski and T. Kasama, Microscopy and Microanalysis 10 (2004) 1018«



Chalrenges and problems of 3D B field mapping

Challenges Problems

Two ultra-high-tilt series (+£90°) about « sample geometry
orthogonal axes to get B, and B, * holder design
« stability

Member of the »

P gt @ E. Dunin-Borkowski and T. Kasama, Microscopy and Microanalysis 10 (2004) 1018




Chalrenges and problems of 3D B field mapping

Solution

« preparation of free-standing samples
combined with
special holder designs




IFW Forschungstechnik:
Steffen Ziller, Nico Richter, Rolf Morgner



Chalivenges and problems of 3D B field mapping

Challenges Problems
Separation electric (MIP contribution) « acquisition of additional two tilt series with
magnetic phase shift reversed magnetization
« precise alignment (2D Affine
transformation)

ember of the
.

é@g 1@' E. Dunin-Borkowski and T. Kasama, Microscopy and Microanalysis 10 (2004) 1018«

e



Chalrenges and problems of 3D B field mapping

Challenges Problems

B, from V - B = 0 with B, and B,, inserted « second derivation enhances noise further
« unknown boundary conditions

é@g @ E. Dunin-Borkowski and T. Kasama, Microscopy and Microanalysis 10 (2004) 1018




Vectarfield tomography of Cu/Co multi-stacked
NWs: Phase diagram for a single Co-disk from
micromag simulation

disk thickness in nm
(2]
D

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96 102

disk diameter in nm




Vect(;rfield tomography of Cu/Co multi-stacked NWSs:
Hologram tilt series

Tilt range -69° to +72° Rotated 90° in-plane: Tilt range -69° to +72°

Tilt axis

= + tilt series + tilt series

> s g L. EE_J_

flipped upside-down flipped upside-down







Vectarfield tomography of Cu/Co multi-stacked NWSs:
Phase tilt series

Electric phase shift Magnetic phase shift (smoothed)




Elect}ostatic 3D potential of Cu/Co multi-stacked
NW

« 3D reconstruction
from electrostatic
phase shift
(Average of two tilt
series)

25 nm Co
15 nm Cu

V 21




Electrostatic 3D potential of Cu/Co multi-stacked NW:
Quantification

Histogram
2500
17.4§
: 2000
Central slice
- Npm—— £ 1500
S o~ e 3
100 nm 1000+
25 nm Co.15 nm Cu
24 i - 10 15~ 20 25
5 MIP [V]
E 20
= :E MIPs reduced
14 due to low purity '(v0|ds);
1] 15% Cu amount in Co
101
0 50 100 150 200 250 300 350 400 450 500 550 600

nm



| e |
50 nm




Nanoscale mapping for better understanding of
3D nanomagnetism

(a)| Y,

S

d &. z % : @‘ g Ms = 1200 x 103 4/

——— A=22x10127/
7 8 He =100x 1037/ .

\

Simulation

N
w
SN
(6)]

Experiment
r
¥ - F
b
o
S

07 T 07

—

Experiment SimulationQ

@

i
,l r.
‘._’ 3 \
g A
- |} “
1 ) N
Yo . N
1 ' s
;

S <
3 l

———
4 e~

N
i -
. —_——

¥
e



Nanoscale mapping for better understanding of
3D nanomagnetism

+ structural, chemical data

Reyes et al., Nano Lett. 16 (2016) 1230

'-—-

u/Co NW \ LN
3D reconstruction - . 3D modelling of M,B

by electron holographic (eg. micromagnetic
vector field tomography A . simulation)
of B-fields

Biziere et al., Nano Lett. 13 (2013) 2053

Comparison



