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Outline

Electron Microscopy and the information one can usually gain
Differential Phase Contrast STEM

Chemical and magnetic structure of spinodal magnetic alloys
Cuc,Niy,Fe,,
Fe;,Cry;Co4;

Multiferroic (doped) Bismuth Ferrite
structure, polarization domains and vacancies
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s Differential Phase Contrast (DPC)-STEM

Skyrmion Iattlce [8]
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Principles of DPC-STEM
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s Signal detection of DPC =

Example: Annular detector divided into 4
guadrants

Difference signal of opposing segments used to
determine center of mass

2D deflection vector of every scanned position
measured

Relation of deflection vector and field vectors

A known
B-D A-C
' Colorwheel representation a possibility to display , ,
c A . . polycrystalline Co-film
Sketch of a 4-quadrant detector 2D vectors: direction of vector plotted as function Specimen provided by
which is used in this work of hue (Farbton) Prof. Josef Zweck,

Univ. Regensburg

BEEE3 [10] Zweck, J. Phys.: Condens. Matter 28 (2016) L
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s CuNiFe /spinodal alloys
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Advanteges of spinodal decompaosition:

Uniform microstructure

Same crystal structure for both phases (at least in the beginning)

,Slow’ process

Adds flexibility to tune physical properties (hardening, magnetism)

[12] Findik Materials and Design 42 (2012)
[13] Zhou et al. Acta Materialia 153 (2018)
[14] Butler and Thomas Acta Metallurgica 18 (1970)
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[15] Rao et al. Advanced Functional Materials 7 (2020)
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o Cug,Niy,Fe,, - chemical microstructure

EDXS elemental maps

Spinodal decomposition @ 625°C

Segregation into NiFe-rich and Cu-
rich phases

Platelet-like shape of NiFe-rich
phase

Platelets along the <100>
crystallographic directions

Size of platelets dependend on the
heating duration
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All aged CuNiFe alloys show ferromagnetism due to the
formation of NiFe-rich platelets

DPC difference images reveal block-like domain
structure

DPC induction map (colorwheel rep.) reveals the
magnetization vectors within a domain along the
diagonals

<111> was found to be the magnetic easy axis

B30 [16] Radlinger et al. Journal of alloys and compounds 922 (2022) “TU
FELMI Grazm



12

Fe.,Cr;,Co,: - chemical structure

EDXS quant. Fe/at% | Cr/at% | Co/at%
Overall 54 31 15
FeCo-rich 69 8 23
Cr-rich 36 57 7

HAADF image reveals three different phases due to
different contrast (Z-contrast).

EDXS elemental maps reveal FeCo-rich particles
embedded in a Cr-rich matrix

Cuboid FeCo-rich particles show tendency to align edges
along the <100> crystallographic directions

Al/Si/Mn-Oxide inclusions due to additive manufacturing

and in-situ alloying process
Ty,



13 Feg,Crgy,Co,5- magnetic structure

Sample Laser Energy |Homoge |Heat MoH. HoM(T) | BHpax
Power;r Density / | nisation |treat (kA/m) (kJ/m3)

Jiem? ment
0.4 .08

640HT 22.29
2 240 400 1100°C  640HT I19.10 0.47 I 0.08
240 400 1100°C  510HT 0.80 0.10 0.08

lamellar shaped magnetic domain structure visible
Several FeCo-particles couple to form domains
Weak correlation between chemical and magnetic structure

Tendency of magnetization pointing along the <100>
directions. (in agreement to literature of FeCo-rich phase)

4 Bt

[17] Mairhofer et al. In preparation “
Grazm
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High resolution images of BFO on SRO/STO substrate
14 Bismuth Ferrite TR

Structure model of BiFeO; (BFO)
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Can we use STEM (DPC) to map it? ViV=VE=—p integrating
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15 doped BFO (BCFMO)

Specimen:
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Lattice enlargement, EELS/EDXS elemental maps and DFT calculations
revealed formation of a secondary BO-phase

FELMI

B (18] Haselmann, Radlinger et al. J. Phys. Chem. C 126 (2022) L
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Mapping polarization domains of BCFMO

Imaging the ferroelectric polarization

LP-fiIterw Determining the ferroelectric polarization
— . either by the displacement of Fe atoms
' or with DPC

Sudden color change in DPC image
indicates polarization domainwall at BO-
secondary plate

[C] DPCy_ T 2
Sl SR " Filtering of DPC images enhances
! l m contrast

Matching results of displacement/DPC
analysis
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17 O-vacancies within BCFMO

Cutout of an iDPC image Imaging the O-vacancies

) KRREEREREN T

.

.»‘u 0.0 L L T > S0
T T T Y reY~ » —
» L B R v?~.-.o’o.o‘.. -..’.,

e B —

inverted dDPC|

m
il

T T
0 1 2 3

Position [nm]

Kiia Ty

BO - layer

Oxygen
columns

Intensity [a.u.]

Oxygen
vacancy?

g
w




20

.....

Summary

DPC STEM is a very intriguing microscopy technique, capable of
imaging electromagnetic fields.

By combining DPC STEM with other well known imaging and
spectroscopic techniques new insights into the relationship of
chemical structure and physical properties can be gained

E.g. magnetic domain structure of spinodal alloys

IDPC ,new’ technigue solving the problem of imaging light elements

Also defects can be imaged — maybe also useful for quantification?
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> Advanced STEM

HR Spectroscopy:

Measurements / results of Judith Lammer [1]

[1] Lammer et al. Ultramicroscopy 234 (2022)
FELMI [2] Albu et al. Additive Manufacturing 36 (2020)
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Tomography:
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In-situ:

Measurements / results of Mihaela Albu [2]
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s Examples of magnetic specimen

,Visualizing' the movement of the e-beam Magnetic DPC tilt-series of polycrystalline thin Co-film

500 nm

a=2.0° » a=-4.0°

(h)

(c) (f) (i)

y Magnetic domains flip due stray field within the
]_,x microscope



m

FELMI

Integrated DPC

Image from Miiller et al. [11]

Near an atomic column, the electrostatic
potential is not homogeneous across the
diameter of the electron beam!

Rigid-disk-shift model inappropriate and
QM wave approach to calculate < p > is
necessary

[11] Miller et al. Nature communications 5 (2014)

integrating I'PPC « v

IDPC ~ ICOM e V(P

R dDPC 2
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The iDPC image is a direct map of the electrostat. Potential

The dDPC image is a direct map of the charge density distr.
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AFM/MFM principle
Y i/ Magnetic
LiftMode v{/ Froba
Scan
=PPhase Shift
Causo Phase St L Helght
over Differen
Domains duringt ' ’ 3
the LiftMode Scan
Height Data “ %k : E ; .&&g
* Image from: https://blog.brukerafmprobes.com/guide-
to-spm-and-afm-modes/magnetic-force-microscopy-
mfm/
FELMI

DPC cutout

qual. out-of-plane magnetization

3D height with
MFM-phase overlay

MFM signal complimentary to
DPC results

Flat surface; magnetic signal

Ferromagnetic domain structure
visible

DPC results representable for
whole magnetic domain structure



18 Challenges of DPC measurements

Dynamical scattering effects (diffraction contrast, channeling effects)

Topographic effects that may lead to misinterpretation (wedge, contaminations,
@ = (r))

Stray fields, e.g. magnetic stray fields of lenses, ~10 kA/m (100-150 Oe) along
optic axis

DPC image Vacuum reference corr. DPC image

Stability of microscope

Superposition of electric
and magnetic fields

..... [19] Seki et al. Microscopy 70 (2021)
[ | [20] Zweck et al. Ultramicroscopy 168 (2016) “-Eg.



19 Challenges of DPC

DPC very sensitive to abberations

Thickness limitations (POA valid for few
nm!)

Image simulations (multi-slice) needed to
understand contrast of ,thick’ specimens

Limitations due to 4-quadrant detector —
signal across one segment gets summed
up — information about distribution within
segment ist lost

,Limited' to post-acquisition processing

- [20] Close et al. Ultramicroscopy 159 (2015)
[21] Ooe et al. Ultramicroscopy 220 (2021)

FELMI

Thickness (A)

Thickness (A)

Defocus (A)

Post-processing with Velox and MATLAB

Noise-normalized iPCTF

Image from Close et al. [20]

(1) calculate difference images (A-C) and (B-D)

(3) caculate colorwheel representation of
2D - deflection map (DPCx, DPCy as input)

deflection map

magn. induction map

(4) rotate colorwheel by 90°to
display magnetic induction map
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