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Scanning Transmission Electron Microscopy

Imaging Diffraction Spectroscopy Tomography
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“A Synchrotron in a Microscope” — Mick Brown

Eg‘ﬁﬁ%—é{; !E/\ C Ophus, Quantitative STEM Imaging, Diffraction, Spectroscopy and Tomography, Annual Review of Materials Research 53 (2023)




Introduction to Scanning \I converged electron probe
Transmission Electron sample
Microscopy

annular dark field
(ADF) detector

2D images recorded
over a 2D grid of probe positions:

Four dimensional
scanning transmission electron microscopy

(4D-STEM)

diffraction pattern

pixelated detector
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Motivation — Why do 4D-STEM?
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Jiang et al., Nature 5359, 343 (2018) bright field image local lattice strain
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STEM Diffraction from Crystalline Samples

» |deally, the diffracted signal is simply a 2D
Fourier transform of the projected
potential, multiplied by the probe intensity.

* Thus the position and intensity of Bragg
disks of each diffraction pattern acts as a
fingerprint for the local structure and
orientation of the (crystal) sample.

| » [nterpretation is complicated by multiple /
dynamical scattering (thickness effects),

overlapping grains, background signals.
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4D-STEM Diffraction from Amorphous Samples

| » |deally, the diffracted signal is simply a 2D
Fourier transform of the projected
potential, multiplied by the probe intensity.

» The position and shape of amorphous
halos of each diffraction pattern acts as a
fingerprint for the local structure factor,
given by the mean atomic arrangement.

* Interpretation is complicated by multiple
/ dynamical scattering (thickness effects),
background, more than crystal diffraction!
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Complex Sample Analysis with 4D-STEM

&y

fitst HORO
A AR

Gadolinium Titanate 4D-STEM
experiment
single crystal S e amorphous

pyrochlore

.
.....

—— v

recrystallized fluorite mixed  polycrystalline fluorite mixed

FOUNDRY Eﬁ B Savitzky et al., Microscopy and Microanalysis 27, 712 (2021)




<«— converged electron beam scanned over surface —>

ion bombardment

annealed
sample

4D-STEM

pyrochlore crystal recrystallized fluorite polycrystalline mixed region amorphous structure

differential phase
contrast (DPC)
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FOUNDRY B Savitzky et al., Microscopy and Microanalysis 27, 712 (2021)



4D-STEM — Classmcatlon and Segmentation

Unsupervised
classification of the
GTO sample:

Amorphous

Y ~
:

General classification is performed by
using NNMF on feature vectors,
constructed from Bragg vector maps,
amorphous signals, virtual images, etc.

MOLECULAR |Ia B Savitzky et al., Microscopy and Microanalysis (2021). 10



4D-STEM - Crystalline Strain Mapping
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4D-STEM - Crystalline Strain Mapping

Strain measured in single-crystal GTO pyrochlore / recrystallized fluorite

FOUNDRY llm B Savitzky et al., Microscopy and Microanalysis (2021). 12




Inverse Learning of LiIFePO, Chemo- Mechanlcs

X-ray spectroscopic ptychography using a TEM holder i
Blphasm LixFePO, |_|0 sFePO,
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FOUNDRY E HD Deng et al., Nature Materials 21, 547 (2022). Hughes et al., Materials Today 52, 102 (2022)



Inverse Learning of LiIFePO, Chemo-Mechanics

4D-STEM strain mapping of the same particles from x-ray study.

FOUNDRY |!a HD Deng et al., Nature Materials 21, 547 (2022). Hughes et al., Materials Today 52, 102 (2022) 14



Inverse Learning of LiIFePO, Chemo-Mechanics

Alignment and correlation of all channels = inverse learning of constitutive law

Electron beam
X-ray

zone plate

——
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4D-STEM — Orientation Mapping of Soft Matter

Bragg peaks detected in each diffraction pattern:

AAAAA

* Image template
from vacuum
reference probe
or synthetic disk.

= Use template
matching / image
correlation to
identify peaks.

= Record data, move
onto next image.

FOUNDRY !Iﬁ C Ophus*, O Panova* et al., Nature Materials 18, 860 (2019)



4D-STEM — Orientation Mapping of Soft Matter

Visualization of the two morphologies:

No additive to T1:

Single orientation through thickness,
large continuously-turning domains.
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~ DIO additive to T1:

Multiple orientations through thickness,
small single-orientation domains.

Nature Materials 18, 860 (2019)
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4D-STEM — Orientation Mapping of Soft Matter
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Carbon Basal Plane Orlentatlons Color Relative to Pores
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Carbon Basal Plane Orientations, Color Relative to Pores
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Orientation / Phase from a Diffraction Pattern Library
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Kinematical / Dynamical Diffraction Patterns
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Orientation Mapping via Spars
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4D-STEM of Twisted AuAgPd Nanowires

vacuum probe maximum diffraction pattern Bragg vector map

simultaneous HAADF image

Intensity

g

F

Scattering Angle [1/A]

FOUNDRY |Ia C Ophus et al., Microscopy and Microanalysis 28, 390 (2022). 25



Orientation Mapping of AuAgPd Nanowires

First Match Second Match experiment
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py4DSTEM Tutorials

Tutorial repository — https://github.com/py4dstem/py4DSTEM tutorials s @veed

0 Search or jump to... Pull requests Issues Marketplace Explore py4 D ST E M

H pyddstem / py4DSTEM_tutorials ® Unwa

<{> Code Issues Pull requests Actions Projects Wiki Security Insights Settings
¥ main ~ § 3 branches © 0tags Go to file Add file ~ ¥ Code ~
ﬁ alex-rakowski updating index notebook path d7bedle yesterday &) 63 commits
binder Update requirements.txt 5 days ago
data added py4DSTEM paper and index.ipynb 10 days ago
images Update py4dDSTEM_logo.png 11 days ago
updating index notebook path yesterday
strain_crystalline fixing typo 5 days aga
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Crystalline Orientation Mapping in py4ADSTEM

~ File Edit View Run Kernel Tabs Settings Help

() * C A strain_cX | @ 00_jupy X B 01_pyd[X W 02_DPCX | [ orientatX | & 04 kine X [ 05 AuAX | [ py4DSTX | [ ACOM /X | [ paper_fiX [ polycrysX %
o B+ XO M » = ¢ » Code v # Python 3 (ipykernel) O
O o ony 2028 tutoret s ACOM of AuAgPd nanowires - disk detection 5
:= Name - Last Modified
™ archive 4 months ago This notebook performs disk detection for the AuAgPd nanowire 4D-STEM bullseye experiment. The data has
9 ™ Ben Steve Jenn lectures 4 months ago been downsampled for the purposes of the tutorial.
B Germany 6 hours ago
@ snapshot02 3 days ago Our goal is to perform automated crystal orientation mapping (ACOM), as described in:
™ snapshot03 6 hours ago Automated Crystal Orientation Mapping in py4DSTEM using Sparse Correlation Matching
- [A] 00_jupyter_notebooks.... 3 days ago
« A 01_py4DSTEM _basics.i... a day ago
« [A] 02_DPC_nanotube.ipynb a day ago Data
"] 03 Si SiGe_disks_strain... a day ago

« [A] 04_kinematical_diffract... 34 minutes ago Small_AUAg Pd_wire_dataset 04.h5 (2.0 GB)

« [ 05_AuAgPd_wire_disks... 34 minutes ago
« [A] py4DSTEM_polycrystal... 32 minutes ago

downsampled_AuAgPd_wire_probe.h5

Acknowledgements

This tutorial was created by the py4DSTEM instructor team:

e Alex Rakowski (arakowski@Ibl.gov)
¢ Stephanie Ribet (sribet@u.northwestern.edu)
e Ren Savitzkv (hhsavitzkv@|hl aowv)
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Crystalline Orientation Mapping in py4ADSTEM

~ File Edit View Run Kernel Tabs Settings Help

() * C A strain_cX | W 00_jupy X [ 01_py4lX W O02_DPCX [A orientatX | [ 04_kine X [ 05 AuAX @ B py4DSTX [A ACOM /X | [ paper_fiX | [& polycrysX O
& B+ XO M » m C » Code v # Python 3 (ipykernel) O
O . py4DSTEM.visualize.show_image_grid( < ;
W/ -+ /python /2022 tutorials / lambda i: [
— Name a Last Modified # dataset.tree[ 'dp_mean'],
= ) dataset.tree[ 'dp_mean'].data * 10,
™ archive 4 months ago dataset.tree['dp_max'],
% B8 Ben_Steve Jenn_lectures 4 months ago ][.]dataset_probe.tree[ "dp_mean'],
1 2
B Germany 6 hours ago H=1,
@ snapshot02 3 days ago o
cmap="'inferno’,
@ snapshot03 6 hours ago clipvals='manual’,
- [A] 00_jupyter_notebooks.... 3 days ago vmin=0,
vmax=1500,
« (A 01_py4DSTEM _basics.i... a day ago )
- [A] 02_DPC_nanotube.ipynb a day ago
[A] 03_Si_SiGe_disks_strain... a day ago

- [A] 04_kinematical_diffract... 36 minutes ago

« ] 05_AuAgPd_wire_disks... 36 minutes ago

« [A] py4DSTEM_polycrystal... 35 minutes ago
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Crystalline Orientation Mapping in py4ADSTEM

: File Edit View Run Kernel Tabs Settings Help

) * Cc A strain_cX | [® 00_jupy X [® 01_py4lX [ 02 DPCX | [ orientatX | [ 04 kine X [ 05 AuAX | [ py4dDSTX [ ACOM /X  [& paper_fiX | [& polycry:X %
o B+ XTO 1 » m C » Code v # Python 3 (ipykernel) O
o -/ /python/ZOZZ tutorials / # Construct a probe template to use as a kernel for correlation disk detection ﬁ
.—  Name a Last Modified pr‘obe_ksrne;= py4DSTEM.process.probe.get_probe_kernel_edge_sigmoid(
- . probe_align,
@ archive 4 months ago (probe_semiangle * 0.0, probe_semiangle * 3.0),
9 ™ Ben Steve Jenn lectures 4 months ago # bilinear=True,
)
@ Germany 6 hours ago
8 snapshot02 3 days ago # Plot the probe kernel
py4DSTEM.visualize.show_kernel(
@ snapshot03 6 hours ago probe_kernel,
- [A] 00_jupyter_notebooks.... 3 days ago R=20,
L=20,
« [A] 01_py4DSTEM_basics.i... a day ago W=1)
« [A] 02_DPC_nanotube.ipynb a day ago o ; o 15 o s m s
™| 03_Si_SiGe_disks_strain... a day ago 0.030 4 \
- [A] 04_kinematical_diffract... 38 minutes ago 002 f
« (Al 05_AuAgPd_wire_disks... 38 minutes ago ‘
« A py4DSTEM_polycrystal... 37 minutes ago 0.020 A |
‘\
0.015 ‘
|
0.010 1 ‘ ‘
[
0.005 A ' ’ |
|l
0.000 { =—=—ees - \ o ot
\\\ | | A
\/\/\/ \
-0.005
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Crystalline Orientation Mapping in py4ADSTEM

File Edit View Run Kernel Tabs Settings Help

* C I strain_cX | W 00_jupy X [ 01_pyd4lX @ W O02_DPCX | [ orientatX | & 04_kine X m W py4DST X | ] ACOM #X | [ paper_fiX = & polycrysX O
= B+ X ,[E] @ » m C » Code v # Python 3 (ipykernel) O
W/ --- /python /2022 tutorials / =
Name - Last Modified
@ archive 4 months ago
B8 Ben_Steve Jenn_lectures 4 months ago
B Germany 6 hours ago
B8 snapshot02 3 days ago
@8 snapshot03 6 hours ago
- /] 00_jupyter_notebooks.... 3 days ago
« A 01_py4DSTEM_basics.i... a day ago
- "] 02_DPC_nanotube.ipynb a day ago
"] 03_Si SiGe_disks_strain... a day ago

- [A] 04_kinematical_diffract... 40 minutes ago

« [ 05_AuAgPd_wire_disks... 40 minutes ago

« A py4DSTEM_polycrystal... 38 minutes ago



Crystalline Orientation Mapping in py4ADSTEM

~ File Edit View Run Kernel Tabs Settings Help

= m 1 c A strain_cX | B 00_jupy X  [®01_pyd4lX W02 _DPCX [ orientatX | [ 04 kine X | W05 AuAX | B pydDSTX W ACOM /X | [ paper_fiX | [ polycrysX O
o B+ X O » m C » Code v # Python 3 (ipykernel) O
o . Best fit lattice directions: z axis = ([©.301 0.486 0.82 ]), x axis = ([0.558 0.566 0.607]), with corr value = 5.397 &
8/ -+ /python /2022 tutorials / Best fit lattice directions: z axis = ([©.159 ©.564 0.81 ]), x axis = ([0.107 ©.12 ©0.987]), with corr value = 3.951
:= Name - Last Modified Best fit lattice directions: z axis = ([0.492 ©.61 0.621]), x axis = ([0.405 0.471 ©.783]), with corr value = 3.375
— = 4 " -1.0 -0.5 0.0 05 10 -1.0 -05 0.0 05 10
@ archive months ago : . 355 : . . - . . :
+
* B8 Ben_Steve Jenn_lectures 4 months ago v
—1.0 1 222 - -1.0 1
B Germany 6 hours ago 511 i 333 * mn 33T
+ ~ . .
88 snapshot02 3 days ago o nuT - 1z o :L 20 27
B8 snapshot03 6 hours ago ® + 1 I__i_l
- [A] 00_jupyter_notebooks.... 3 days ago i 0o - + 7 . 7: 00 +
* [/ 01_py4DSTEM_basics.i... a day ago & * o 20 & 1_;_1
331 111 ® ) .
« [/l 02_DPC_nanotube.ipynb a day ago 05 33: . + 05 | 22‘- 2_;‘_3
W 03_Si_SiGe_disks_strain... a day ago od2 % 511 g =
« [A] 04_kinematical_diffract... 42 minutes ago 10 ' + 10 45_3
« [l 05_AuAgPd_wire_disks... 42 minutes ago :
« [A] py4DSTEM_polycrystal... 40 minutes ago oA AT
-1.0 -0.5 0.0 05 10 -1.0 -05 0.0 05 10
* -+
313
-1.0 1 * -1.0 1 + *
_ = & .
242 022 502 + + ’
05 ’ + + . 0.5 ' + * .
- 311 ~ +
a3l * + + L3
+ + 4+
£ o Yo L % £ oo e T
s 33T S +
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Crystalline Orientation Mapping in py4ADSTEM

~ File Edit View Run Kernel Tabs Settings Help

() 2 C [ strain_cX | W 00_jupy X [ 01_py4lX W 02_DPCX [ orientatX = [® 04_kine X W 05 AuAX @ [ py4DSTX [ ACOM /X | [ paper_fiX | [& polycrysX O
o B + X O [ » m C » Code v # Python 3 (ipykernel) O
o =

W/ - /python /2022 _tutorials /

= N - Last Modified M M M
= | Name_ o Motife Plot the resulting orientation maps
archive 4 months ago
* B8 Ben_Steve Jenn_lectures 4 months ago
# plot orientation map
@ Germany 6 hours ago

images_orientation = crystal.plot_orientation_maps(
@ snapshot02 3 days ago orientation_map,
corr_range = np.array([1,4]),

B snapshot03 6 hours ago camera_dist = 12,

- [/l 00_jupyter_notebooks.... 3 days ago ShOW_a;es = False,

* A 01_py4DSTEM_basics.i... a day ago )

- [ 02_DPC_nanotube.ipynb a day ago In-Plane Orientation Out-of-Plane Orientation ©01)
"] 03_Si SiGe_disks_strain... a day ago

- "] 04_kinematical_diffract... 43 minutes ago

« ] 05_AuAgPd_wire_disks... 43 minutes ago [011]

[111]

« [A] py4DSTEM_polycrystal... 41 minutes ago
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Deploying py4DSTEM into the Materials Project

Home Apps Crystal Toolkit

Crystal Toolkit

App by Materials Project

* PR contribution accepted into crystal Toolkit repo, live “soon” ‘

L3 Au 2D Diffraction Pattern 200 €
Beam Direction: (001)
o2 v Load Crystal Beam Direction
) Search Materials Project: 157 0 € 0 € 1€
Au | . . 2
(0] 1 Maximum Scattering Angle [A™]
get random mp-id =
E 05 15 ¢
/. Multiple results found, please select one: — ° °
‘ Au (Fm3im) predicted stable phase 03 0- Y Use Bloch Wave Dynamical Calculator
3 ) o [ ] ([ @ Off
Load from your computer: —0.5
() ¢ ' :
\\ A / 1 Thickness [A]
Choose a file to upload or drag and drop 500 ¢
71'5_
- - - —_— » Advanced Options
-1.5 -1 -05 0 0.5 1 1.5
I ax [A7]
Au
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Vortex Structures in STO/PTO Superlattices

High angle annular dark field (HAADF) image vortex-antivortex pair

PbTiO; {i Polar displacements
8 overlaid on HAADF

SrTiO, i image, from A sites.

PbTIO, | B

SrTiO, O

PbTiO, fHlicsieniig

SrTiO;

PbTiO; i i i

Multilayers grown on SrRuQO5/DyScO; substrate

FOUNDRY Eﬁ AK Yadav*, CT Nelson*, Observation of polar vortices in oxide superlattices, Nature 530, 198 (2016)
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3D Vortex Structures in STO/PTO Superlattices

Large gradient energy of
vortices is balanced by:

Anticlockwise

Clockwise

= Electrostatic energy reduction
by removing polar
discontinuities at interfaces.

o
(,-wu z-wo o)
Auo1I0A

= Elastic energy from with
epitaxial constraints.

Open questions about
vortex structure in 3D:

= Vertical [001] asymmetry in
position of vortex cores?

= Non-zero polarization

vectors along vortex cores? [010],,

[100],

Atomic-resolution imaging uses 2D projections — difficult if structure varies along beam direction.  Alternatives?

FOUNDRY Eﬁ AK Yadav*, CT Nelson*, Observation of polar vortices in oxide superlattices, Nature 530, 198 (2016)
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STO/PTO/STO Multilayer — 4D-STEM Experlments

Virtual
converged l mediFdiitacticly P detectors

electron beam 4

fast direct
electron detector

FOUNDRY S Zeltmann et al., Ultramicroscopy 250, 113732 (2023). (0)40 39




PbTiO4 Polarization with Dynamical Diffraction

4D-STEM measurements of intensities differences in Friedel pairs of Bragg disks

works for kinematical diffraction (thin samples).
But what about dynamical

diffraction (thick samples)?

Investigate with Bloch wave simulations:

_ structure matrix: electron wave at depth z in sample:
C = 2k,~C - . _
Al n’Y 0 U -+ U.p U(z) =CE(2)C1U(0)

Bloch wave A — Ug Z2kosg -+ Ug-n where: | | |
coefficients I ' : ° E(z) = p2miy(7)2 0;; Scattering

' ‘ trix

normal comp. matrix
wavevectors _U h U h—-g °°° 2/fOSh_ (S-matrix)

Simulating multilayers with an S-matrix is straightforward: & = Ssto Spro SsTo

MOLECULAR |iﬁ 40
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What is a Scattering Matrix?

Probe at exit surface Initial probe

Y(x,y,2) = S Y(x,y,0)

88;138;1 Sglagz Sg'l,gn
SgZ%gl Sglagl S ngqgn

_Sg'mgl ngg2 S nggn_

Advanced Computing in Electron Microscopy, 2"¢ Edition, Earl Kirkland — Probe figures from Hamish Brown



PTO Polarization in 16/16/16 STO/PTO/STO

Px =0.00 Py =0.25 Px =0.50 Px=0.75 Px =1.00 =P polarization vector
1 0.00 0.39 0.69 0.89 1.00
620 _ Ta00 — I35 polarization estimate
X = X — . . -
6y =0 Iy00 + I3y, (inset, normalized to Py=1)
mrads .
-0.00 0.28 0.52 0.69 0.79 y Tllt GY (mradS)
2 -20 -15 -10 -5 0 5 10 15 20
ex =0 @) O o
9Y=
mrads ~
©
0.34 0.65 0.80 0.81 0.78 E
3 g
9X= X
6Y= 0 i
mrads i=
X
-0.34 -0.14 -0.21 -0.46 -0.71
4
9X=_'5 Polarization Estimate
Oy=0 o — ——=
mrads 1 05 0 +05 +1

S Zeltmann et al., Ultramicroscopy 250, 113732 (2023).
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PTO Polarization in 16/16/16 STO/PTO/STO

Under dynamical diffraction conditions, tilt and polarization are not orthogonal.

y Tilt 6y (mrads)

-20 -15 -10 -5 O 5 10 15 20

Multiple scattering leads to complex nonlinear
Intensity response, contrast decrease, even
contrast reversals.

x Tilt 6x (mrads)

How can we measure polarization in complex
structures, locally tilted, thick samples?

Polarization Estimate

| e
-1 -05 0 +05 +1

FOUNDRY Eﬁ S Zeltmann et al., Ultramicroscopy 250, 113732 (2023).



Flexible Inversion of Dynamical Scattering Data

SN Advances in Applied ’ Dy (t, A) = lim 1 (HAHIV) _ i) Directiqnal derivat.ive
29, h—0 h of matrix exponential.

Mathematics
Volume 16, Issue 3, September 1995, Pages 321-375

Derivative of matrix after

_ —1 . -1
Dy(t.A) =U ((U'VU) © 2(1)) U spectral decomposition.

Regular Article

Derivatives of the Matrix where o, (1) — { (e =€) /(i = Ay) 1;‘ /A\ # i'
. : o te™ it Ai = A,
Exponential and Their
Computation
as L[ L ds® Y Product rule for
Najfeld, I., Havel, T.F. = S(J) : : S(k) . .
J do Z ]11 df A,Hl multiple S-matrices
Sample tilt derivatives Sample polarization derivatives
dsg _ 9{zy} i (g{;z;,y} + A"{:z:.y})(g (2k+g)) dU Z ) 211 ()7'(1) (('r'(’)+pa57°((L )+/)z,57“(’))-g)
('I’]mi{;,,’y} ’g + k:()‘ 2|g + ki’g d[)a Q
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Preliminary 16/16/16 STO/PTO/SRO Inversion

Al — intensity scale |l — intensity offset

- 0.80
- 0.050

- 0.75
- 0.045

0.70
0.040

0.65
0.035

0.60

FOUNDRY E/\ S Zeltmann et al., Ultramicroscopy 250, 113732 (2023).




Preliminary 16/16/16 STO/PTO/SRO Inversion

Yy Tilt 6y (mrads)

x Tilt 6x (mrads)

'05

L 0.0
L _0.5 TE?
£
L _1.0
I15

A S Zeltmann et al., Ultramicroscopy 250, 113732 (2023).
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Preliminary 16/16/16 STO/PTO/SRO Inversion

<> Axial Polarization Py Lateral Polarization Py
: IO4 I0.4

- 0.2 - 0.2
L 0.0 - 0.0
.
- -
L —0.2 - —0.2

50 nm I -0.4

S Zeltmann et al., Ultramicroscopy 250, 113732 (2023).



Preliminary 16/16/16 STO/PTO/SRO Inversion

<« AXxial PoLa_rization Py Axial Polarization — expected to alternate

Rt N L R T 4 O N D
0.4 v S A\ 1 )72 a N\ \dgvr=aA\ )7\
//’\“ V@4l /(o\\“yo‘A‘
. X ARADDREEZZ AN AR D DN
‘ \\\o),!\\\>(//\\\.,,’\\\>(//
NN=4S AAAepgyy \v=4/ \Arepygys
A v Ty A «\L"(, N~ < Al v -
07 /\ \/\ \/\ o\
- » Oscillating behavior observed everywhere.

mean Py
\/

- 0.0

~%? = However, many domains show net

" polarization in one direction.

- -04 u Need a more complex 3D model of P?

FOUNDRY iiﬁ S Zeltmann et al., Ultramicroscopy 250, 113732 (2023).




Preliminary 16/16/16 STO/PTO/SRO Inversion

—»  Lateral domain typel| =—> Lateral Polarization Py

’(V»AK N . A -~ -~ «(7»\ IN . -~ -

(vl SLran) vl Sran)
Cvr=SA\ ) )72\ \devr=sA\ )7\
ds> "\ VYV @4 L Addevr*\\ @4 4
X AREBDREERZVEYEX AR

ANN 222 I\ AN v d VNN )

\\<)/ A\ A Apypygyys N =

A R B B «\L»( . - - Ay -

N N N N

<+— Lateral domain type |l <=

A A -a~gy A ) A~y
Cvr=S\ P LaawN gvr=\ P Saav
Lo\ \ "\ PLPAANN\NNI( o\ \ )L AN\
ALo@ 2 VY2 2\ \NALo@ 2 YY) 2raen)
AN <22V Y @b hhANve22 VYV @41
MWNN=2LL 2 Ve INNN=A2L )P ey (i
NN waaAs) ANy Ny wuas) AArygyg
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mean Py

- —0.2

A
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mean Py

FOUNDRY !iﬁ S Zeltmann et al., Ultramicroscopy 250, 113732 (2023).




4DCamera Distillery MOLECULAR EE%E T3 - Robust, fast 4D-STEM analysis pipelines using Al/ML
FOUNDRY i#= :

From Massive Transmission Electron

Microscopy Scattering Data
Argonne

NATIONAL
LABORATORY

NERsC

To Useful Information with Al/ML

/\rlﬂ BERKELEY LAB

T1 - Electron strike localization with FPGA neural networks

T4 - AI/ML interpretation of e~ energy loss spectroscopy

4 1.0
L Truth spectra feature
Cont " <> clusters
e G 0.6 4
° u —
- 0.2 ,
0- 0.0
530N 540 550 560

BROOKHEAEN %OAK RIDGE

NATIONAL LABORATORY National Laboratory

T5 - Fully automated high-throughput 4D-STEM acquisition

temperature

@pplieﬂ Math

Sandia - )
!'I'I National - Los Alamos BROOKHAVEN T
Laboratories NATIONAL LABORATORY  NATIONAL LABORATORY 4D Camera - 400 g|gab|ts / Second
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Dynamical Diffraction Complicates Disk Detection

Diffraction
pattern from
using small
convergence
angle, thin
sample

Diffraction
pattern from
using large
convergence
angle, thick
sample

MOLECULAR isﬁ
FOUNDRY |

correlation detection

correlation detection

Can machine learning
methods help us when

our conventional image
analysis pipelines fail?

J Munshi*, A Rakowski*, et al., npj computational materials 8, 254 (2022)



Simulation Pipeline Infrastructure

4D-SCRAPE 4D-MAKE 4D-PREP 4D-OPTIMIZE Many open source
& Manipulatt software tools used:

. .. .....
o . . ey
o) . . > ' ‘ o
% . . . KR .
The Materials Project §
materialsproject.org § py4 D ST E M
Automatic - FLOW for Materials Discovery
[ ]
B Re 5%% o HOROVOD o
. S
.' ...................... l .................... % g
0% background plasmon K f:‘L‘
‘g IFT C
1 x P k_
- ’ TensorFlow TUN @

FOUNDRY | Eﬁ J Munshi*, A Rakowski*, et al., npj computational materials 8, 254 (2022)




Solving Diffraction with Deep Learning

[ Complex Conv 2D + BN +ReLU [l Conv2D +BN+ReLU  Hmm Inverse FFT layer

1 Max pool 2D / Spectral pool 2D [ Upsample 2D mmm FFT layer
= Pooling connection = Upsample connection ® Multiply

Skip connections (Copy + Concatenate)

16
64 32 5
128
256
= =)

Atomic
potential (V,)

128 256

256 X 256 X2

FOUNDRY Eﬁ J Munshi*, A Rakowski*, et al., npj computational materials 8, 254 (2022)




Dynamical Diffraction Defeated by Deep Learning

Diffraction
pattern from
using small
convergence
angle, thin
sample

Diffraction
pattern from
using large
convergence
angle, thick
sample

MOLECULAR I!ﬁ
FOUNDRY |
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correlation detection
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J Munshi*, A Rakowski*, et al., npj computational materials 8, 254 (2022)




Solving Diffraction with Deep Learning — FCU-Net

1.5
: a ~ Correlation : : b :
§ i - - N
. i - FCU-Net i P
O 1.0= —
= 2 e
L S
L i B
CU — I —
b =
n i i
= 05— —
(© o B
Q e
= - .
0.0 1 1 1 1 a: LA ERIINE LIS R LY | SRR R R AL | LI BB AL | LB L BLERLLL | % R EARRy
0 10 20 30 40 102 103 10* 10° 10° 107 108
Sample Thickness [nm] Dose [electrons / diffraction pattern]

FOUNDRY E J Munshi*, A Rakowski*, et al., npj computational materials 8, 254 (2022)



Strain

~100 nm
thickness

crystal4D prediction Disk positions

Virtual dark field image ) correlation crystal4D

E%‘ﬁﬁ%ﬁ{}i = J Munshi*, A Rakowski*, et al., npj computational materials 8, 254 (2022)



Strain Mapping of SiGe Multilayers w/ Deep Learning

_____ Strain Exx Strain Eyy
virwal right field E = : T
N 8 9 ] ':'{ ';"; _:':- " p
ES T_) " ere - - '..._, o ,'J b -J'
’g : t ’ . s : '::.i".r
; 7
< £F
Composition (%Si) 8 W
L é 10 nm
relative thickness
: PRI ey 3%
Correlation
201 — FCU-Net

Strain mapping of alternating

multilayers of Si and SiGe.

- Estimated

25 50 75 100 125 150 175 2000 25 50 75 100 125 150 175 200

Probe Position [nm]

Probe Position [nm]

= QOur deep learning approach significantly improves the measurement accuracy
over conventional correlation, and does not require any labeled training data.

FOUNDRY E/ﬁ J Munshi*, A Rakowski*, et al., npj computational materials 8, 254 (2022)



More Info — clophus@Ibl.gov — ncem-Ibl.slack.com

4D-STEM analysis: WWW.prism-em.com
py4DSTEM

Microscopy ..
Microanalysis

github.com/py4dstem/py4DSTEM
github.com/py4dstem/py4DSTEM _tutorials

STEM Image Simulation

Fast 4D-STEM

4D-STEM Review Simulation Code

C Ophus, Microscopy and S8 [ | [asasaspe Source code, GUI programs for
Microanalysis 25, 563 (2019) S B | EEsesEshiey | @ B Windows, OSX, Linux, tutorials
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