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The cover image displays a high-resolution micrograph of do-
mains and a domain wall in BiFeOs recorded along the [110]
zone axis of the perovskite unit cell under NCSI conditions by
Lei Jin. The domain wall area is distinguished by the upward (in
the top domain) and downward (in the bottom domain) off-
centre displacements of the O- and Fe-columns with respect to
the Bi-columns.



PO 20

SIXTH CONFERENCE ON
FRONTIERS OF ABERRATION
CORRECTED ELECTRON MICROSCOPY

Preface

PICO 2021 - the Sixth Conference on Frontiers of Aberration
Corrected Electron Microscopy including colloquia honouring the
achievements of Colin Humphreys and Knut Urban as well as
Wolfgang Baumeister and John Spence on the occasion of their
80th and 75th birthdays in 2021, respectively — will be held as a
virtual meeting from 2 to 6 May 2021. The event is hosted by
the Ernst Ruska-Centrum fiir Mikroskopie und Spektroskopie mit
Elektronen in Aachen and Jilich and supported by Thermo
Fisher Scientific Inc, JEOL (Germany) GmbH, Ametek GmbH
Business Unit Gatan, Attolight AG, CEOS GmbH, and For-
schungszentrum Jilich GmbH.

The conference has attracted 181 participants from 23 coun-
tries plus 71 staff of RWTH Aachen University and For-
schungszentrum Jilich GmbH. Organisers have put together a
programme including 45 scientific keynote lectures with further
69 contributions being scheduled for poster presentations.

The organisers trust that you will have an enjoyable time and
that you will find the meeting stimulating and enthusing.
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DELEGATE INFORMATION

PICO 2021 organisers are delighted that you have decided to attend the Sixth Conference on
Frontiers of Aberration Corrected Electron Microscopy to be held merely as a virtual event this
year in view of the continued uncertainty surrounding the present pandemic situation. The or-
ganisers look forward to meeting you “virtually” and do hope that you will enjoy your participa-
tion in PICO 2021. This delegate information is intended to provide information regarding the



overall programme as well as boundary conditions to comply with concerning the preparation
and transfer of presentations.

Please read these pages prior to getting ready to the event as they include all of the infor-
mation you will be in need of for the preparation of your presentations and for participation in
PICO 2021. If you require further information, please contact any of the organisers, the confer-
ence secretary, or staff at local finance department and at “nice:-) Agentur fiir Kommunikation

GmbH" concerning issues related to invoicing and to the operation of the “virtual” conference
area, respectively.
CONTACT
Conference Organisers (programme) Rafal Dunin-Borkowski
e-mail: r.dunin-borkowski@fz-juelich.de
phone: +49 2461 61-9297
Joachim Mayer
e-mail: mayer@gfe.rwth-aachen.de
phone: +49 241 80-24345
Carsten Sachse
e-mail: c.sachse@fz-juelich.de
phone: +49 241 80-2030
Karsten Tillmann (until 16 April 2021)
e-mail: k.tillmann@fz-juelich.de
phone: +49 241 80-1438
Conference Secretary (admin. issues) Gabriele Mertzbach
e-mail: g.mertzbach@fz-juelich.de
phone: +49 2461 61-4073
Accounting (invoices delegates) Dominik Pelzer
e-mail: d.pelzer@fz-juelich.de
phone: +49 2461 61-4147
Accounting (invoices sponsors) Uta Pirug
e-mail: u.pirug@fz-juelich.de
phone: +49 2461 61-96364
Virtual Venue (general issues) Genevieve Wilbs
e-mail: g.wilbs@fz-juelich.de
phone: +49 2461 61-96621
Virtual Venue (technical issues) Romain Deltour and Christina Schultz
nice:-) Agentur fir Kommunikation GmbH

e-mail: pico2021@team-nice.de
phone: +49 2054 87559-0



PAYMENT OF YOUR REGISTRATION FEE

Registered delegates will receive an e-mail invoice by the Jilich Research Centre's finance de-
partment (sender: o.sap.fl@fz-juelich.de or alike; subject: PICO 2021 - multi digit number) in
between 6 and 16 April 2021. This e-mail will include a link to a personalised webpage to be
used to initiate the payment of the conference fee by credit card.

Please bear in mind that you need to initiate electronic payment of the conference fee by Friday
23 April 2021 at the latest as otherwise access to PICO 2021 will not be granted.

PREPARATION OF ORAL AND POSTER PRESENTATIONS

Both, lecturers and presenters of contributed posters will receive instructions on the preparation
and upload of their documents by Romain Deltour or Christina Schulz from “nice:-) Agentur fir
Kommunikation GmbH” by 16 April 2021 the latest. Please check your spam folder in case you
should not have received anything by then. You can reach Romain Deltour and Christina Schulz
by e-mail (pico2021@team-nice.de) or phone (+49 2054 87559-0) in case of technical queries.
Technical requirements for the preparation of oral and poster presentations to comply with are
given below.

REQUIREMENTS FOR ORAL PRESENTATIONS

You will receive an email by Romain Deltour or Christina Schulz from “nice:-) Agentur fir Kom-
munikation GmbH” in between 29 March and 11 April 2021 giving you all the information you
will be in need of to prepare your presentation. Please check your spam folder in case you
should not have received anything by then. All slides will be requested in 16:9 widescreen as-
pect ratio and you will be given the opportunity for a test run prior to the conference. Romain
Deltour and Christina Schulz will assist you if you are in need of any technical support. You can
reach them by e-mail (pico2021@team-nice.de) or phone (+49 2054 87559-0).

REQUIREMENTS FOR POSTER PRESENTATIONS

Previously declared and uploaded posters will be discussed on the first to third evenings of the
conference. All posters prefixed with number PA will be discussed on Sunday 2 May 2021 from
2000 to 2200 hrs while posters prefixed PB and PC will be presented on Monday 3 May 2021
and Tuesday 4 May 2021, respectively, at the same time. Presenters of posters are asked to
make sure that they are available in the in front of their poster in the virtual poster presentation
room during scheduled poster sessions.

You will receive an e-mail by Romain Deltour or Christina Schulz from “nice:-) Agentur fiir
Kommunikation GmbH"” in between 29 March and 11 April 2021 giving you all the information
you will be in need of to prepare your poster. Please check your spam folder in case you should
not have received anything by then. All posters will be requested in 16:9 widescreen aspect
ratio. Romain Deltour and Christina Schulz will assist you if you are in need of any technical
support. You can reach them by e-mail (pico2021@team-nice.de) or phone (+49 2054 87559-
0).



COMPANY PRESENTATIONS

A number of oral and poster presentation by leading electron microscopy equipment manufac-
turers will be given in the regular PICO 2021 oral and poster programme. Delegates are en-
couraged to take the opportunity to meet with and talk to company representatives during tea,
lunch and dinner breaks. You can either do this by having an open discussion or using the pri-
vate discussion areas of  the virtual venue system (see tutorial:
https://www.loom.com/share/7f46b049c438454792¢c325640788fdf3).

LOGGING ON TO THE PICO 2021 VIRTUAL CONFERENCE SYSTEM

Please make sure to have installed and use one of the following web browsers to join PICO
2021 virtually: Mozilla Firefox, Google Chrome, or Opera.

Mozilla Firefox Google Chrome Opera

All registered participants will receive an e-mail by Romain Deltour or Christina Schulz from
“nice:-) Agentur fir Kommunikation GmbH” shortly before the event giving details on access to
the conference platform. Please check your spam folder and contact Romain Deltour or Christi-
na Schulz if you should not have received further information by the end of April 2021. You can
reach them by e-mail (pico2021@team-nice.de) or phone (+49 2054 87559-0).

TECHNICAL BRIEFING ON THE OPERATION OF THE AUDIO-VISUAL PRESENTATION
SYSTEM AND ANSWERS TO QUERIES BY PARTICIPANTS

A basic overview on the capabilities and operations of the PICO 2021 virtual venue conference
system (classical and video tutorials as well as a test run site) is available at https://er-
c.org/pico2021/virtualvenue.htm .

Participants giving oral presentations will additionally be con-
tacted by “nice:-) Agentur fir Kommunikation GmbH"” giving
them the opportunity to receive an in-depth briefing prior to
the event.

Furthermore, a virtual reception desk can be found inside the
platform, where staff from “nice:-) Agentur fir Kommunikation
GmbH” can be directly contacted. Staff will be available
throughout the event to assist with technical issues.

CONFERENCE PROCEEDINGS

Manuscripts of the better part of oral presentations given during the conference will be pub-
lished in the PICO 2021 Special Issue of Ultramicroscopy to be released in summer 2021. Or-



ganisers will not publish any further proceedings nor make electronic versions of the presenta-
tions available for download on web pages.

TEA, LUNCH AND DINNER BREAKS

The PICO 2021 conference programme allows for a total of four tea, lunch and dinner breaks in
between 30 and 90 minutes and per day. Delegates are encouraged to make use of these
breaks for talking to other participants in the various virtual discussion areas.

WINE RECEPTIONS

The conference programme includes a wine reception to be held on Sunday 2 May 2021 from
1515 to 1600 hrs before the opening of the lecture programme and another one on Wednesday
5 May 2021 from 1830 to 2000 hrs. Delegates are invited to attend the former to welcome oth-
er delegates and the letter to listen to tributes to the PICO 2021 guest of honour. Delegates are
encouraged to help themselves with a drink and to enjoy the programme.

SMOKING AND DRINKING POLICY

Smoking or other use of tobacco products (including, but not limited to, cigarettes, pipes, ci-
gars, snuff, or chewing tobacco) as well as moderate drinking is allowed in any part of the vir-
tual PICO 2021 conference venue. Delegates may smoke and drink during presentations as well
as during breaks but are commended to comply with their employer's respective policies.
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1515-1600

SESSION A

1600-1610

1610-1645

1645-1720

1720-1755

1755-1830

1830-2000

2000-2200

Al

A2

A3

A4

PA

PROGRAMME

SUNDAY 2 MAY 2021

VIRTUAL WELCOME RECEPTION
INTRODUCTION

Opening Remarks
by the Organisers

Structural biology in situ: the promise and challenges of cryo-
electron tomography

Wolfgang Baumeister, Max-Planck-Institute of Biochemistry —
Martinsried (Germany)

From electron microscopy to gallium nitride to graphene elec-
tronic devices
Colin Humphreys, Queen Mary University of London (UK)

Instrumentation for advanced electron microscopy techniques
Max. Haider, CEOS GmbH — Heidelberg (Germany)

Inversion of dynamical scattering from Bragg intensities
John Spence, Arizona State University — Tempe (US)

DINNER BREAK

POSTER SESSION A



SESSION B

0900-0935

0935-1010

1010-1045

1045-1115

1115-1150

1150-1225

1225-1300

1300-1430

SESSION C

1430-1505

1505-1540

Bl

B2

B3

B4

B5

B6

C1

C2

MONDAY 3 MAY 2021

DYNAMIC PHENOMENA AND IN SITU TECHNIQUES

Timely and atomic-resolved high-temperature mechanical test-
ing system
Xiaodong Han, Beijing University of Technology (PRC)

Stabilisation mechanisms of polar oxide surfaces studied by in-
situ electron microscopy at high temperatures
Sang-Ho Oh, Sungkyunkwan University - Suwon (Korea)

In situ liquid cell TEM study on the wet chemical etching of
semiconducting nanowires and nanobelts
Quing Chen, Peking University - Beijing (PRC)

TEA BREAK

High resolution in situ electron microscopy studies to correlate
atomic structure to strain induced effects

Eva Olsson, Chalmers University of Technology - Gothenburg
(Kingdom of Sweden)

Understanding nanoscale processes in Li-ion batteries by oper-
ando scanning transmission electron micrscopy
Layla Mehdi, University of Liverpool (UK)

Intelligent microscopy: a path toward tailored materials at the
atomic scale

Mitra Taheri, Johns Hopkins University - Baltimore (US)

LUNCH BREAK

NOVEL TECHNIQUES AND APPROACHES

Convergent beam diffraction at X-ray free-electron laser

Henry Chapman, Deutsches Elektronen Synchrotron - Hamburg
(Germany)

Electron-beam manipulation of lattice impurities
Toma Susi, University of Vienna (Austria)



1540-1615

1615-1645

1645-1720

1720-1755

1755-1830

1830-2000

2000-2200

SESSION C

0900-0935

0935-1010

1010-1045

1045-1115

C3

ca

C5

Cé6

PB

Cc7

Cc8

c9

Extreme light-matter interactions in the ultrafast transmission
electron microscope

Ido Kaminer, Technion - Israel Institute of Technology - Haifa
(Israel)

TEA BREAK

Structural disorder characterised by aberration corrected scan-
ning transmission electron microscopy: real-space 2-D partial
pair correlation functions

Elizabeth Dickey, Carnegie Mellon University - Pittsburgh (US)

Nanoscale functional chemistry and opto-electronic response of
organic crystals
Demie Kepaptsoglou, Sci-Tech Daresbury (UK)

Crystallographic information imaging (CII), how fast detectors
and modern computer algorithms have created a new form of
electron microscope

Jian-Min Zuo, University of Illinois at Urbana-Champaign (US)
DINNER BREAK

POSTER SESSION B

TUESDAY 4 MAY 2021

NOVEL TECHNIQUES AND APPROACHES (CONTINUED)

Three-dimensional imaging by depth sectioning
Ryo Ishikawa, University of Tokyo (Japan)

Dimensionality reduction and unsupervised clustering for elec-
tron energy-loss spectroscopy-spectrum images

Miyoung Kim, Seoul National University (Korea)

Multislice ptychography with structured illumination
Andrew Maiden, University of Sheffield (UK)

TEA BREAK



1115-1150

1150-1225

1225-1300

1300-1430

SESSION D

1430-1505

1505-1540

1540-1615

1615-1645

1645-1720

1720-1755

1755-1830

1830-2000

2000-2200

C10 Self-calibrating method for effective absorption correction of

Ci11

C12

D1

D2

D3

D4

D5

D6

PC

elements with multiple X-ray lines in transmission electron mi-
croscopy
Thomas Walther, University of Sheffield (UK)

Sequential plan-view TEM imaging of porous GaN
Fabien Massabuau, University of Strathclyde (UK)

Detecting plasmons’ interactions and strain in nanostructures
Gianluigi Botton, McMaster University - Hamilton (Canada)

LUNCH BREAK

GROWTH MECHANISMS, INTERFACE PHENOMENA AND
LATTIE IMPERFECTIONS IN SOLIDS

Clustering and precipitate nucleation in al alloys studied by
SPED and HAADF-STEM

Randi Holmestad, Norwegian University of Science and Tech-
nology - Trondheim (Kingdom of Norway)

Defect structure and properties in cubic nitrides
Rachel Oliver, University of Cambridge (UK)

Atomic-scale devices made by electrons
Marija Drndi¢, University of Pennsylvania - Philadelphia (US)

TEA BREAK

Uncovering solid-state nucleation mechanisms in titanium alloys
using materials characterisation at the nano scale
Hamish Fraser, The Ohio State University - Columbus (US)

Correlative STEM-EELS and Raman spectroscopy studies to op-
timise gold nanoparticles for early cancer detection

Robert Sinclair, Stanford University (US)

Atomic-resolution structure imaging of elemental and com-
pound semiconductors: defects, interfaces and intermixing
David Smith, Arizona State University - Tempe (US)

DINNER BREAK

POSTER SESSION C



SESSION E

0900-0935

0935-1010

1010-1045

1045-1115

1115-1150

1150-1225

1225-1300

1300-1430

SESSION F

1430-1505

1505-1540

El

E2

E3

E4

E5

E6

F1

F2

WEDNESDAY 5 MAY 2021

ADVANCED METHODS AND INSTRUMENTATION

Dynamical scattering in picometre steps and other adventures
in 4D-STEM
Joanne Etheridge, Monash University - Victoria (Australia)

Development and application of laser illumination system inte-
grated into TEM
Philipp Wachsmuth, JEOL (Germany) GmbH - Freising (Germa-

ny)

Exploring 2D materials with high-resolution, high speed, high
efficiency, and low dose
Christoph Koch, Humboldt-Universitat zu Berlin (Germany)

TEA BREAK
Spectra-Ultra, the latest developments

Christian Maunders, Thermo Fisher Scientific - Eindhoven (The
Netherlands)

Unravel low-dimensional material’s contrast and properties
Ute Kaiser, University of Ulm (Germany)

Recent advances for 4D STEM and EELS data acquisition: Stela
and K3
Paolo Longo, Gatan Inc. — Pleasanton (US)

LUNCH BREAK

CRYO MICROSCOPY METHODS AND APPLICATIONS IN
BIOSTRUCTURE RESEARCH

Structural nanotopology and “molecular gymnastics” of herpes-
virus glycoproteins
Kay Griinewald, Universitdt Hamburg (Germany)

Tools and technologies for visual proteomics with cryo-ET — a
short retrospective of 20 years with Wolfgang Baumeister
Jirgen Plitzko, Max Planck Institute for Biochemistry - Mar-
tinsried (Germany)



1540-1615

1615-1645

1645-1720

1720-1755

1755-1830

1830-2000

SESSION F

0900-0935

0935-1010

1010-1045

1045-1115

1115-1150

F3

F4

F5

F6

F7

F8

F9

Lamin filaments, mutations and the nuclear lamina
Ohad Medalia, University of Ziirich (Switzerland)

TEA BREAK

Electron cryo-microscopy of biomolecules at atomic resolution
Wabh Chiu, Stanford University (US)

Coherent and incoherent imaging of biological specimens with
electrons and X-rays
Peter Rez, Arizona State University - Tempe (US)

DINNER BREAK

VIRTUAL WINE RECEPTION in honour of Wolfgang
Baumeister, Colin Humphreys, John Spence, and Knut
Urban

THURSDAY 6 MAY 2021

CRYO MICROSCOPY METHODS AND APPLICATIONS IN
BIOSTRUCTURE RESEARCH (CONTINUED)

Atomic resolution structure determination by cryo-EM - where
are the limits?

Holger Stark, Max-Planck-Institute for Biophysical Chemistry -
Gottingen (Germany)

Efficient sample screening and automation-setup in cryo-EM
Wim Hagen, EMBL Heidelberg (Germany)

Scanning transmission electron microscopy for cryo-preserved
samples in life sciences and materials sciences

Lothar Houben, Weizmann Institute of Science - Rehovot (Isra-
el)

TEA BREAK
Zooming in on cells and molecules with correlative light and

electron tomography
Bram Koster, Leiden University (The Netherlands)



1150-1225

1225-1300

1300-1310

1310-1430

F10

Fi1

Structural insights into protein biogenesis at the endoplasmic
reticulum
Friedrich Forster, Universiteit Utrecht (The Netherlands)

Exploring the structure and function of microbial motility:
chemotaxis and intermicrobial transport
Ariane Briegel, Leiden University (The Netherlands)

Closing Remarks
by the Organisers

LUNCH BREAK / END OF CONFERENCE
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POSTER SESSION A

PAO1

PAO2

PAO3

PAO4

PAO5

POSTER PROGRAMME!

SUNDAY 2 MAY 2021

Atomic structure and Fe-segeragtion in 13 [0001]
titanium tilt grain boundaries

V Devulapalli, Max-Planck-Institute for Iron Research in
Disseldorf (Germany)

Interferometric STEM for phase imaging and interaction-
free measurements
Amy Turner, University of Oregon in Eugene (USA)

Defect dynamics and self-healing in lead-free double
perovskite nanocrystals

Sasha Khalfin, Technion — Israel Institute of Technology
in Haifa (Israel)

In-situ atomic-resolution TEM study of phase-transition
and energy-storage pathway in antiferroelectric PbZrO;
Xian-Kui ~ Wei, Forschungszentrum  Jilich  GmbH
(Germany)

PtCu octahedral electrocatalyst for proton exchange
membrane fuel cell: structure-performance-durability
study

Melina Zysler, Bar-Ilan University in Ramat Gan (Israel)

1

Posters will be presented on Sunday 2 May 2021 (poster session A), Monday 3 May 2021 (poster session

B), and Tuesday 4 May 2021 (poster session C) at 2000-2200 following the dinner break.



PAO6

PAO7

PAOS8

PAO9

PA10

PA11

PA12

PA13

PA14

Single-shot automatic recovery of dislocation 3D
structures in TEM and quantification of the reconstruction
Gulnaz Ganeeva, EPF Lausanne (Switzerland)

Three-dimensional characterization of nanoparticles with
simultaneously acquired bright-field, dark-field and sec-
ondary electron signals in STEM

Jaeyeon Jo, Seoul National University (Korea)

Introducing physical modelling In NMF decompostion of
EDXS spectrum images
Adrien Teurtrie, EPF Lausanne (Switzerland)

Atomic structure and electron magnetic circular dichroism
of individual rock salt structure antiphase boundaries in
spinel ferrites

Zhuo Li, Tsinghua University in Beijing (China) and City
University of Hong Kong (Hong Kong) and City University
of Hong Kong (China) and RWTH Aachen University
(Germany)

Schlieren Imaging of magnetic fields with hollow-cone
electron beams
Ken Harada, RIKEN (Japan)

Measuring the mean inner potential of bernal graphite
using off-axis electron holography

Avi Auslender

Tel Aviv University (Israel)

About the atomic structure of different phases within one
grain boundary in pure Cu

L Frommeyer, Max-Planck-Institut fir Eisenforschung
GmbH in Dusseldorf (Germany)

HAADF STEM simulation: a key to solve a metal
compound structure
R E Schaublin, ETH Ziirich (Switzerland)

Multiple polarization orders in individual twinned hafnia
colloidal nanocrystals

Hongchu Du, Forschungszentrum Jilich  GmbH
(Germany)



PA15

PA16

PA17

PA18

PA19

PA20

PA21

PA22

PA23

Atomically resolved tomographic reconstruction of
nanoparticles from single projection: influence of amor-
phous carbon support

Chiranjit Roy, Indian Institute of Technology in Madras
(India)

Resolution and contrast in a liquid cell scanning electron
microscope platform

Aram  Yoon, Fritz-Haber-Institut der Max-Planck
Gesellschaft in Berlin (Germany)

Direct electron imaging of dislocation dynamics at
nanoscale

Haw-Wen Hsiao, University of Illinois at Urbana-
Champaign (USA)

Revealing billion-year-old secrets of a metallic meteorite
Andras Kovacs, Forschungszentrum Jilich GmbH
(Germany)

Quantitative application of moire sampling in scanning
transmission electron microscopy

Alexandre Pofelski, McMaster University in Hamilton
(Canada)

Presentation off-axis electron holography of Néel-type
magnetic skyrmions in multilayer samples

Thibault Denneulin, Forschungszentrum Jilich GmbH
(Germany)

A retrofitable laser-free ultrafast pulser for time resolved
electron microscopy
Chunguang Jing, Euclid Techlabs in Bolingbrook (USA)

Quantitative analysis of magnetic states in an artificial
spin ice by off-axis electron holograph

Teresa WeBels, Forschungszentrum Jilich GmbH
(Germany)

Shaping electron wave functions with quantum light
Valerio Di Giulio, The Barcelona Institute of Science and
Technology (Spain)
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How much can inelastically scattered electrons contribute
to electron cryotomography of biological specimens?
Joshua L Dickerson, MRC Laboratory of Molecular Biology
in Cambridge (UK)

Macromolecular organization of membrane-associated
Atg18 oligomers

Daniel Mann, Forschungszentrum Jilich  GmbH
(Germany)

PspA adopts an ESCRT-III-like fold and is capable of
remodeling bacterial membranes by fusion and fission
Benedikt Junglas, Forschungszentrum Jilich GmbH
(Germany) and Johannes Gutenberg University Mainz
(Germany)

Capture of co-translational multi-domain protein folding
with cryo-EM

Nuno Bustorff, Forschungszentrum Jilich  GmbH
(Germany)

Presentation title to be confirmed
Raimond Ravelli, University of Maastricht (The
Netherlands)

A millikelvin scanning tunneling microscope in ultra-high
vacuum with adiabatic demagnetization refrigeration
Taner Esat, Forschungszentrum Jilich GmbH (Germany)

Early results from the X-ray Perimeter Array Detector
(XPAD) on the Argonne PicoProbe
Nestor J Zaluzec, Argonne National Laboratory (USA)

Nanoscale thermometry of solids and liquids using in-situ
STEM
Robert F Klie, University of Illinois at Chicago (USA)

Efficient particles size distribution characterization with
TEM: recent advances in experiments and analysis auto-
mation



PB10

PB11

PB12

PB13

PB14

PB15

PB16

PB17

PB18

Daniel G Stroppa, Thermo Fisher Scientific in Eindhoven
(The Netherlands)

Determination of 3D Strain fields by dark-field electron
holography utilizing dynamic diffraction
L Niermann, Technische Universitat Berlin (Germany)

Attolight Ménch add-on for (S)TEM
Maité Blank, Attolight SA in Lausanne (Switzerland)

Continuous-wave photonic chip-based temporal phase
plates for TEM

Armin_Feist, University of Goéttingen and Max Planck
Institute for Biophysical Chemistry (Germany)

Combining quantitative ADF STEM with SiN, membrane-
based MEMS devices: a simulation study with Pt nano-
particles

Katherine E MacArthur, Forschungszentrum Jilich GmbH
(Germany)

Quantification of long-range electric fields by combining
4DSTEM and multislice simulations
Damien Heimes, Philipps University Marburg (Germany)

Identifying support effects in CO oxidation with Au
Zachary R Mansley, Northwestern University in Evanston
(USA)

Measurement of strain- and doping concentration-
dependent electrostatic potential change in GaN wire us-
ing off-axis electron holography

Yan Lu, Forschungszentrum Jilich GmbH (Germany)

How to make electron holography quantitative:
demonstrated exemplary for nitride semiconductor inter-
faces

Michael Schnedler, Forschungszentrum Jilich GmbH
(Germany)

Single event detection in transmission electron
microscopy for spectroscopic coincidence experiments
Daen Jannis, University of Antwerp (Belgium) and
Forschungszentrum Jilich GmbH (Germany)



PB19

PB20

PB21

PB22

PB23

PB24

Atomically resolved 3D structural reconstruction of small
quantum dots
Pritam Banerjee, Indian Institute of Technology in
Madras (India)

Exploration of atomic structures in S3 [111] aluminium
tilt grain boundaries

Saba Ahmad, Max-Planck-Institute for Iron Research in
Disseldorf (Germany)

XRD and TEM study of the quasicrystalline phase in
pellets and metal-matrix composites consolidated using
spark plasma sintering

Z L Dong, Jiangsu University in Zhenjiang (China)

Phase relation and morphology of titania polymorphs in
extreme hydrothermal conditions
Alisa Gordeeva, Stockholm University (Sweden)

Modulation of cathodoluminescence emission by
interference with external light

Valerio Di Giulio, The Barcelona Institute of Science and
Technology (Spain)

Structural characterisation of HfO, thin films for resistive
switching memory applications using transmission elec-
tron microscopy techniques

Xiou Hou, Forschungszentrum Jilich GmbH (Germany)
and RWTH Aachen University (Germany)
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Unveiling nanoscale optical properties of tmd monolayers
using combined electron spectroscopy techniques
N Bonnet, Université Paris-Saclay in Orsay (France)

Direct evidence of an Al alloyed SiNy interlayer within an
ammonia predosed AIN/Si interface via STEM-EELS
Simon M Fairclough, University of Cambridge (UK)

Direct imaging of structural defects in NMC cathode
material

Helen Valencia, RWTH Aachen University (Germany) and
Forschungszentrum Jilich GmbH (Germany)

Combining ETEM/ESTEM and electrochemical
impedancespectroscopy

Sgren Bredmose Simonsen, Technical University of
Denmark in Kgs. Lyngby (Denmark)

Tailoring of shape and size of platinum nanoparticles to
enhance their oxygen reduction reaction performance

J Michalicka, Brno University of Technology (Czech
Republic)

Automated mapping of the crystallographic sample
orientation from diffraction patterns in momentum-
resolved STEM

Mauricio Cattaneo, RWTH Aachen University (Germany)
and Forschungszentrum Jilich GmbH (Germany)

Moiré angle dependent excitonic absorption in twisted
bilayer WSe, by EELS
Steffi Y Woo, Université Paris-Saclay in Orsay (France)

Understanding transition metal dichalcogenide absorption
line widths in electron energy loss spectroscopy
Fuhui Shao, Université Paris-Saclay in Orsay (France)

Operando TEM study of all-solid-state battery interface
Shibabrata Basak, Forschungszentrum Jilich GmbH
(Germany)
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PC16

PC17

PC18

PC19

Interfacial defects in the layered structure of a
chalcopyrite compound
Guangming Cheng, Princeton University (USA)

Sculpting plasmonic resonances in nanoparticles by
intelligent electron beam control

Kevin M Roccapriore, Oak Ridge National Laboratory
(USA)

Dosimetry in TEM and STEM
Ray F Egerton, University of Alberta in Edmonton
(Canada)

Visualizing plasmon-driven nanoparticle transformations
with optically-coupled environmental TEM
Katherine Sytwu, Stanford University (USA)

Ag segregation induced nanofaceting transition of a Cu
tilt grain boundary and its impact on plastic deformation
mechanisms

Nicolas J Peter, Max-Planck-Institut fir Eisenforschung
GmbH in Dusseldorf (Germany)

Live 4D-STEM processing at 15’000 detector frames per
second for series registration
Benedikt Haas, Humboldt-Universitat zu Berlin (Germany)

Machine learning electron diffraction
Renliang Yuan, University of Illinois at Urbana-
Champaign (USA)

Off-axis holography of polarization fields in InGaN/GaN
with monolayer resolution
T Niermann, Technische Universitat Berlin (Germany)

Towards measurement of polarisation-induced electric
fields in PbZrq,Tips03 by momentum-resolved STEM —
Impact of systematic errors

Achim  Strauch, Forschungszentrum Jilich GmbH
(Germany)

Effect of probe defocus in momentum-resolved STEM
experiments



PC20

PC21

PC22

PC23

PC24

H L Robert, RWTH Aachen University (Germany) and
Forschungszentrum Jilich GmbH (Germany)

Fabrication of three element Boersch phase shifters and
their characterization by voltage-controlled interference
of coherent high energy electron beam

Soichiro Tsujino, Paul Scherrer Institut in Villigen
(Switzerland) and University of Basel (Switzerland)

Localized surface plasmon resonances in Sierpinski fractal
nanoantennas

Isobel C Bicket, McMaster University in Hamilton
(Canada)

Anomolous contrast in HAADF STEM imaging of
dysprosium scandanate
Duncan T L Alexander, EPF Lausanne (Switzerland)

Real-time interactive ptychography from electron event
representation data

Philipp M Pelz, Lawrence Berkeley National Laboratory
and University of California (USA)

Real-time measurement of changes in electrostatic
potential in individual TiO, nanoparticles during resistive
switching using off-axis electron holography

Janghyun Jo, Forschungszentrum Julich GmbH
(Germany)
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STRUCTURAL BIOLOGY IN SITU : THE PROMISE AND
CHALLENGES OF CRYO-ELECTRON TOMOGRAPHY

Wolfgang Baumeister
Max Planck Institute of Biochemistry, Am Klopferspitz 18, 82152 Martinsried, Germany
Abstract

Traditionally, structural biologists have approached cellular complexity in a reductionist
manner by characterizing isolated and purified molecular components. This 'divide and
conquer' approach has been highly successful, as evidenced by the impressive humber of
entries in the PDB.

However, awareness has grown in recent years that only rarely can biological functions
be attributed to individual macromolecules. Most cellular functions arise from their acting
in concert. Hence there is a need for methods developments enabling studies performed
in situ, i.e. in unperturbed cellular environments. Sensu stricto the term 'structural biolo-
gy in situ’ should apply only to a scenario in which the cellular environment is preserved
in its entirety.

Cryo electron tomography has unique potential to study the supramolecular architecture
or 'molecular sociology' of cells. It combines the power of three-dimensional imaging with
the best structural preservation that is physically possible to achieve. We have used this
method to study the 26S proteasome in a number of cellular settings revealing their pre-
cise location, assembly and activity status as well as their interactions with other molecu-
lar players of the cellular protein quality control machinery.

Beck M., Baumeister W.: Cryo-Electron Tomography: Can it Reveal the Molecular Sociology of Cells in Atomic
Detail?, Trends Cell Biol., 26(11):825-837 (2016)

Asano S., Fukuda Y., Beck F., Aufderheide A., Férster F., Danev R., Baumeister W.: Proteasomes. A molecular
census of 26S proteasomes in intact neurons, Science, 347(6220):439-42 (2015)

Mahamid J., Pfeffer S., Schaffer M., Villa E., Danev R., Cuellar L.K., Férster F., Hyman A.A., Plitzko J.M.,
Baumeister W.: Visualizing the molecular sociology at the Hela cell nuclear periphery, Science, 351(6276):969-
72 (2016)

Guo Q., Lehmer C., Martinez-Sanchez A., Rudack T., Beck F., Hartmann H., Perez-Berlanga M., Frottin F., Hipp
M.S., Hartl F.U., Edbauer D., Baumeister W., Fernandez-Busnadiego R.: In Situ Structure of Neuronal C9orf72
Poly-GA Aggregates Reveals Proteasome Recruitment, Cell, 172(4):696-705.e12 (2018)

Albert S., Wietrzynski W., Lee C.W., Schaffer M., Beck F., Schuller J.M., Salomé P.A., Plitzko J.M., Baumeister
W., Engel B.D.: Direct visualization of degradation microcompartments at the ER membrane, PNAS,
117(2):1069-1080 (2020)



FROM ELECTRON MICROSCOPY TO GALLIUM NITRIDE
TO GRAPHENE ELECTRONIC DEVICES

Colin Humphreys

School of Engineering and Materials Science, Queen Mary University of London,
Mile End Road, London E1 4NS, UK

Abstract

This talk will give case studies of how electron microscopy has underpinned and stimulat-
ed the research of my research groups, culminating in our current work on manufactura-
ble graphene electronic devices.

In 1998, Gianluigi Botton was working with me on EELS and we found that the calculated
EELS spectrum for nickel oxide did not agree with the experimental results. I contacted
Sergei Dudarev in Oxford and he developed a new theory to better account for electron
correlations in the 3d shell of nickel. It turned out that solid-state physicists were having
similar problems with understanding the properties of NiO and related materials, and our
paper has been of fundamental importance to them and cited over 8000 times.

In 2003, it was universally believed by the GaN community that GaN/InGaN quantum
well LEDs were so bright because of In-rich clusters in the InGaN quantum wells. It was
thought that they prevented the carriers from diffusing to dislocations, which would have
quenched the light emission. My research student, Tim Smeeton, used high resolution
electron microscopy to show that such clusters did not exist, and were due to radiation
damage. Aberration-corrected electron microscopy was then used to show that there
were atomic-height steps at the InGaN/GaN interface, and calculations showed that these
steps localised the electrons. This work was of fundamental importance in understanding
and optimising light emission from such LEDs.

Humphreys' group pioneered making low-cost GaN LEDs on large-area silicon by MOCVD.
Aberration-corrected electron microscopy was essential for understanding and optimising
the interface between AIN and Si. This was a key factor in the exploitation of this tech-
nology. Two companies were spun out, CamGaN (2010) and Intellec (2011), which were
acquired by Plessey in 2012, who then manufactured such LEDs. Plessey are nhow manu-
facturing microLEDs based on this technology and have a partnership with Facebook
(2020) to use microLEDs in AR, etc.

Humphreys' group grew large-area, device-quality graphene by a new technique for gra-
phene growth, MOCVD, and patented this in 2015. A company was set up to exploit the
technology, Paragraf, which moved into premises in 2018. Its first product is a manufac-
turable graphene Hall-effect sensor, which is the best-performing Hall sensor in the world
and will be launched in March 2021. This sensor raises expectations that graphene bio-
sensors and transistors may be manufacturable. Aberration-corrected electron microsco-
py will be essential in characterising and optimising such devices.



INSTRUMENTATION FOR ADVANCED ELECTRON MI-
CROSCOPY TECHNIQUES

Max. Haider
CEOS GmbH, EnglerstraBe 28, 69126 Heidelberg, Germany
Abstract

An electron microscope is a tool for the investigation of small objects in various fields of natu-
ral sciences like, for example, in Materials Science or Biological Structure research. Hence,
any development or modification of an instrument has to follow the requirements of the pro-
posed users and its applications. The precision of experimental results can only be as precise
as the available tools allow for. Therefore, one important aspect of any instrumental devel-
opment is not only the achievable resolution (spatial/angular/energy resolution etc.) one can
show with one acquired image, instead it is more important to lower any noise accompanied
with the measurements to reduce the error bars of the acquired data. With respect to the
needs of advanced TEM users who are asking for larger fields of view which are well trans-
ferred, we developed already some years ago the so-called BCOR for the correction of the
linear off-axial coma [1]. This BCOR is successfully used in Materials Science, e.g. for Holog-
raphy, and in Life Sciences recently contributed to a new resolution record in single particle
structure research [2]. However, due to the complexity of this BCOR and its length (about 43
cm) we recently developed the Advanced TEM Corrector (ATCOR) which has the same outer
shape as the standard CETCOR. Due to several design changes and additional channels it
combines the advantages of the well-accepted advanced STEM corrector (DCOR/ASCOR), i.e.
minimized As (5 order astigmatism) by using shorter hexapoles with additional quadrupoles
to offer full 4™ order axial aberration correction, with an increased available field of view due
to substantially reduced intrinsic off-axial aberrations Sz, and Asq. However, for very large
detectors (=4kx4k) the off-axial coma still remains the limiting aberration which may justify
the use of a BCOR. An additional type of aberration corrected TEM is a Cc/Cs corrected TEM
for cryo-tomography of thicker biological objects. For this purpose, a CCOR has been adapted
to the cryo-lens of a TFS Krios TEM and optimized for the planned applications. This TEM has
been shipped to China and currently the installation is ongoing. For analytical purposes like
EFTEM and EELS we developed a post-column energy filter with high performance and more
freedom to combine various hardware components like novel cameras and detectors without
being linked to one EM vendor. The optics design of our CEFID (CEQOS Energy Filtering and
Imaging Device) [3] consists of an optimized sector magnet with twelve-pole elements at the
entrance and exit plane and some focusing elements for which we used pure quadrupoles. In
addition, a useful number of deflectors and separate stigmators are installed for appropriate
alignment routines. An important part of this development was the long-time stability and
ease of use, i.e. reliable switching between various spectrum modes. The general goal of this
development was to offer larger flexibility and leave the choice of the combination of hard-
and software to the user. The application the user has in mind and its best realisation dictates
the decision of the set-up because he/she knows best about the requirements. Due to in-
creasing demands on higher energy resolution and improved performance, for example, for
w-q mapping or phonon spectroscopy this development will be continued.

[1] H. Mueller et al., Nucl. Instr. and Meth. in Physics Res. A Vol. 645 Vol.1 p. 20-27

[2] K.Yipetal., Nature 587, 157-161, 2020.
[3] F.Kahletal. AIEP 212 https://doi.org/10.1016/bs.aiep.2019.08.005



INVERSION OF DYNAMICAL SCATTERING
FROM BRAGG INTENSITIES

John C H Spence® and Jeffrey J Donatelli’

SPhysics, Arizona State University, Tempe, Arizona, 85282 USA
"Lawrence Berkeley Laboratory, Berkeley, CA 94720 USA

Abstract

A method for recovering complex structure factors from many simultaneously excited
Bragg beam intensities is described. The method is applied to simulated transmission
electron diffraction data over a wide range of crystal thickness and beam energies. The
method is based on iterated projections between structure and scattering matrices, which
are related by a matrix exponential, which we invert. The algorithm removes multiple-
scattering perturbations from diffraction data (such as Micro-ED data) and might be ex-
tended to other fields, including X-ray and neutron diffraction and cryo-electron micros-
copy. Because coherent multiple scattering involves interference between Bragg beams,
the method also solves the phase problem. Unlike dynamical inversion from electron mi-
croscope images or ptychography data, the method, which starts with Bragg beam inten-
sities, provides complex structure factors unaffected by focusing errors or resolution limi-
tations imposed by lenses. We provide inversions to the same complex structure factors
from simulated data with 441 simultaneously excited Bragg beams over a range of thick-
ness and beam energy. We discuss the retrieval of chirality information from enantio-
morphs (such as crystals of drug molecules), the efficient incorporation of symmetry in-
formation using the irreducible representation of the group of structure matrices, and the
effect of HOLZ lines to provide three-dimensional information [1,2, 3].

If time allows, a summary of our new iterated projection algorithm will be given which
merges into 3D the Cryo-EM images collected on a curved Ewald sphere. These are not
projections, because the depth of focus is less than the sample thickness, and so cannot
be merged in the usual manner. Curved sphere artifacts appear at lower beam energy,
larger sample thickness, and high resolution [4].

[1] J.J. Donatelli and John C.H. Spence. Inversion of many-beam Bragg intensities for phasing. Phys Rev.
Letts. 125, 065502 (2020).

[2] J.C.H.Spence and J.J. Donatelli. Inversion of dynamical Bragg intensities to complex structure factors by
iterated projections. Ultramic. (2021) PICO 2021 Festschrift. In press.

[31 J.M. Zuo and 1.C.H. Spence Advanced Transmission Electron Microscopy. Springer. New York (2017)

[4] 1. P. Chen, K.E. Schmidt, J.C.H. Spence, R.A. Kirian. A new solution to the curved Ewald sphere problem
for 3D image reconstruction in electron microscopy. Ultamic. (2021) In press.



TIMELY AND ATOMIC-RESOLVED HIGH-TEMPERATURE
MECHANICAL TESTING SYSTEM

Jianfei Zhang®, Yurong Li', Xiaochen Lié, Yadi Zhai$, Qing Zhang?,
Dongfeng Ma®, Shengcheng Mao?, Qingsong Deng?, Zhipeng Li§,
Xuegiao Li¢, Xiaodong Wang®, Ze Zhang¥", and Xiaodong Han®

$1Beijing University of Technology, Beijing, PRC
2Zhejiang University, Hangzhou, PRC

Abstract

Timely and atomic-resolved room-temperature mechanical testing system has been de-
veloped in the past [1-4]. Revealing the atomistic mechanisms of high-temperature me-
chanical behavior of materials is important for optimizing their properties for service at
high-temperatures and their thermomechanical processing. However, due to the dynamic
recovery and the absence of available in situ techniques, the high-temperature defor-
mation behavior and atomistic mechanisms of materials are difficult to evaluate. Here,
we report the development of timely and atomic-resolved high-temperature mechanical
testing system that enables mechanical testing at temperatures above 1000K inside a
transmission electron microscope [5]. Several metal and alloy examples including W, Cu
and Ni-based superalloys are tested with the system. We will introduce tungsten frac-
tures in a ductile manner at high temperature and the dislocation dynamics of Cu tested
at high temperatures. Our research provides an approach for timely and atomic-resolved
mechanical testing system of materials at high-temperatures.

[1] Nature Communications, 1, 24, DOI: 10.1038/ncomms1021, 2010

[2] Nature Communications, 3, 609, DOI: 10.1038/ncomms1619, 2012

[3] Nature Communications, 4, 2413, DOI: 10.1038/ncomms3413, 2013

[4] Nature Communications, 5, 4402, DOI: 10.1038/ncomms5402, 2014
[5] Nature Communications, 2021.



STABILISATION MECHANISMS OF POLAR OXIDE
SURFACES STUDIED BY IN-SITU ELECTRON
MICROSCOPY AT HIGH TEMPERATURES

Zhen Wang, Zhipeng Wang, and Sang Ho Oh

Department of Energy Science, Sungkyunkwan University (SKKU), Suwon,
Republic of Korea

Abstract

Polar surfaces of ionic oxides consisted of alternating stacking of oppositely charged lay-
ers are unstable if their atomic structure remains the same as in the bulk-truncated form
and/or their surface charges are uncompensated. When a polar surface is prepared by
cleavage or annealing of ionic oxide in vacuum, it exhibits various structural and chemical
modifications to compensate the surface charges, for example, via ionic reconstruction,
removal of surface atoms (vacancy formation), the formation of step edges with opposite
charge, or massive faceting toward vicinal surface orientation [1]. During crystal growth
or evaporation a polar surface may exhibit dynamic structural and chemical evolution,
which can critically affect the thermodynamics and kinetics of surface reactions or diffu-
sion. However, it remains largely unknown due to difficulties of in-situ, real-time, and
atomic-scale observation of high temperature evaporation or growth processes of polar
oxide surfaces.

Recently, we observed unique surface evolution of ZnO (0001) and LaAlO; (001) polar
surfaces using a negative Cs HRTEM imaging (NSCI) at elevated temperatures. We found
that the Zn-terminated Zn (0001) and the LaO-terminated LaAlO; (001) surfaces, both
are positively charged, tend to form a regular array of surface steps into vicinal surface
orientations to cancel the normal component of dipole moment. The formation of cation
vacancies, e.g., Zn vacancies (Vz,) in Zn-(0001) and La vacancies (V) in LaAlO5; (001),
which are negatively charged, is energetically favored and plays important roles in the
step formation, reconstruction and even disordering of crystalline lattice before evapora-
tion. The Zn-deficient layer (similar to ZnO, in composition) formed by diffusion of Vz, on
the Zn- (0001) ZnO surface becomes easily disordered at around 300 °C due to its struc-
tural instability and catalyzes the congruent evaporation of ZnO. In the case of LaO-
terminated (001) LaAlOs surface, while the (013) or (015) vicinal surface orientation is
preferred to cancel the normal component of dipole moment, the step reconstruction in-
volving the formation of Vi, and La, anti-site defect along the step edges is driven to
compensate the in-plane dipole moment. At temperatures higher than 800 °C, the step
edges containing V., + Laa become disordered and highly mobile on the LaO-terminated
LaAlO; (001) surface.

The present in-situ (S)TEM study reveals that the stabilization mechanism of polar oxide

surfaces is driven primarily by the electrostatics that favors the step formation into vicinal

orientation and the vacancy formation at low temperatures and the vacancy induced dis-

ordering that is driven by the increase of entropy favored at high temperatures.

[1] Stengel, M. Electrostatic stability of insulating surfaces: Theory and applications. Physical Review B 84,
205432 (2011).

[2] This work was supported by Samsung Research Funding & Incubation Center of Samsung Electronics
under Project Number SRFC-MA1702-01.



IN SITU LIQUID CELL TEM STUDY ON THE WET
CHEMICAL ETCHING OF SEMICONDUCTING
NANOWIRES AND NANOBELTS

Qing Chen®, Mei Sun, and Jiamin Tian

SKey Laboratory for the Physics and Chemistry of Nanodevices and
Department of Electronics, Peking University, Beijing 100871, China

Abstract

Wet chemical etching is a widely used process to fabricate fascinating nanomaterials.
Understanding the etching mechanism and kinetic evolution process is crucial for control-
ling wet chemical etching. The development of in situ liquid cell transmission electron
microscopy (LCTEM) enables the study on wet chemical etching with high temporal and
spatial resolutions. Semiconducting nanowires and nanobelts have broad applications,
especially in semiconductor technology and nanotechnology. Wet chemical etching is an
important method to fabricate semiconducting nanomaterials with designed size and
morphology.

In this talk, I will introduce our studies on wet chemical etching InAs nanowires[1], ZnO
nanobelts[2], and other one-dimensional (1D) nanowires by LCTEM. The etching rate of
InAs nanowires along radial direction in radiolytic water is found to remain constant with
the shrinkage of nanowires, even when the diameter reduces to 5 nm. Hillocks are ob-
served on the (000-1) O-terminated surface of ZnO nano/micro belts during in situ etch-
ing. Nanoparticles on the apex of hillocks are observed to be essential for the formation
of the hillocks, providing a direct experimental evidence of micromasking mechanism for
the first time. The surfaces of the obtuse triangular hillocks are characterized to be high-
index {01-1-3} facets. High-index facets may have important applications in many fields.
0, plasma treatment is found to be the reason for the appearance of {01-1-3} facets af-
ter etching. We thus develop a method to control the surface facets of ZnO to be high-
index {01-1-3} facets or low-index {01-1-1} facets. We further confirm that the method
is also applicable to bulk ZnO. Our results are significant for understanding the etching of
1D nanomaterials and nanobelts. Our results on ZnO nano/micro belts are also significant
to controllably fabricate high-index surface facets.

[1] M. Sun, X. Li, et al., Nanoscale, 10 (2018) 19733.
[2] M. Sun, B. Yu, et al., Small, 16 (2020) 1906435.



HIGH RESOLUTION IN SITU ELECTRON MICROSCOPY
STUDIES TO CORRELATE ATOMIC STRUCTURE TO
STRAIN INDUCED EFFECTS

Eva Olsson
Department of Physics, Chalmers University of Technology, 412 96 Gothenburg, Sweden
Abstract

This talk will address and illustrate the use of piezo driven in situ manipulation in the
electron microscopy to stimulate changes and with site specificity directly correlate atom-
ic structure to strain induced changes at high spatial resolution. The manipulation allows
us not only to manipulate but also to stimulate and probe with high precision. The effect
of electric fields, light, mechanical strain and temperature on both structure and proper-
ties can be quantitatively imaged and studied using spectroscopy. The obtained
knowledge is used to tune the properties of advanced materials and devices. Catalytic
activity of metal nanoparticles [1] and electrical properties of semiconducting nanowires
[2-4] are examples where the strain induced effects have a strong influence on the prop-
erties and performances. Our situ studies have also revealed that extremely high electric
fields can dramatically change the atomic ordering [5]. In addition, we have noted that
the thermal handling capabilities of one atomic layer thin surface film can be used to
compensate for local heating effects of the electron beam by comparing observations on
bare SiN transmission electron microscopy windows to results from windows dressed with
single layers of graphene oxide [6-7]. New aspects of material properties and mecha-
nisms, not obvious from measurements on the macro scale, can be revealed using in-situ
electron microscopy. The knowledge is crucial for not only the understanding of the
mechanisms that are involved but also for the design or materials and devices with tai-
lored properties.

[1] T. Nilsson Pingel, M. Jgrgensen, A.B. Yankovich, H. Gronbeck and E. Olsson, “Influence of atomic site-
specific strain on catalytic activity of supported nanoparticles”, Nature Communications 2018, DOI:
10.1038/s41467-018-05055-1.

[2] L. J. Zeng, C. Gammer, B. Ozdol, T. Nordqvist, J. Nygard, P. Krogstrup, A.M. Minor, W. Jager and E. Ols-
son, “Correlation between electrical transport and nanoscale strain in InAs/In0.6Ga0.4As core-shell nan-
owires, Nano Letters 2018, DOI:10.1021/acs.nanolett.8b01782.

[3] L. Zeng, T. Kanne, J. Nygérd, P. Krogstrup, W. Jager and E. Olsson, “The effect of bending deformation
on charge transport and electron effective mass of p-doped GaAs nanowires”, Phys. Status Solidi RRL
2019, DOI: 10.002/pssr.201900134

[4] J. Holmér, L.J. Zeng, T. Kanne Nordqvist, J. Nygérd, P. Krogstrup, L. De Knoop and E. Olsson, "An STM-
SEM setup for characterizing photon and electron induced effects in single photovoltaic nanowires”, Nano
Energy 2018, 10.1016/j.nanoen.2018.08.037

[5] L. de Knoop, M.). Kuisma, J. Léfgren, K. Lodewijks, M. Thuvander, P. Erhart, A. Dmitriev and E. Olsson,
Electric field controlled reversible order-disorder switching of a metal tip surface”, Phys. Rev. Mat. 2018,
DOI: 10.1103/PhysRevMaterials.2.085006

[6] N. Voskanian, E. Olsson and J. Cumings, “Field-dependent heat dissipation of carbon nanotube electric
currents”, Scientific reports 2019, DOI: 10.1038/s41958-019-46944-9

[71 H.M. Nilsson, L. de Knoop, J. Cuming and E. Olsson, “Localized resistance measurements of wrinkled
reduced graphene oxide using in situ transmission electron microscopy”, Carbon 2017, DOI:
10.1016/j.carbon.2016.10.086
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Abstract

The worldwide need for net-zero carbon emission to minimize global temperature rise
requires new solutions in the area of clean energy technologies to power all aspects of
society’s current and future needs in transportation, industrial processes and a wide
range of personal and home devices. In this regard, the pressing need for energy stor-
age systems with both higher energy densities and high-power capabilities requires the
development and implementation of new battery electrode nanomaterials as well as high
stability liquid/solid electrolytes, in a manner that also permits a circular economy to be
developed - recycling Li-ion batteries is a major challenge in itself. Current developments
in atomic scale imaging methods for operando scanning transmission electron microscopy
(STEM) now permit routine testing (direct imaging and analysis) of the dynamic structur-
al changes that occur at the electrode/electrolyte interfaces in functioning nanobatteries
created inside the microscope. In this presentation, I will focus on the use of wide range
of Operando STEM methodes to analyse Li-ion batteries and understand the molecular
level interactions occurring at the liquid/solid and solid/solid interfaces, focusing on cy-
cling efficiency?, side reactions, anode stability, controlled formation of a solid-electrolyte
interphase (SEI) layer! and wide range of dynamic phase transformations occurring in Ni-
rich cathodes. In addition, I will discuss new imaging methods®* currently under devel-
opment to improve our understanding even further, and demonstrate how they can be
applied to beyond Li-ion energy storage technologies and many other materials challeng-
es in the future.
[1] B. L. Mehdi et al.,NanoLetters (2015)
[2] B. L. Mehdiet. Al., APL (2019)
[3] D. Nichols et. Al., Nanoscale (2020)
[4] 1. Leeet. al., PCCP (2021)
[5] This work was supported in part by the UK Faraday Institution under the Degradation (FIRGO1), Recycling
(FIRGO5) and Characterisation (FIRG013) projects and by a Laboratory Directed Research and Develop-
ment (LDRD) Program at the Pacific Northwest National Laboratory (PNNL). PNNL is a multi-program na-

tional laboratory operated by Battelle for the U.S. Department of Energy (DOE) under Contract DE-AC05-
76RL01830.



INTELLIGENT MICROSCOPY: A PATH TOWARD
TAILORED MATERIALS AT THE ATOMIC SCALE
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Abstract

Abstract In situ transmission electron microscopy (TEM) and electron energy-loss spec-
troscopy (EELS) are powerful tools for the observation of real-time materials processes.
Specifically, in situ TEM is a reliable source for probing dynamic phenomena in order to
gain a predictive understanding of myriad materials and use this knowledge to tailor fu-
ture, improved systems. The development of radiation hard direct detection (DD) elec-
tron sensors has enabled improvements in the quality of in situ data for TEM imaging,
and recently, we have demonstrated that DD provides far-reaching benefits for EELS [1].
With these improvements, critical issues in both physical and biological sciences can be
addressed. Additionally, dynamic ionic or defect-dependent phenomena can be quantified
with the combination of in situ methods and the DD EELS system [1-3].

This talk reviews recent work in using in situ investigation of chemistry-property relation-
ships and coordination chemistry in a rapidly emerging family of 2D materials, MXenes.
Their general formula is M,.1X,T,, where M is a transition metal, X is C and/or N, n = 1-
4, and T represents the surface termination (-OH, -F, and -O). This talk highlights ther-
mal control of -F termination in Cr,TiC,T, and offer a first step toward tuning MXene sur-
face termination to control metallic conductivity, work function, charge storage proper-
ties, and superconductivity [2,3]. Additionally, work in a wide variety of systems, includ-
ing local structure evolution in high entropy alloys and metallic glasses, with profound
implications in developing thermally stable, damage tolerant materials, with implications
in critical applications in energy and aerospace industries.

Finally, an outlook on emerging time resolved studies and key challenges for “big data”
will be presented [4]. In particular, a major challenge in understanding complex phase
transformations is obtaining high resolution spectra at rapid time scales. Even with direct
detection, spectra can be highly noisy. To combat this, use of machine learning for rapid
acquisition EELS will be presented in the context of accuracy of identification of oxidation
state and coordination chemistry. This work will be discussed as a foundation for future
integration of ML at high speeds during in situ TEM experiments.

[1] Hart, J.L. et al, 2017 Scientific reports, 7(1), pp.1-14.

[2] Hart, J.L. et al, 2019. Nature communications, 10(1), pp.1-10.

[3] Hart, J.L. et al, 2021. Advanced Materials Interfaces, p.2001789.
[4] Spurgeon, S.R. et al, 2020. Nature materials, pp.1-6.
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Abstract

With multilayer Laue lenses, it is how possible to construct diffractive lenses for X-rays
with an imaging resolution approaching 1 nm [1,2]. This is smaller than the unit cell of
macromolecular crystals, and thus opens up intriguing possibilities for structure determi-
nation, as pointed out by Spence et al [3]. The intense X-ray beam formed by focusing to
such dimensions would rapidly cause radiation damage but this can be circumvented with
femtosecond-duration FEL pulses (which also possess the necessary coherence). Conver-
gent-beam diffraction is well known in electron microscopy [4] and its application to thin
crystals gave rise to ptychography [5,6]. Its application to (thick) three-dimensional
crystals in a “diffraction before destruction” [7] experiment poses some nice challenges
which will be discussed.

Other methodologies long available in TEMs also provide inspiration for FELs, such as
point-projection imaging which gives a particularly simple and robust method to record
highly magnified holograms of objects, for single-particle imaging.

[1] S. Baijt et al., “X-ray focusing with efficient high-NA multilayer Laue lenses,” Light: Sci. App. 7, 17162
(2018)

[2] H. N. Chapman and S. Bajt, “A ray-trace analysis of x-ray multilayer laue lenses for nanometer focusing,”
J. Opt. 22, 115610 (2020).

[31 J. C. H. Spence, N. A. Zatsepin, and C. Li, “Coherent convergent-beam time-resolved X-ray diffraction,”
Phil. Trans. Roy. Soc. B 369, 20130325 (2014).

[4] J.C.H. Spence and J. M. Zuo, Electron Microdiffraction (Plenum, 1992).

[5] W. Hoppe, “"Beugung im Inhomogenen Primarstrahlwellenfeld. I. Prinzip einer Phasenmessung von El-
ektronenbeugungsinterferenze,” Acta Cryst.. A 25, 495-501 (1969).

[6] P. D. Nellist and J. M. Rodenburg, “Electron ptychography. I. Experimental demonstration beyond the
conventional resolution limits,” Acta Cryst. A 54, 49-60 (1998).

[7]1 H.N.Chapman et al. "Femtosecond x-ray protein nanocrystallography,” Nature 470, 73-77, (2011).



ELECTRON-BEAM MANIPULATION OF LATTICE
IMPURITIES

Toma Susi
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Abstract

Covalently bound impurity atoms in crystal lattices can be manipulated using the
atomically focused electron probe of an aberration-corrected scanning transmission
electron microscope. This has revealed inspiring new perspectives for top-down atomic
engineering, with the potential to surpass existing techniques in both versatility and
capabilities.

Manipulation was first realized for incidental silicon impurities in single-layer graphene.
Elastic backscattering of a probe electron from a moving C nucleus [1] causes the Si to
directly exchange places with one neighboring C atom via an out-of-plane displacement
[2], and such dynamics can be controlled by directing the focused electron beam at the
desired atomic site [3]. Our manipulation rate is nearly on par with any atomically precise
technique [4], and such control is also possible in single-walled carbon nanotubes [5].

Phosphorus dopants in graphene can be manipulated with difficulty [6], and there seem
to be physical limits on what is feasible as significantly heavier Ge impurities cannot [7].
The curious replacement of irradiated impurities by C atoms has also emerged as a
practical hurdle for the further scaling of the technique. However, similar irradiation-
induced atomic dynamics have been observed for many impurity elements [8], and based
on our modeling, several transition metals also appear as promising targets.

Perhaps even more excitingly, the electron-beam manipulation of Bi dopants in bulk
silicon was recently reported [9], although the precise mechanism was left unclear. We
have now applied our established ab initio modeling methodology [10] to address this
question, revealing a novel type of non-destructive mechanism we call indirect exchange.
Further, we demonstrate that the promising nuclear spin qubit Sb can likewise be
manipulated.

Support from the European Research Council (grant 756277-ATMEN) and computational
resources provided by the Vienna Scientific Cluster (VSC) are gratefully acknowledged.

[1] T. Susi, J.C. Meyer, J. Kotakoski, Nat. Rev. Phys. 1, 397 (2019)
[2] T.Susi et al., Phys. Rev. Lett. 113, 115501 (2014)

[3] T.Susi et al., Ultramicroscopy 180, 163 (2017)

[4] M. Tripathi et al., Nano Lett. 18, 5319 (2018)

[5] K. Mustonen et al., Adv. Func. Mat. 29, 1901327 (2019)

[6] C.Su etal., Sci. Adv. 5:eaav2252 (2019)

[7]1 M. Tripathi et al., ACS Nano 12, 4641 (2018)

[8] T. Susi et al., 2D Mater. 4, 042004 (2017)

[9] B. Hudak et al., ACS Nano 12, 5873 (2018)

[10] T. Susi et al., Nature Commun. 7, 13040 (2016)



EXTREME LIGHT-MATTER INTERACTIONS IN THE
ULTRAFAST TRANSMISSION ELECTRON MICROSCOPE
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Abstract

Over the past few years, quantized interactions between coherent free electrons and
femtosecond laser pulses have shown intriguing new prospects for light-matter interac-
tions.

The talk will present theory and experiments of free electrons in laser-driven (ultrafast)
transmission electron microscopy. Our experiment achieved what is, in many respects,
the most powerful nearfield optical microscope in the world today. We resolve photonic
bandstructures as a function of energy, momentum, and polarization, simultaneously
with capturing the temporal dynamics and spatial distribution of the photonic modes at
deep-subwavelength resolution. Recently, we used these new capabilities to observe co-
herent free-electron interactions with light trapped in photonic crystals and with polariton
wavepackets in 2D materials.

I will explain how such capabilities enable creating a free-electron qubit, and discuss the
new capabilities that such electrons provide for probing quantum materials.

[1] N. Rivera and I. Kaminer, Light-matter interactions with photonic quasiparticles, Nature Reviews Physics
2, 538-561 (2020)

[2] R. Dahan, S. Nehemia, M. Shentcis, O. Reinhardt, Y. Adiv, X. Shi, O. Be'er, M. H. Lynch, Y. Kurman,
K. Wang and I. Kaminer, Resonant phase-matching between a light wave and a free-electron wavefunc-
tion, Nature Physics 16, 1123-1131 (2020)

[3] K. Wang, R. Dahan, M. Shentcis, Y. Kauffmann, A. Ben-Hayun, O. Reinhardt, S. Tsesses, I. Kaminer, Co-
herent Interaction between Free Electrons and Cavity Photons, Nature 582, 50 (2020)

[4] M. Shentcis, et al., Tunable free-electron X-ray radiation from van der Waals materials, Nature Photonics
14, 686-692 (2020)

[5] O. Reinhardt, C. Mechel, M. H. Lynch, I. Kaminer, Free-Electron Qubits, Annalen der Physik 533, 2000254
(2021).
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Abstract

The ability to design the composition and microstructure of electronic ceramics for
emerging technological applications requires sophisticated characterization techniques
that can provide quantitative information about local structure and chemistry. Such struc-
ture quantification is particularly important to the fundamental understanding of proper-
ties in many electronic ceramics, where local heterogeneities associated with dopants or
intrinsic lattice defects give rise to local inhomogeneities in charge, strain and polariza-
tion. Herein we use aberration-corrected scanning transmission electron microscopy
(STEM) imaging to quantify short- and medium-range lattice disorder on a sublattice ba-
sis, specifically focusing on the tetragonal tungsten-bronze (TTB) structured
BasSmSn,Nb;.,O39, which is a relaxor ferroelectric. We address the quantification chal-
lenges presented by the structural complexity of TTBs (including closely spaced atomic
columns and 5 distinct cation column types in the <110> projection) by developing a
new algorithm for simultaneously locating and indexing all atom columns in a lattice im-
age. The method utilizes a reference lattice generated from a unit cell structural projec-
tion, from which deviations from the ideal lattice positions are quantified. From the fitted
data, we then compute real-space partial pair correlation functions (p-PCFs) for each
cation sublattice. Instead of radially averaging the data, which is typical for p-PCF analy-
sis, we retain the vector in formation in 2-D p-PCFs. These correlation functions provide a
robust method for quantifying short- and medium-range structural displacements, includ-
ing incommensurate modulations, on particular sublattices. We demonstrate in that the
incommensurate modulation in BasSmSn,Nb;.,O3¢ is only associated with one of the cati-
on sublattices. We feel that this approach will be generally useful for quantifying local-
to long-range order in structurally complex materials.
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Abstract

Vibrational spectroscopies offer of the ability to interrogate chemical bonds directly.
Conventionally used IR and Raman spectroscopies probe molecular vibrations and phonons in
large materials volumes, capturing details of functional groups and lattice dynamics, while tip-
enhanced scanning near-field implementations have enabled vibrational spectroscopy
approaching 10 nm spatial resolution but limited to surface studies. Recent advances in electron
energy loss spectroscopy in the scanning transmission electron microscope (STEM-EELS) have
enabled the observation of the spectral signatures of phonons and molecular vibrations at much
shorter lengthscales. In molecular systems, where long range interactions have enabled “aloof’
spectroscopy with reduced electron beam induced damage, the broadband energy window
accessible in high resolution EELS also makes it possible to detect the optical signatures from
the mid-infrared to the UV energy range. However, understanding variations in bonding or
optical response at the nanoscale in molecular and metal-organic solids requires measurements
with higher spatial sensitivity than afforded by the simple aloof beam approach. Here, we
develop strategies for high spatial and energy resolution STEM-EELS to fingerprint the optical
properties and molecular vibrations of beam-sensitive crystals at the nanoscale.

Organic and metal-organic framework (MOF) glasses show significant promise in applications
from LEDs and photovoltaics to photocatalysis but their macroscopic optoelectronic properties
are often only linked to microscopic optical properties and atomic structure in statistical
descriptions of volumes much larger than the molecule or unit cell. In contrast, high-energy-
resolution STEM-EELS provides a nanoscale fingerprint of these optical properties and of
characteristic molecular vibrations in MOFs. In particular, as a result of tetrahedral ligand-field
splitting at Co metal centres, d-d transitions directly reflect the local coordination [1], while
intra-ligand and metal-to-ligand transitions in the vibrational signal can be mapped with nm
precision to distinguish nanoscale regions of distinct coordination chemistry. [2]

Perylene diamide (PDI) represents a major class of n-type organic semiconductors exhibiting
particularly long exciton lifetimes that are extremely attractive for optoelectronic applications.
Their observation, however, is a great challenge due to severe damage under electron beam
irradiation even at moderate rates. Here, we use STEM EELS measurements in a spatially
correlated near-aloof geometry, to record spatially resolve spectra in the vicinity of structural
features such as point or line defects in PDI nanobelts. The beam-positioning strategy mitigates
beam damage and enables the observation of the vibrational and optical characteristics of the
nanobelts and changes therein at extended defects.

[1] S.M. Collins, D. M. Kepaptsoglou, K. T. Butler, et al., J. Am. Chem. Soc. 140, 17862 (2018).
[2] S.M. Collins, D. M. Kepaptsoglou, J. Hou,et-al., Nano Lett. 20, 1272 (2020).
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HOW FAST DETECTORS AND MODERN COMPUTER
ALOGRITHMS HAVE CREATED A NEW FORM OF
ELECTRON MICROSCOPY

Jian-Min Zuo®, Renliang Yuan$, Yu-Tsun Shao®, Haw-Wen Hsiao®,
Yang Hu® Qun Yang?, and Jiong Zhang"

$Department of Materials Science and Engineering, University of Illinois at Urbana-
Champaign, Urbana, IL 61801, USA
"Intel Corporation, Corporate Quality Network, Hillsboro, OR 97124, USA

Abstract

Four-dimensional diffraction datasets (4D-DDs) collected using the scanning electron
nanodiffraction (SEND) [1] or 4D scanning transmission electron microscopy (4D-STEM)
[2] techniques have gained increasing popularity in the electron microscopy community
for their versatility in both electron diffraction and imaging. The advantage of having 4D-
DDs over traditional 2D imaging techniques comes from the rich information captured in
diffraction patterns, which can be related to the sample structure, defects, electric and
magnetic fields. Experimental acquisition of large 4D-DDs has been significantly improved
with the development of fast electron pixel array detectors. Now, 4D-DD analysis to dis-
entangle various diffraction signals and extract information in a fast and efficient way has
become the central focus of this new form of microscopy.

Here, we focus on the essential aspects of diffraction analysis, nhamely, diffraction pattern

indexing, measurement of Bragg peak positions and examination of diffuse scattering.

We demonstrate how these tasks are automated using novel techniques and modern

computer algorithms and applied the analysis of tens to hundreds of thousands diffrac-

tion patterns for crystallographic information imaging (CII). In the process, we introduce

how machine learning can aid such analyses. We highlight the potential of CII through

application examples of nanostructure orientation and phase mapping [1], precision

strain field analysis [3, 5], Cepstrum based electron imaging [4]. Further, we show how

combination of these analyses enables the structure determination of highly complex ma-

terials, such as multi-principal component alloys.

[1] J.-M. Zuo, Electron nanodiffraction, in: P.W. Hawkes, J.C.H. Spence (Eds.) Springer Handbook of Micros-
copy, Springer International Publishing, Cham, 2019, pp. 2-2.

[2] C. Ophus, Four-Dimensional Scanning Transmission Electron Microscopy (4D-STEM): From Scanning
Nanodiffraction to Ptychography and Beyond, Microscopy and Microanalysis, 25 (2019) 563-582

[31 R.Yuan, J. Zhang, J.-M. Zuo, Lattice strain mapping using circular Hough transform for electron diffrac-
tion disk detection, Ultramicroscopy, 207 (2019) 112837.

[4] Y.T. Shao, R. Yuan, H.W. Hsiao, Q. Yang, Y. Hu, J.M. Zuo, Cepstral scanning transmission electron mi-
croscopy imaging of severe lattice distortions, Ultramicroscopy, Under revision (2020) Preprint at
https://arxiv.org/abs/2101.06503.

[5] R.Yuan, J. Zhang,L. He, J.-M. Zuo, Training artificial neural networks for precision orientation and strain
mapping using 4D electron diffraction datasets, Ultramicroscopy, (2021) Accepted
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Abstract

Following the developments of geometric aberration correction, atomic-resolution imag-
ing and spectroscopy become indispensable tools in the fields of physics, chemistry, and
materials science. The spatial resolution in scanning transmission electron microscopy
(STEM) is now in deep sub-angstrom realm of 40.5 pm [1]. However, such high spatial
resolution is only valid in the projected lateral two dimensions, and the depth resolution
along the axial direction is still far from atomic resolution. One of promising approach is
STEM depth sectioning with larger illumination angles [2,3], where we acquire a focal-
series of atomic-resolution STEM images in a single projection. We have recently installed
a Delta-type 5" order geometric aberration corrector in JEM ARM300CF, and the flat re-
gion of Ronchigram is stunning enhanced up to 70 mrad in semi-angle [1,4]. To utilize
such large illumination angles, it is prerequisite to accurately correct lower orders of ge-
ometric aberrations such as 2-fold, 3-fold astigmatisms and axial coma. We therefore
developed a new method to efficiently minimize residual aberrations by using atomic-
resolution STEM images [5], rather than the conventional Ronchigram algorithms. By im-
plementing such automated geometric aberration correction, it becomes possible to per-
form STEM observations at sub-angstrom lateral resolution, even with the large illumina-
tion angle of 63 mrad. To evaluate the depth resolution with the larger illumination an-
gles, we observed isolated single cerium (Ce) dopants embedded within a crystal of cubic
boron nitride (¢-BN) via ADF-STEM depth sectioning. We then achieve the depth resolu-
tion of 2.14 nm, with the illumination angle of 63 mrad [6]. On a basis of the identified
three-dimensional locations of single Ce dopants, we also determine the Ce-Ce partial
pair distribution function in a considerably longer distance up to 8.5 nm, which is much
larger than the coherent conventional diffraction experiments (2 or 3 nm at most).

[1] S. Morishita et al, Microscopy 67 46 (2018).

[2] R.Ishikawa et al, Ultramicroscopy 151 122 (2015).

[3] R.Ishikawa et al, Appl. Phys. Lett. 109 163102 (2016).
[4] H. Sawada et al, J. Electron Microscopy 58 341 (2009).
[5] R.Ishikawa et al, Ultramicroscopy 222 133215 (2021).
[6] R.Ishikawa et al, Phys. Rev. Appl. 13 034064 (2020).

[7]1 This work was partly supported by NEDO-RISING2 project (JPNP16001).
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Abstract

A novel combination of machine learning algorithms is proposed for the differentiation of
distinct spectra in a large electron energy loss spectroscopy spectrum image (EELS-SI)
dataset. For clustering of the EEL spectra including similar fine structures in an efficient
space, linear and nonlinear dimensionality reduction methods are used to project the EEL
spectra onto a low-dimensional space. Then, a density-based clustering algorithm is ap-
plied to distinguish the meaningful data clusters. By applying this strategy to various ex-
perimental EELS-SI datasets, differentiation of several groups of EEL spectra representing
specific fine structures was achieved. This allows to investigate particular fine structures
by averaging all of the spectra in each cluster. Also, the spatial distributions of each clus-
ter in the scanning regions can be observed, which enables investigation of the locations
of different fine structures in materials. By applying these machine-learning algorithms,
we differentiate various fine structures in an experimental EELS dataset and extract rep-
resentative spectra without any physical background or prior knowledge. Furthermore,
this strategy can be applied to any hyperspectral dataset as well as an EELS-SI one, e.g.,
energy-dispersive X-ray spectroscopy and cathodoluminescence datasets. Here, a low-
loss EELS dataset of gold nanoparticles and EELS datasets of amorphous carbon layers as
well as high-k materials are used to respectively evaluate the practicability of this strate-

gy.

[1] Shiga, M., et al., Sparse modeling of EELS and EDX spectral imaging data by nonnegative matrix factori-
zation. Ultramicroscopy, 2016. 170: p. 43--59

[2] Zhang, S. and C. Scheu, Evaluation of EELS spectrum imaging data by spectral components and factors
from multivariate analysis. Microscopy, 2017. 67(suppl_1): p. i133-i141
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Abstract

Perhaps the most powerful application of ptychography to date has been its combination
with tomography for 3D imaging [1]. Isotropic resolutions approaching 10nm are now
possible at X-ray wavelengths using this technique, which has the added benefit of re-
covering a full complex refractive index map of the sample.

The compromise in reaching these impressive resolutions is a stringent limit on sample
thickness, which reduces at a rate proportional to the resolution squared. This limit arises
due to diffraction and multiple scattering within the sample, which violate the geometric
optics assumption underpinning tomographic reconstruction.

One idea to circumvent this limit is multi-slice ptychography [2]. Here, diffraction and
multiple scattering are accommodated by modelling the sample volume as a series of thin
sections, each of which obey the rules of geometric optics, and modelling the propaga-
tion of light between the sections using wave optics.

In this talk I will explain multi-slice ptychography, the algorithms it uses to recover imag-
es, and how it can be combined with tomography to realise high-resolution 3D imaging of
thick samples. I will focus on recent work using structured illumination to realise efficient,
high-throughput 3D ptychography, with examples from visible light [3], X-ray [4] and
electron [5] experiments.

[1] M. Dierolf, et al., Nature 467, 436—439 (2010).

[2] A. M. Maiden, et al., Journal of the Optical Society of America A 29 (8), 1606-1614 (2012).

[3] P. Liand A. Maiden, Scientific Reports 8 (1), 2049 (2018).

[4] M. Du, et al., Science Advances 6 (13), eaay3700 (2020).
[5] F. Allars, et al., Ultramicroscopy, in review.
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Abstract

Energy-dispersive X-ray spectroscopy (EDXS) uses the intensity of the characteristic lines
of chemical elements relative to a standard to measure the chemical composition of sam-
ples in either scanning electron microscopy (SEM) of bulk or transmission electron mi-
croscopy (TEM) of thinned sections. Key for quantification are a knowledge of the fluo-
rescence vyield, the detection efficiency and the absorption within the sample. While for
SEM of bulk samples these can all be determined and modelled to some reasonable accu-
racy, self-absorption is a considerable problem in TEM of thin foil samples where absorp-
tion within the sample depends on thickness, orientation, geometry and surface rough-
ness of the thin foil sample and on the detector take-off angle. While some of these pa-
rameters can be measured and then absorption be modelled, the related error bars can
be big. As a result, EDXS of stoichiometric samples does often not reproduce the nominal
chemistry. For GaAs and for InAs cleaved wedges it has been shown [1] that the meas-
ured group III/V ratio deviated considerably from unity and that an absorption correction
for the thickness known could even increase errors.

A method has been developed to provide more accurate X-ray microanalysis in a (scan-
ning) transmission electron microscope by an internal self-consistent absorption correc-
tion based on the presence of at least one heavier element with multiple X-ray lines (K
and L lines, or L and M lines, i.e. Z >20).

Developed originally for compound semiconductors such as InGaN and InGaAs [2-4], the
method has also been applied to SiGe where it provided 1-2 at% accuracy for two differ-
ent alloy specimens that were up to 1pm (!) thick [5]. It has also been successfully used
to quantify X-ray maps by applying the fitting to every point in maps.

Crucially, the traditional k-factor of an X-ray line for thin film analysis and its correspond-
ing absorption correction factor or not modelled independently as function of absolute
specimen thickness but their product (called ‘effective k*-factor’) relative to some other
element within the sample is plotted as function of a K/L line ratio for a heavy element
that can actually be directly measured from an experimental spectrum. Whether an in-
creased K/L line ratio is due to a thicker sample, a smaller take-off angle or a thicker de-
tector window becomes completely irrelevant; its value calibrates the absorption correc-
tion to be applied to get consistent results for quantification of K- and L-lines.

[1] T Walther. Proc. EMAG2009, Sheffield. J. Phys. Conf. Ser. 241 (2010) 012016

[2] T Walther and X Wang. Proc. EMAG 2015, Manchester. J. Phys. Conf. Ser. 644 (2015) 012006.

[31 MC Parri, Y Qiu and T Walther. J. Microsc. 260(3) (2015) 427-441

[4] T Walther and X Wang. J. Microsc. 262(2) (2016) 151-156.

[5] Y Qiu, VH Nguyen, A Dobbie, M Myronov and T Walther. Proc. MSM-18, Oxford. J. Phys. Conf. Ser. 471
(2013) 012031.



SEQUENTIAL PLAN-VIEW TEM IMAGING
OF POROUS GAN

Fabien Massabuau®’, Helen Springbett’, Giorgio Divitini', Peter Griffin',
Tongtong Zhu', and Rachel Oliver’

$Department of Physics, SUPA, University of Strathclyde, Glasgow G4 ONG, UK
"Department of Materials Science and Metallurgy, University of Cambridge,
Cambridge CB3 OFS, UK

Abstract

Transmission electron microscopy (TEM) is a central technique for the characterisation of
materials at the atomic scale. However, it requires the sample to be thin enough to be
electron transparent, imposing strict limitations when studying thick structures in plan-
view.

Here we present a method for sequential plan-view TEM that allows one to image com-
plex structures at various depths. The approach consists of performing an iterative series
of front-side ion milling followed by TEM imaging. We show it is possible to image how
the sample properties vary with depth up to several microns below the surface, with no
degradation of the sample and imaging conditions throughout the experiment [1].

We apply this approach to 3D cavities in mesoporous GaN distributed Bragg reflectors, in
which it was previously demonstrated that threading dislocations in the sample acted as
vertical channels for the porosification process [2], but the evolution of the pore mor-
phology with depth was still unexplored. Here we demonstrate the ability to characterise
the morphology of the pores, local crystal features and chemical composition through the
multilayer structure.

The same workflow can be applied to a variety of complex micron-scale systems which
are by nature too thick for standard TEM analysis, and can also be adapted for profiling
samples in cross-section.

[1] Massabuau et al, Materialia 12, 100798 (2020)
[2] Massabuau et al, APL Mater 8, 031115 (2020)



DETECTING PLASMONS’ INTERACTIONS AND STRAIN
IN NANOSTRUCTURES
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Abstract

With the developments of electron monochromators and improvements in energy resolution
using numerical techniques, electron energy loss spectroscopy has enabled the detection of
plasmonic (and more recently phonon) resonances with exquisite sensitivity.

In this presentation we discuss recent examples of visualization and modeling of resonances
in very simple, but very elegant structures, and demonstrate the origins of the highly active
optical response of metallic nanostructures [1-4] and conductive transparent oxides [5].

We also show how we can take advantage of a new methodology, the STEM Moiré Geometric
Phase Analysis (SMG), built on the well-recognised principles of Moiré interferometry, imple-
mented in STEM to quantitatively deduce strain fields in complex nanostructures [6,7]. With
this powerful quantitative technique, it is possible to expand the field of view in strain meas-
urements to several microns in size and obtain reliable information while maintaining reason-
able precision. With this technique, it is possible to detect strain in multilayers stacks con-
sistent with other well-established techniques, such as dark-field electron holography, so that
the depth sensitivity of the strain measurements can be investigated.

[1] Mousavi, MSS; Bicket, IC; Bellido, EP; Soleymani, L; Botton, GA; Electron energy-loss spectroscopy of surface
plasmon activity in wrinkled gold structures, J. Chem Physics, 153, Art. 224703 (2020), DoI: 10.1063/5.0031469

[2] Bicket, IC; Bellido, EP; McRae, DM; Lagugne-Labarthet, F; Botton, GA; Hierarchical Plasmon Resonances in Fractal
Structures, ACS Photonics, 7, 1246-1254, (2020), Dol: 10.1021/acsphotonics.0c00110

[3] Bicket, IC; Bellido, EP; McRae, DM; Lagugne-Labarthet, F; Botton, GA, Carving Plasmon Modes in Silver Sierpin-
ski Fractals, ACS Photonics, 6, 2974-2984, (2019), 10.1021/acsphotonics.9b01179

[4] Gruber, CM; Herrmann, L; Bellido, EP; Dossegger, J; Olziersky, A; Drechsler, U; Puebla-Hellmann, G; Botton, GA;
Novotny, L; Lortscher, E; Resonant Optical Antennas with Atomic-Sized Tips and Tunable Gaps Achieved by Mechani-
cal Actuation and Electrical Control, NANO LETTERS, 20, 4346-4353, (2020), Dol: 10.1021/acs.nanolett.0c01072

[5] Kapetanovic, V; Bicket, IC; Lazar, S; Lagos, MJ; Botton, GA; Tunable Infrared Plasmon Response of Lithographic
Sn-doped Indium Oxide Nanostructures, Advanced Optical Materials, 8, Article number 2001024, (2020), Dol:
10.1002/adom.202001024

[6] Pofelski, A.; Woo, S. Y.; Le, B. H.; Liu, X.; Zhao, S.; Mi, Z.; Loeffler, S.; Botton, G. A.. 2D strain mapping using
scanning transmission electron microscopy Moiré interferometry and geometrical phase analysis. Ultramicroscopy.
187, 1-12 (2018)

[7] Pofelski, A; Ghanad-Tavakoli, S; Thompson, DA; Botton, GA; Sampling optimization of Moiré geometrical phase
analysis for strain characterization in scanning transmission electron microscopy, Ultramicroscopy, 209, Article number
112858, (2020), DoI: 10.1016/j.ultramic.2019.112858

[8] Pofelski A.; Whabi V.; Ghanad-Tavakoli S.; Botton G.A.; Assessment of the strain depth sensitivity of Moiré sam-
pling Scanning Transmission Electron Microscopy Geometrical Phase Analysis through a comparison with Dark-Field
Electron Holography, Ultramicroscopy 223 (2021) 113225,Dol: 10.1016/j.ultramic.2021.113225
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Abstract

Age-hardenable aluminium (Al) — Al-Cu, Al-Mg-Si and Al-Mg-Zn - alloys are important
structural materials for construction and automotive applications due to properties like
high strength/weight ratio and good formability. Chemical composition and thermo-
mechanical history of the alloy will to a large extent decide its microstructure and there-
fore physical properties. Our research group at NTNU and SINTEF in Trondheim has over

a long period worked together with the Norwegian light metal industry on studies of pre-

cipitates and microstructure in these Al alloys [1]. Precipitation starts out with nanoscale

clustering of solute elements and vacancies in the supersaturated, metastable Al solid

solution. Solving the structure and quantifying the distribution of these clusters are im-

portant to design better alloys. We have solved the structure of the clusters in Al-Mg-Zn

alloys [2]. These are essentially partial substitutions of Mg and Zn on the cubic aluminium
sites organised in a truncated cube octahedral (TCO) shell. The basic TCO units arrange
with respect to each other to form larger clusters. The structure determination was done
mainly by high angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) imaging. The scanning (precession) electron diffraction (S(P)ED) tech-
nique makes it possible to do more quantitative studies and also get the structure of clus-
ters in Al-Mg-Si alloys where Z contrast is much less. Doing SPED and quantitative con-
vergent beam electron diffraction (QCBED) of the clusters, using our new Merlin direct
electron detector, give promising results. This presentation will show our last work in
combining advanced analysis of HAADF-STEM and S(P)ED to get more information about

the early stage clusters in Al alloys [3].

[1] Andersen, S.]., Marioara, C.D., Friis, J., Wenner, S. & Holmestad, R. Precipitates in aluminium alloys, Adv.
in Phys. X, 3:1, 1479984 (2018), https://doi.org/10.1080/23746149.2018.1479984; Saito, T., Mgrtsell,
E.A., Wenner, S., Marioara, C.D., Andersen, S.J., Friis, J., Matsuda, K. & Holmestad, R. Adv. Eng. Mater.
20, 1800125 (2018). https://doi.org/10.1002/adem.201800125.

[2] Lervik, A., Thronsen, E., Friis, J., Marioara, C.D., Wenner, S., Bendo, A., Matsuda, K., Holmestad, R. &
Andersen, S.J. Atomic structure of solute clusters in Al-Zn-Mg alloys. Acta Mat. 205, 116574 (2021).
http://dx.doi.org/10.1016/j.actamat.2020.116574.

[3] This work is supported by the Research Council of Norway, Hydro, Benteler and Neuman trough the

SumAl (Solute cluster manipulation for optimized properties in Al-Mg-Si based Al alloys) project (NFR
294933) and the NORTEM infrastructure (NFR 197405).
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Abstract

Gallium nitride (GaN) is an immensely successful material for the fabrication of light emit-
ting diodes (LEDs) for use in solid state lighting, but LEDs emitting in the green and am-
ber spectral region still have poor efficiencies. Whilst the solid state lighting industry has
gone from strength to strength despite these limitations, other potential applications of
LEDs demand significant improvements to the efficiency of longer wavelength devices.
The accelerating development of microdisplays for virtual and augmented reality (VR and
AR) requires high brightness, high efficiency, fast-switching microLEDs. This need is not
met even in the red spectral region where traditional III-V materials used for larger de-
vices show poor performance at the required very small device sizes.

The low efficiency of green and amber LEDs based on GaN is partly due to the large in-
ternal electric fields arising in strained quantum wells, which reduce the radiative recom-
bination rate. To eliminate these fields, non-polar nitrides have been considered, but the
high indium contents required to achieve green emission in the wurtzite system have
proved difficult to achieve. Metstable zincblende GaN in the (001) orientation provides
an alternative route to non-polar, field-free quantum wells, and has a lower bandgap
than wurtzite GaN, reducing the required indium content. However, challenges arise in
achieving high phase purity and in controlling the formation of crystal defects. Stacking
faults on the zincblende {111} planes are effectively monolayer insertions of the stable
wurtzite crystal structure, with a low energy, making them very difficult to eliminate.

High resolution transmission electron microscopy on zincblende GaN nucleation layers
allows us to deduce that stacking faults and their associated partial dislocations originate
from the dissociation of perfect dislocations, and by direct nucleation of partial disloca-
tions loops from the surface. The inclination of the stacking faults to the growth direc-
tion allows defects on different {111} planes to meet and annihilate, reducing defect
densities through the thickness of the film, but in zincblende LED structures a significant
number of stacking faults still intersect the InGaN active region. High resolution scan-
ning transmission electron microscopy and energy dispersive X-ray spectroscopy reveal
indium segregation adjacent to the stacking faults, and atom probe tomography shows
that these indium rich regions form quantum wire structures. The emission from these
quantum wires is highly polarised, which may have potential applications in the develop-
ment of polarised LEDs for three-dimensional VR and AR displays.
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Abstract

Electron beams can modify materials with atomic precision to make new devices with
atom-scale components and control. I will describe TEM and AC-STEM-sculpted devices,
characterization, and experiments where we push device functionality and the lower lim-
its of device size [1-6]. Experiments are performed in situ [4,5] and ex situ [1, 2, 7]. In
situ experiments include the study of electron flow (in metals and 2D materials including
graphene, molybdenum disulfide, phosphorene), as a function of their structure as they
are reshaped to zero width, and gated in situ [4,5]. Ex situ TEM experiments include all-
electronic analysis of molecules by pushing them through tiny holes made by electron
beams in the TEM and AC-TEM [2,9,10]. Single and multiple sub-nm holes in 2D mem-
branes allow transport of ions and gas molecules through them and studies of fundamen-
tal physics laws at scale ~ 0.1 nm. Image analysis alongside AC-STEM allows correlated
fabrication and analysis done simultaneously in situ to engineer atomic devices [7-10].

[1] J. Chen et al., Computer vision AC-STEM automated image analysis for 2D nanopore applications, Ultra-
microscopy, Special Issue Frontiers of Aberration Corrected Electron Microscopy, accepted 2021.

[2] 1. Thiruraman et al., Stochastic Ionic Transport in Single Atomic Zero-Dimensional Pores, ACS Nano 14,
11831, 2020.

[3] P. Masih Das, et al., Atomic-Scale Patterning in Two-Dimensional van der Waals Superlattices, Nanotech-
nology 31 (10), 2019.

[4] P. Masih Das and M. Drndi¢, In Situ 2D MoS, Field Effect Transistors with an Electron Beam Gate, ACS
Nano, 14, 6, 7389-7397, 2020.

[5] J. Rodriguez-Manzo et al, In situ transmission electron microscopy modulation of transport in graphene
nanoribbons, ACS Nano 10 (4), 4004, 2016.

[6] J. Thiruraman et al., Gas flow through atomic-scale apertures, Science Advances 6, eabc7927, 2020.

[71 M. D. Fischbein and M. Drndic, Sub-10 nm device fabrication in a transmission electron microscope, Nano
Letters, 7, 1329-1337, 2007.

[8] M. D. Fischbein and M. Drndic, Electron beam nanosculpting of suspended graphene sheets, Appl. Phys.
Lett. 93, 113107, 2008.

[9] C. Merchant et al., DNA translocation through graphene nanopores, Nano Letters 10 (8), 2915, 2010.

[10] M. Puster, et al., Toward Sensitive Graphene Nanoribbon-Nanopore Devices by Preventing Electron Beam
Induced Damage, ACS Nano, 7 (12), 11283, 2013.
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Abstract

A number of nano-scale structural instabilities, which form in various metastable B titani-
um alloys, have been characterized. These include the athermal w phase with hexagonal
structure, O' phase with orthorhombic structure, O” phase with an ordered orthorhombic
structure, and incommensurate modulated nanodomains. Importantly, it has been dis-
covered that these instabilities may play a role in nucleation events in solid-state trans-
formations in these alloys. Hence, these various nano-scale structural instabilities need to
be taken into consideration when designing novel metastable  titanium alloys to opti-
mize the mechanical performance by microstructure engineering. In this talk, these vari-
ous metastable phases will be introduced, and the evidence for their role in solid-state
nucleation in these alloys will be presented. A unique feature of metastable B titanium
alloys is the ability to produce extremely refined distributions of the alpha phase in a beta
matrix, which has very significant implications regarding mechanical properties. The un-
derlying factors influencing the production of these very refined phase distributions have
been determined and these results will be presented.
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Abstract

There are various ways in which nanotechnology can assist in early cancer detection,
oftentimes utilizing sensitive physical properties of hanomaterials to detect them attached
to tumors or circulating cancer cells. The group with whom we collaborate has suc-
cessfully employed gold nanoparticles contained within a silica shell as a triple modality
detection agent [1]. One of the properties utilized is surface-enhanced Raman
spectroscopy (SERS) whereby the gold nano-spheres significantly enhance the Raman
signal from an organic dye when exposed to an illuminating laser beam, which has been
incorporated into a working endoscopic system [2]. While this works well, to our know-
ledge there has never been any systematic study as to the influence of nanomaterial
structure parameters such as size, shape, seperation, coating etc. on the strength of the
Raman signal, and hence its utility in detecting small tumors. In this paper, we describe
an approach to study the effect of these parameters in order to establish the optimum
conditions to generate the highest possible Raman signal.

An array of gold nanoparticles of various size, shape and separation is fabricated from a
vapor-deposited gold thin film utilizing standard electron lithographic processes. When a
Raman dye is spread over the array, Raman imaging shows the variations of signal and
hence the parameters giving rise to maximum signal. Nanoparticle size is seem to be a
critical feature. The plasmon resonances and energies are then determined across the
array using electron energy loss spectroscopy (EELS) in a scanning TEM (STEM) [3] and
the individual spectra are then correlated with the Raman signal from the exact same
nanoparticle structures. By this procedure we can establish the critical parameters which
yield the highest Raman signal, which leads to the systematic design of the most effec-
tive SERS nanoparticles [4].

Acknowledgements: This work was supported by the Center for Cancer Nanotechnology
Excellence for Translational Diagnostics (CCNE-TD) at Stanford University through an
award (grant No: US54 CA199075) from the National Cancer Institute (NCI) of the Na-
tional Institutes of Health (NIH). The inspirational contributions and advice from our prin-
cipal investigators Drs. Sam Gambhir and Shan Wang are most appreciated.

[1] M. F. Kircher, R. Sinclair and S. S. Gambhir et al., Nature Medicine, 18, 829-834 (2012).

[2] C. Zavaleta, M. Kircher and S. S. Gambhir., J. Nucl. Med., 52, 1839-1844 (2011).

[3] S.J. Madsen, M. Esfandyarpour, M.L. Brongersma and R. Sinclair, ACS Photonics, 4, 268-274 (2017).
[4] Y. Zeng, S. J. Madsen, A. B. Yankovich, E. Olsson and R. Sinclair, Nanoscale, 12, 23768-23779 (2020).
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DEFECTS, INTERFACES AND INTERMIXING
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Abstract

Elemental and compound semiconductors have band-gap energies that span wavelengths
from far-infrared (IR) to near-ultraviolet (UV), keeping these materials in heavy demand
for an ever-widening range of optoelectronic and photonic devices. With lattice parame-
ters that range from 0.648 nm (CdTe) all the way to 0.357 nm (C), observations with
aberration-corrected electron microscopes comfortably enable atomic-resolution structure
imaging when viewed in low-index zone-axes. Thus, detailed atomic arrangements asso-
ciated with many different types of structural defects can be directly obtained. Moreover,
composition profiles on similar length scales can, in principle, also be achieved when us-
ing probe-corrected instruments, with the proviso that the analysis should not be limited
by atomic displacements that might take place during the period of observation. This talk
will provide an overview of atomic-resolution structure imaging (and some spectroscopy)
of defects and interfaces observed in heterostructures consisting of elemental and/or
compound semiconductors. The widespread nature of interfacial intermixing in these
compound systems will also be emphasized.

Acknowledgments: The author gratefully acknowledges ongoing collaborations with the
groups of Esperanza Luna and Achim Trampert (Paul-Drude Institut, Berlin), Christiana
Honsberg and Yong-Hang Zhang (Arizona State University), and Jacek Furdyna and Xinyu
Liu (Notre Dame University). Use of facilities in the John M. Cowley Center for High Reso-
lution Electron Microscopy is also acknowledged.
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Abstract

The pioneering works of the distinguished scientists we are celebrating at PICO this year
have led us to a wonderful new era in microscopy. As just one example, dynamical scat-
tering, convergent beam electron diffraction, aberration correction and fast detectors un-
derpin the power of the modern scanning transmission electron microscope (STEM) ex-
periment.

In modern STEM, we now have exquisite control over each part of the experiment, from
the form of the incident electron wavefield, to the angular resolution with which we can
detect it after scattering within the specimen. This talk will explore how we can tune the
the incident wavefield and specimen orientation to tailor the scattering within the speci-
men, so that specific information is imparted to the scattered electron wavefield. We can
then collect that information with matching detector geometry using a fast, pixelated de-
tector. In this way, we can generate images with contrast optimised to features of inter-
est.

The talk will illustrate this approach with applications to understanding structure-property
relationships in functional materials using data from a double-aberration-corrected FEI
Titan® 80-300 FEG-TEM fitted with an EMPAD pixelated detector.
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Abstract

Illuminating a specimen with a laser introduced into a TEM enables observation of photon
induced phenomena at the nanoscale. Laser introduction by dedicated TEM holders has
been used mainly for specimen heating [1]. However, the geometric constraints of such
systems create limitations on specimen shape and orientation. In this study, we have de-
veloped a laser illumination system (Luminary Micro), which can focus the laser onto the
specimen though the upper hole of the objective lens pole piece in a TEM column [2-3].

A laser optics unit, attached to an accessory port on the condenser lens section, magni-
fies, focuses, and directs the laser output onto the specimen along a path that is almost
coaxial to the electron beam. The port is fitted with a vacuum-sealed glass window
through which the laser beam is transmitted from the optical unit to the internal mirror
that is installed between the objective lens pole piece and the illumination lens (conden-
ser mini lens), and then directed onto the specimen. The operation and alignment of the
laser is fully remote-controlled, and the laser focus position at the specimen can be pre-
cisely controlled and measured using a special alignment tool. The type of laser can also
be changed according to the desired wavelength and power.

Using this newly developed system, experimental application data are demonstrated. Us-
ing a specimen in which multiple metal phases in WC/Co alloy with Ag/Cu wax which is
tool steel, the melting phenomenon of each metal phase due to laser heating was ob-
served. The power of the laser for heating a specimen can be adjustable by changing the
laser output. As a result, each metal layer in the specimen was melted depending on the
power of the laser. Even the WC area of the specimen changed its shape, indicating that
the local heating temperature reached around 2800 degrees.

The Luminary Micro system enables us to use almost any kind of sample holder for heat-
ing specimens and/or analysing interactions between materials and lasers in TEM and
STEM. The system allows these experiments be carried out using standard imaging con-
ditions and specimen geometries. The system’s integration with the TEM itself, enables
advantageous compatibility with many holder types including: cooling holder, indentation
holder, biasing holder, tension holder, high inclination holder, and more. This versatility
means various material science experiments, that were previously not feasible, can now
be realised. By combining the system with a cooling holder, it may be possible to realize
a wide range of temperature conditions, from about -170 to several thousand-degrees.

[1] M. Kusunoki, T. Saito, Y. Ikuhara, Materia Jap. JIM, 36, 511-513 (1997)

[2] T. LaGrange, G. H. Campbell, J. D. Colvin, B. Reed, W. E. King, J. Mater. Sci., 41, 4440—4444 (2006)
[3] M. S. Grinolds, V. A. Lobastov, J. Weissenrieder, A. H. Zewail, PNAS, 103 (49) 18427-18431 (2006)
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Abstract

The availability of aberration-correction, monochromation and high-acceptance angle
spectrometers in state-of-the-art electron microscopes makes it possible to obtain infor-
mation about the local atomic and electronic structure of the investigated sample with
high spatial resolution and high energy resolution. The ability to detect both spectra and
electron diffraction patterns with a fast direct electron detector allows every electron to
be counted without any readout noise and with high efficiency, since comparatively few
electrons are thrown away due to the use of apertures or lossy detection. In this presen-
tation we will show how a Dectris ELA direct electron detector [1] mounted to a Nion
HERMES microscope [2] is being used to acquire EELS spectra with up to 6 meV energy
resolution and zero-loss filtered diffraction patterns at more than 15,000 frames per se-
cond, corresponding to an acquisition time of about 17 s for a map of 512 x 512 diffrac-
tion patterns or spectra. The 4D-STEM data sets are then used to recover the local elec-
trostatic potential and charge density with deep sub-Angstrom spatial resolution [3,4],
while the EELS data - being highly quantitative after having removed relativistic contribu-
tions to the spectrum and recovering the local dielectric function [5] - is used to correlate
local electronic structure with it, particularly at defects.

[1] B. Plotkin-Swing, G.J. Corbin, S. De Carlo, N. Dellby, C. Hoermannb, M.V. Hoffmana, T.C. Lovejoya, C.E.
Meyer, A. Mittelberger, R. Pantelic, L. Piazza, O.L. Krivanek, Hybrid pixel direct detector for electron ener-
gy loss spectroscopy, Ultramicroscopy 217 (2020) 113067

[2] O.L. Krivanek, N. Dellby, J.A. Hachtel, J.-C. Idrobo, M.T. Hotz, B. Plotkin-Swing, N.]J. Bacon, A.L. Bleloch,
G.J. Corbin, M.V. Hoffman, C.E. Meyer, T.C. Lovejoy, Progress in ultrahigh energy resolution EELS, Ultra-
microscopy 203 (2019) 60-67

[3] M. Schloz, T.C. Pekin, Z. Chen, W. Van den Broek, D.A. Muller, and C.T. Koch, Overcoming information
reduced data and experimentally uncertain parameters in ptychography with regularized optimization, Op-
tics Express 28 (2020) 28306

[4] C.M. O'Leary, B. Haas, C.T. Koch, P.D. Nellist, L. Jones, Increasing Spatial Fidelity and SNR of 4D-STEM
using Multi-frame Data Fusion, (2021) to be submitted

[5] A. Eljarrat, C. Koch, Design and application of a relativistic Kramers—Kronig analysis algorithm, Ultrami-
croscopy 206 (2019) 112825

[6] We acknowledge funding by the following DFG grants: KO 2911/12-1, KO 2911/13-1, BR 5095/2-1, SFB
951, SFB 1404, INST 276/721-1 FUGB, and INST 276/829-1
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Abstract

Spectra, launched less than 2 years ago, has been very well received across the global
scientific community, most probably because this highly versatile HR-(S)TEM system
managed to achieve the highest commercially available STEM resolution using a wide
analytical pole-piece (the S-TWIN with a 5.4 mm gap). This enables a variety of complex
experiments like in-situ, 3D tomography and many other techniques that simply can’t be
made compatible with a dedicated narrow UHR pole-piece. Noteworthy is also that this
statement of best resolution is true for all accelerating voltages between 30 and 300 kV.

Now major exciting new capabilities are added to the Spectra family with the launch of
its latest sibling: The Spectra-Ultra. The “best resolution on a wide analytical pole-piece
at all high tensions” is still the Ultra’s mantra but now changing the accelerating voltage
can actually be done in a matter of minutes instead of hours. Being able to operate the
microscope at different high tensions during a single microscopy session opens new op-
portunities for optimization of the different experiments. Traditionally the acceleration
voltage is optimized for the imaging mode and other signals such as EELS and EDX are
then acquired at that same voltage, irrespective of the fact that EDX benefits from lower
HT's, because of higher ionization cross sections and that EELS prefers higher HT's to
avoid multiple scattering. As more materials classes are being investigated with electron
microscopy, beam damage is increasingly becoming the (resolution) limiting factor and
optimizing the accelerating voltage to the experiment will become the norm. With Spec-
tra Ultra probe high tension becomes an adjustable parameter in the same manner that
probe current is.

The same vision of making the best use of every electron that interacts with the sample
also led to a revolutionary new EDX geometry yielding a massive 4.45srad solid angle.
Compared to our trusted Super-X, Ultra-X is 6 times faster which is equivalent to say that
similar EDX data can be obtained with just a sixth of the total dose and when combined
with a lower accelerating voltage for EDX acquisition the minimum required dose can fur-
ther be reduced. Results obtained with Ultra-X will be presented here and elsewhere [1].

Spectra-Ultra inherited the same Spectra family gun options: the X-FEG/Mono, X-
FEG/Ultimono and X-CFEG. The “X" stands for extreme brightness. Even though bright-
ness is a simple concept, measuring it and comparing specifications turns out to be
tricky. Over time other approaches like “Coherent Current” have been proposed [2]. Here
an approach based on combined probe resolution-current specifications will be present-
ed.

[1] Zaluzec, N.J. Submitted Proceedings of Microscopy & Microanalysis 2021
[2] Krivanek, O.L. et al. page 613 of Scanning Transmission Electron Microscopy: Imaging and Analysis, 2011




UNRAVEL LOW-DIMENSIONAL MATERIAL'S CONTRAST
AND PROPERTIES

Ute A Kaiser

Materials Science Electron Microscopy, Ulm University, Albert Einstein Allee 11,
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Abstract

Two-dimensional materials exhibit properties, which can differ strongly from those of the
bulk counterparts. They offer unique opportunities for new and miniaturized electronic
and optical devices, which properties may even alter with changes of single atom’s posi-
tions. In situ high-resolution TEM setups can simultaneously image and functionalize the
material under study. Here we present recent results using the unique chromatic and
spherical aberration-corrected SALVE instrument [1] and discuss contrast peculiarities. In
EFTEM mode, allowing the use of most elastically and inelastic scattered electrons with-
out the loss of beam intensity resulting from monochromation, we show using core-
energy-loss electrons that elastic contrast is preserved even in images of a one light-
atom thin sample — graphene [2].

Further we discuss the formation and identification of defects in a variety of two-
dimensional van der Waals inorganic heterostructures and organic crystals [3 - 7]. We
understand the role of electronic excitations on the example of MoS, imaged at voltages
from 20-80kV and show that the formation of vacancies is possible at electron voltages
nearly half of the knock-on threshold and quantify the damage. Moreover, our results
from low-loss EELS and 3D diffraction provide insight into layer-number-dependent prop-
erty changes which allow to exactly determine the numbers of layers in selected 2D van
der Waals crystals. On the more fundamental base we show that differentiating between
the bond nature of two metal atoms is now possible [8] and moreover show that the chi-
ral structure of the SWNT can be utilized for assembling helical molecular motor applied
as atom carrier for nucleation of metals confirming the two-step nucleation mechanism

[9].

[1] M. Linck, et al. (2016), PRL 117, 076101.

[2] M. Mohn, et al. (2020), Ultramicroscopy 219, 113119.
[3] S. Kretschmer, et al (2020), Nano Lett. 20, 2865.

[4] T. Lehnert et al. ACS Appl. Nano Mater. 2 (2019) 3262.
[5] J. Koster et al. (2021). Nanotechnology 32, 075704.
[6] H.Qietal. (2020), Science Advances 6, eabb5976.

[71 M. Kuhne et al. (2018), Nature 564, 234,

[8] K. Cao, (2020), Science Advances 6, eaay5849.

[9] K. Cao et. al. Nat. Chem. 2020, 12, 921.



RECENT ADVANCES FOR 4D STEM AND EELS DATA
ACQUISITION: STELA AND K3

Paolo Longo, Anahita Pakzad, and Ray Twesten
Gatan Inc., Pleasanton CA, USA
Abstract

In today’s real-world materials science problems, usually the solution comes from not
only one, but the combination of multiple types of experiments and various sources of
information; in the high-speed competitive design and production of new electronic de-
vices at the nanometer scale, the ability to accurately measure the mechanical proper-
ties, and spatially align and correlate data from multiple sources is imperative to form a
clear picture of the interfacial phases present. Scanning transmission electron microscope
(STEM) diffraction imaging technique uses a parallel or convergent electron beam to
generate a diffraction patterns at each scanning point; Using a high-speed CMOS camera,
these two-dimensional diffraction patterns can be recorded for a two-dimensional (2D)
STEM rastered area, which results in a 4-dimensional (4D) STEM diffraction data cube.

The introduction of hybrid-pixel electron detection technology (such as recently released
Gatan Stela camera) allows acquisition of 4D STEM datasets, at low keV, with high
speed. With the Stela camera, diffraction imaging and 4D STEM workflows in Gatan Mi-
croscopy Suite (GMS) are now fully integrated with hybrid-pixel electron detection. This
single interface is not only optimized for data acquisition and processing but streamlines
the workflow to shorten your time to results. Hardware synchronized 4D STEM eliminates
data loss during acquisition, and pre-optimized 4D STEM tools along with DigitalMicro-
graph® and Python scripting allow for the highest quality diffraction data acquisition and
processing, irrespective of the user level of expertise and complexity of their experiment.
Stela utilizes a hybrid-pixel electron detector that employs electron counting to minimize
noise and uses on-the-fly digitization for the highest dynamic range. Low-noise, high dy-
namic range, along with its fast frame rate (>16,000 pixels/s), and optimized perfor-
mance at low kV (<80 keV), make Stela the best electron diffraction camera for a variety
of advanced 4D STEM studies.

In the case of EELS data acquisition, we have discussed and proven previously that elec-
tron counting mode, using the K2 camera first and then the K3 camera, nearly eliminates
the instrumental noise, while reducing point spread function (PSF). The ability of count-
ing nearly eliminates all the instrumental sources of noise. This effectively leaves the shot
noise as the limiting source of noise. In addition, the sharp PSF allows spectra to be ac-
quired over larger energy ranges while maintaining energy resolution and greatly re-
duced spectral tails. The K3 camera is capable of counting electrons at a speed of 3000
spectra per second with increased dynamic range compared to its predecessor the K2.
Other important capabilities such as DualEELS that were missing with the K2 camera are
now available with the K3.



STRUCTURAL NANOTOPOLOGY AND ‘MOLECULAR
GYMNASTICS' OF HERPESVIRUS GLYCOPROTEINS
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Abstract

Herpesviruses are large (~200 nm diameter) enveloped DNA viruses. Herpes simplex vi-
rus type 1 (HSV-1), the prototype species of the alphaherpesvirus family, has been the
first pleomorphic virus studied by electron cryo tomography (cryoET) [1]. Already this
early cryoET study revealed the complexity of the viral envelope membrane being dense-
ly studded with a variety of glycoproteins, of which HSV-1 encodes at least 12 different
kinds. Furthermore, they occupy different conformations, such precluding a comprehen-
sive structural analysis of the dense ‘forest’ of viral glycoproteins and their relative
nanotopology. HSV-1 glycoproteins play a crucial role in viral entry — the first step in the
viral ‘life’ cycle, with four glycoproteins assumed to comprise the fusion machinery — as
well as in virus assembly. X-ray crystallography of isolated glycoprotein ectodomains has
provided significant insights into their structures. Complementary, we have used cryoET
and a range of experimental investigation systems — from virus-cell interactions to the
analysis of full-length glycoproteins embedded in native membranes — to provide struc-
tures in the functional context. Combining this with mutations informed by molecular dy-
namics simulations we have been able to stabilize the metastable and hence hitherto elu-
sive prefusion conformation of glycoprotein B, the herpesvirus fusion protein, opening
the path to new interventions [2]. Recently, we have introduced signpost DNA origami
nanostructures (SPOTS) coupled to aptamers as a new tool for probing and surveying
proteins on membrane surfaces [3]. We demonstrate that they can be used to confident-
ly identify proteins of interest independent of their conformation and thus facilitate struc-
ture determination by cryoET sub-volume averaging. SPOT multiplexing provides a prom-
ising next path to chart the viral surface and to provide critically needed mechanistic level
knowledge on the relative positions and functional clustering of viral glycoproteins.

[1] Grunewald, K., Desai, P., Winkler, D.C., Heymann, 1.B., Belnap, D.M., Baumeister, W., Steven, A.C.
(2003) Three-dimensional structure of Herpes simplex virus from cryo-electron tomography, Science 302:
1396-1398.

[2] Vollmer, B., Prazak, V., Vasishtan. D., Jefferys, E.E., Hernandez-Duran, A., Vallbracht, M., Klupp, B., Met-
tenleiter, T.C., Backovic, M., Rey, F.A., Topf, M., Grinewald, K. (2020). The pre-fusion structure of Her-
pes simplex virus glycoprotein B. Science Advances 6(39): eabc1726.

[3] Silvester, E., Vollmer, B., Prazak, V., Vasishtan, D., Machala, E.A., Whittle, C., Black, S., Bath, J., Turber-

field, A.J., Grunhewald, K., Baker, L.A. (2021) DNA origami signposts for identifying proteins on cell mem-
branes by electron cryotomography. Cel/ 184(4):1110-1121.e16.



TOOLS AND TECHNOLOGIES FOR VISUAL PROTEOMICS
WITH CRYO-ET — A SHORT RETROSPECTIVE OF
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Abstract

Today, we see breathtaking results of isolated molecular structures with atomic or near-
atomic resolution obtained by single-particle cryo-electron microscopy (cryoEM) on an
almost daily basis. In fact, also " the virus" and its components that keep us from being
present in person at this year's PICO meeting appeared weekly in more and more detail
(and in color, of course) and even made it to a front page of the New York Times.

However, structures that are isolated from their environment can only tell part of the sto-
ry. It is much more informative to study them in their native context within the cell and
get a picture not only of the structure itself, but also of its associations and interactions
with the cellular proteome (and thus of how "the virus" really does its malicious work).
Doing this is called visual proteomics (who do you think coined that term?), and by using
cryo-electron tomography (cryoET) we are able to get even down to molecular resolu-
tion. But there are still both bottlenecks and obstacles that hinder their application and,
moreover, the throughput needed to better quantitatively describe what we visualize in
tomograms. So, what are the key issues that need to be addressed? First and foremost is
sample preparation. TEM, as we all know, requires electron transparency, and since reso-
lution scales with thickness, we need to ensure that the best compromise is made be-
tween achievable resolution and volume to be studied. It can be said that focused ion
beam (FIB) milling of frozen hydrated samples is nowadays the method of choice to ob-
tain such thin samples from cells that can be frozen directly. However, larger samples,
like tissues that need to be frozen under high pressure, are the most interesting. Here,
preparation is still in its infancy and alternatives need to be explored, some of which we
will cover in this talk.

Wouldn't it be extremely cool to actually take a biopsy and examine it directly via cryoET?
But a microscope that allows us to first distinguish between healthy and diseased cells
and then image specific areas of interest with molecular resolution, that is, to bridge all
scales without any preparation, is science fiction. Nevertheless, we have combined sever-
al techniques and methods into a workflow that could make this at least partially possi-
ble: seamless navigation with cryoCLEM, lift-out lamella preparation with a cryoFIB, and
imaging with cryoET.

This talk will hopefully give you a glimpse into the beautiful (and colorful) world of cry-
OET and visual proteomics, and a true picture of how hard and cumbersome it can be,
what hardware and software solutions are needed that make it happen, and what our
prospects are for the future. It will also feature important milestones (“from formerly un-
charted territories”) in my 20-year long journey of working with Wolfgang Baumeister.



LAMIN FILAMENTS, MUTATIONS AND THE
NUCLEAR LAMINA
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Abstract

The nuclear lamina, mostly composed of intermediate filaments proteins termed lamins,
is primarily responsible for the mechanical integrity of the nuclei in multicellular organ-
isms Lamins, are also involved in many nuclear activities. Structural analysis of nuclei
revealed that lamins form 3.5 nm thick filaments often interact with nuclear pore com-
plexes. Point mutations in the LMNA gene, encoding A-type lamins, have been associat-
ed with at least 15 distinct diseases collectively termed laminopathies, including muscle,
metabolic and neurological disorders, and premature aging syndrome. Although we have
previously provided a view on lamin organization, we still lacking a high-resolution struc-
ture of lamin filaments. This is a fundamental information that is needed in order to un-
derstand how point mutations in lamins cause distinct diseases, laminopathies. Taking
the advantage of recent developments in cryo-ET, we looked into the organization of in
situ assembled nuclear lamins, in health and disease. The organization and assembly of
lamin filaments will be discussed.



ELECTRON CRYO-MICROSCOPY OF BIOMOLECULES
AT ATOMIC RESOLUTION
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Abstract

Single particle electron cryo-microscopy (cryo-EM) is a mature methodology for routine
structure determination with detailed features equivalent to those obtained by X-ray crys-
tallography at comparable resolutions. There are more than 4,000 cryo-EM structures
better than 4 A resolution deposited to the protein databank as in early 2021. Cryo-EM
has the resolving power to visualize atomic details of biomolecules. We utilize standard
300 kV transmission electron microscopes (Titan Krios) to image macromolecular com-
plexes in our Stanford-SLAC Cryo-EM Center. We have found to be readily feasible to
record sufficient images of vitrified apoferritin in less than 34 a day for reconstructing its
structure at ~1.27-1.34 A resolution with either a K3 camera with an energy filter or a
falcon 4 detector without an energy filter [1]. A quantitative validation analysis of the
maps substantiates the resolvability of all atoms except hydrogen in all the amino acids,
water molecules and metal ions. Such capability is not always achieved for all macromol-
ecules because of their compositional and/or conformational heterogeneity. Nevertheless,
advanced data processing method can be used to sort out the structure variants of many
macromolecular complexes such as membrane channel [2] from which novel chemical
properties of the macromolecules can be derived at near atomic resolution.

[1] Zzhang, K, Pintilie, GD, Li, S, Schmid, MF, & Chiu, W (2020) Resolving individual atoms of protein complex
by cryo-electron microscopy. Cell Res 30(12):1136-1139.

[2] Roh, SH, Shekhar, M, Pintilie, G, Chipot, C, Wilkens, S, Singharoy, A, & Chiu, W (2020) Cryo-EM and MD
infer water-mediated proton transport and autoinhibition mechanisms of Vo complex. Sci Adv 6(41).



COHERENT AND INCOHERENT IMAGING
OF BIOLOGICAL SPECIMENS WITH
ELECTRONS AND X-RAYS
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Abstract

Since radiation damage is proportional to fluence, radiation damage limits the spatial res-
olution of biological structures determined by either X-ray or electron scattering. If only
elastic scattering is used for structural information then electrons are superior as the ratio
of elastic to energy deposited by inelastic scattering is higher than for X-rays. For soft X-
rays in the water window below the O K edge photoabsorption contrast might be better
than elastic scattering for distinguishing different biological materials. Phase contrast
elastic scattering is most effective in the hard X-ray region up to about 10 keV. Radiation
damage limits spatial resolution for most X-ray imaging to 10-20 nm. Local molar con-
centrations of Na, K and Ca ions can be determined at somewhat lower spatial resolu-
tions using relevant absorption edges. At higher energies Compton scattering is superior
and is only limited by the fluence available from the light source, since energy deposition
is small.

[1] R. Henderson, Atomic resolution microscopy, Quart. Rev. Biophys., 28 (1995) 171-193.

[2] P. Rez, Comparison of phase contrast transmission electron microscopy with optimized
scanning transmission electron annular dark field imaging for protein imaging, Ultramicroscopy, 96 (2002)

117-124.
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Single particle cryo electron microscopy (cryo-EM) has developed into a powerful tech-
nique to determine 3D structures of large macromolecular complexes. Due to improve-
ments in instrumentation and computational image analysis, the number of high-
resolution structures is steadily increasing. The method cannot only be used to determine
high-resolution structures but also to study the dynamic behavior of macromolecular
complexes and thus represents a very complementary method to X-ray crystallography.
Furthermore, the maximum attainable resolution by cryo-EM has constantly improved in
recent years. Most of the high-resolution structures are still in the 3 Angstrom resolution
regime but some have even crossed the 2 Angstrom barrier. We have recently installed a
new prototype electron microscope which is equipped with a monochromator and a next-
generation spherical aberration corrector. This microscope is optically superior to the cur-
rently commercially available instruments and can therefore be used to test the resolu-
tion limits in cryo-EM. We have used the test specimen apoferritin to determine its struc-
ture at 1.25 Angstrom resolution [1] which is sufficient to visualize for the first time indi-
vidual atoms clearly separated in the density map.

Recently, we managed to use this microscope not only to improve the resolution of the
very stable and rigid protein apoferritin. We also obtained significant improvement in res-
olution for other more dynamic macromolecular complexes for which one could have ex-
pected that the microscope itself may not be a major resolution limiting factor.

[1] Yip et al., Atomic resolution protein structure determination by cryo-EM, Nature 587, 157-161 (2020)



EFFICIENT SAMPLE SCREENING AND AUTOMATION-
SETUP IN CRYO-EM
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Abstract

One of several important parameters for success in cryo-EM experiments is imaging par-
ticles embedded in the right ice-thickness. Considering that the current plunge-freezing
methods still fall short of delivering consistent ice thickness over multiple frozen grids,
each automated acquisition session in cryo-EM still requires a considerable amount of
time finding the optimal regions on the cryo-EM grid to collect data from. Several strate-
gies are explored to speed this process up, without the need of offline image processing.



SCANNING TRANSMISSION ELECTRON MICROSCOPY
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Abstract

The high vacuum environment and the charged irradiation in a TEM require a careful sta-
bilisation of many specimens of interest. Cryogenic fixation provides an ideal matrix for
radiation sensitive samples in which the organic macromolecules, biological samples or
inorganic compounds are suspended without the need for dehydration, ideally in a sud-
denly arrested state frozen in time and temperature. While conventional cryo-TEM has
possibly reached the limits of physical optics in the quest for the structure refinement of
proteins at high resolution, the flexibility of STEM detection modes can enhance contrast
for specific features or optimise the sensitivity to the specimen. A flurry of STEM tech-
niques ranging from imaging to nanobeam diffraction open most exciting possibilities for
cryo-observation at low doses.

We describe our efforts so far to introduce STEM for cryo-microscopy and tomography of
biological specimens, organic crystals, hybrid organic-inorganic materials, biominerals and
for colloidal chemistry. Application examples range from mass density measurements
over thick sample tomography to high-resolution detection of single metal atoms that are
embedded in macromolecules and surrounded by vitreous ice. For the detection of metal
ions or small metal clusters ADF-STEM offers high sensitivity. Contrary, the bright-field
has plain benefits for thick specimen tomography, demonstrated for cell biology, for the
three-dimensional imaging of crystallisation dynamics of protein molecules in solution or
organic/inorganic nanoparticle superlattices in colloidal chemistry.

New approaches based on pixelated and multi-segmented STEM detectors for low-dose
imaging are under development. On one hand, phase contrast methods, such as
ptychography and variations of differential phase contrast with segmented detectors, will
be essential to enhance the high resolution information in STEM. On the other hand, the
additional momentum resolution of segmented detectors will improve depth of field over
a large field of view while maintaining spatial resolution, vice versa, and will therefore be
particularly suited for tomography of thick samples. Facilitated autofocusing schemes en-
hance the throughput and dose efficiency of automated tilt series recording. Our recent
advances towards higher throughput in cryo-STEM tomography, based on a multi-
segment solid state detector, a custom implementation of a flexible scan generator, and
a scalable eight-channel array of non-multiplexed digital to analog converters, will be re-
ported. Together with an integration into the SerialEM platform we leverage the capabili-
ties of the multi-channel setup for automated workflows.



ZOOMING IN ON CELLS AND MOLECULES WITH
CORRELATIVE LIGHT AND ELECTRON TOMOGRAPHY
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Abstract

In correlative light and electron microscopy (CLEM), imaging modalities are combined to
study cellular processes. Fluorescence light microscopy enables the imaging of dynamic
events in relatively large fields of view while electron microscopy can reveal structural
molecular arrangements in relatively narrow fields of view. During the last decade a vari-
ety of methods to image the 3D morphology of cells and tissue were realized. These ap-
proaches resolve interpretable morphological details in the 2-10 nm range, providing a
wealth of information on the cellular architecture and processes. Examples of these
methods include array tomography, serial section block-face scanning electron microsco-
py as well as dual-beam scanning electron microscopy. More recently, dedicated ap-
proaches for 3D CLEM that are compatible with these methods were developed, providing
practical ways to target structures in a cell or tissue.

For imaging structures with molecular resolution, specimens need to be vitrified to ensure
structural preservation, effectively limiting the size of the biological system that can be
studied to 200 um for specimens prepared with high pressure freezing, and to 5-10 um
when using plunging freezing. In addition, for high resolution imaging with tomography,
a thin lamella needs first to be extracted from the cellular volume using focused ion
beam milling. During the last few years, the required instrumentation matured, effective-
ly transforming this challenging workflow into a practical approach to perform structural
biology studies in the cellular context. Currently, novel methods and technologies are
proposed, aiming at targeting and imaging molecular structures in their cellular context
using a combination of CLEM and cryo electron tomography.

Here we will discuss the multi-scale light and electron microscopy methods that we have

developed, explored and used, in the framework of studying the biology and mechanisms

related to intracellular virus-induced replication organelles. The methods include volume

imaging with TEM and SEM [1] and super resolution cryo CLEM [2]. We will also discuss

our recent discovery of a molecular pore in the coronavirus replication organelle, for

which the use of dual-beam focused ion beam milling in combination with cryo electron

tomography and subtomogram averaging was vital [3].

[1] Wolff and Barcena, Multiscale Electron Microscopy for the Study of Viral Replication Organelles, Viruses.
2021 Jan 28;13(2):197.

[2] Tuijtel et al, Correlative cryo super-resolution light and electron microscopy on mammalian cells using
fluorescent proteins, Sci Rep 2019, 4:9(1):1369

[3] Wolff et al, A molecular pore spans the double membrane of the coronavirus replication organelle, Sci-
ence. 2020 Sep 11;369(6509):1395-1398.




STRUCTURAL INSIGHTS INTO PROTEIN BIOGENESIS AT
THE ENDOPLASMIC RETICULUM
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Abstract

A large fraction of protein synthesis and further protein biogenesis occur at the Endo-
plasmic Reticulum (ER). The ER is the starting point of the secretory pathway, which is
utilized by approximately 30% of the human proteome. The majority of these protein are
co-translationally inserted or translocated across the ER membrane by the ER trans-
locon complex. Protein biogenesis in the ER involves additional processes, many of them
occurring co-translationally while the nascent protein resides at the translocon complex,
including recruitment of ER-targeted ribosome-nascent-chain complexes, glycosylation,
signal peptide cleavage, membrane protein topogenesis and folding. We have dissected
this machinery in the native membrane by cryo-electron tomography, providing insights
into signal-peptide (SP) accommodation and glycosylation. Using cryo-EM single particle
analysis we reveal the molecular determinants for subsequent cleavage of the SP by the
signal peptidase complex (SPC). Our studies highlight the integration of in vivo, ex vi-
vo and reconstitution approaches to obtain mechanistic insights into cellular processes by
cryo-EM approaches.



EXPLORING THE STRUCTURE AND FUNCTION OF MI-
CROBIAL MOTILITY: CHEMOTAXIS AND INTERMICRO-
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Abstract

Most motile bacteria contain a highly sensitive and adaptable sensory system composed
of clusters of chemoreceptors. This chemosensory system is used to detect changes in
nutrient concentrations, allows the cells to navigate towards preferential environments
and is also involved in host infection by some pathogenic bacteria. While it is one of the
best understood signaling systems to date, unraveling structure and function of the bac-
terial chemotaxis system remains challenging. High-resolution analysis using methods are
inherently limited to structural fragments and rely on specimens taken out of their natural
environment. Thus, they lack the larger context of the native system. Here, we use cryo-
electron tomography (cryoET) to study the three-dimensional architecture of the bacterial
chemoreceptor arrays. We identified species-specific characteristics of this system of se-
lected pathogens, such as in Treponema denticola (periodontal disease) and Vibrio chol-
erae (cholera). However, not all bacteria are motile, but can still benefit from chemotactic
behavior: we have gained insight how non-motile bacteria can benefit from chemotactic
microbes that share the same environment.
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Abstract

Grain boundaries (GBs) due to their five degrees of freedom have a large parameter space
and are therefore difficult to be completely (structurally and chemically) characterized.
However, the advent of aberration corrected scanning transmission electron microscopy
(STEM) has revolutionised this field. Recently, direct observations of complex GB structures
have been reported [1]. Analytical techniques like energy dispersive X-ray spectroscopy
(EDS) and electron-energy loss spectroscopy (EELS) allow for chemical characterization
down to atomic scale. Moreover, correlative microscopy with combination of STEM and at-
om probe tomography (APT) have been used to quantify GB segregation and thereby cal-
culate GB energy [2]. However, GB structures in titanium (Ti) and other commercially im-
portant hcp metals are scarcely explored. The hcp-bec allotropic transition in Ti makes fab-
rication of its bicrystals to form specific GBs particularly challenging.

Therefore, we present novel template based thin film deposition pathways for obtaining
columnar grains containing tilt GBs of Ti using high power pulsed magnetron sputtering on
MgO and SrTiOs substrates. Electron backscatter diffraction in a scanning electron micro-
scope is used to investigate the texture evolution and global GB character. Films deposited
at 600JC predominantly have (0001) basal plane texture. Interestingly, most GBs have
013 (27.80 / [0001]) coincidence site lattice (CSL) orientation with maze-like GB planes.
STEM imaging of these GBs lifted-out site specifically using focused ion beam reveals the
seemingly curved GBs to be faceted into segments that are 20-50 nm long. Most of these
facets are symmetric [J13 {25-70} with ~5% asymmetric {10-10}/ {11-20} segments.
Additionally, the structural units that constitute the GB are observed using atomic resolu-
tion STEM and are found to be partly consistent with theoretical predictions [3]. The struc-
ture also matches well with the 5-7-5 structural units that are observed in hexagonal 2D
materials [4]. STEM-EDS revealed preferential segregation of Fe to specific {25-70} facets,
due to a difference in coincident site lattice density. Atomically resolved EDS shows that Fe
atomic columns are trapped in a cage-like Ti surrounding. The influence of Fe segregation
on the atomic structure and migration of the GBs will be discussed.

Authors acknowledge the funding from KSB Stiftung.
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[2] X. Zhou, X.X. Yu, T. Kaub, R.L. Martens, G.B. Thompson, Sci. Rep. 6 (2016) 1-14.
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Imaging individual beam-sensitive materials, such as biomolecules, at atomic resolution
with negligible damage has been a long-standing goal in electron microscopy, but it ne-
cessitates a significant dose decrease from current methods. The Elitzur and Vaidman
quantum bomb detector! is an interferometric quantum protocol proposed to reduce in-
teractions in electron microscopy®®. Specialized apertures featuring holographic
beamsplitting gratings are used to implement interferometry inside a scanning transmis-
sion electron microscope (STEM)*°. STEM-holography uses a single phase grating to dif-
fract the electron beam into two paths, which traverse the specimen plane, recombine
and interfere. With a probe corrector, the separated electron paths can be focused to
Angstrom lengthscales®. The aberrations can also be removed holographically®. Here we
present a 2-grating interferometer that recombines the beams post-specimen, forming a
scanning 2-grating electron Mach-Zehnder interferometer (2GeMZI). To highlight the ca-
pabilities of the 2GeMZI, we use it to efficiently make interaction-free measurements of
an opaque sample with electrons’ and achieve quantitative phase imaging of a latex na-
noparticle. Interaction-free measurements involve a single input quantum traversing two
paths of an interferometer and self-interfering destructively at an output. Obstructing one
path disrupts the interference and results in an increase in events at the output. Our
2GeMZI features two nanofabricated diffraction grating holograms®, functionally used as
beamsplitters, aligned such that the output destructively interferes. To demonstrate an
interaction-free measurement with electrons’, we insert an aperture edge to block one
interferometer path. This wavefunction disruption causes an increase in output events:
the signature of the interaction-free measurement. We also employ the scanning capabili-
ties to image a latex nanoparticle on graphene, recovering the phase with a resolution of
oph=200 mrad. The 2GeMZI is particularly effective due to the abilities to tune path sepa-
ration, arbitrarily apply phase shifts between paths, access individual paths, scan the
probes, and provide real time phase information, all while using a conventional bright
field detector. Realizing interaction-free STEM will advance low-dose imaging of radiation-
sensitive samples.

1. Elitzur, A. C. & Vaidman, L. Quantum mechanical interaction-free measurements. Found Phys 23, 987-
997 (1993).

2. Putnam, W. P. & Yanik, M. F. Noninvasive electron microscopy with interaction-free quantum measure-
ments. Phys. Rev. A 80, 040902 (2009).

3. Kruit, P. et al. Designs for a quantum electron microscope. Ultramicroscopy 164, 31-45 (2016).

4. Yasin, F. S. et al. Probing Light Atoms at Subnanometer Resolution: Realization of Scanning Transmission
Electron Microscope Holography. Nano Lett. 18, 7118-7123 (2018).

5. Harvey, T. R. et al. Interpretable and Efficient Interferometric Contrast in Scanning Transmission Electron
Microscopy with a Diffraction-Grating Beam Splitter. Phys. Rev. Applied 10, 061001 (2018).

6. Linck, M., Ercius, P. A., Pierce, J. S. & McMorran, B. J. Aberration corrected STEM by means of diffraction
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8. Johnson, C. W., Bauer, D. H. & McMorran, B. J. Improved control of electron computer-generated holo-
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Abstract

Self healing materials are capable of restoring their original structure and functionality
after exposure to a damaging process. Semiconductors rarely exhibit such properties,
and accumulation of structural defects typically lead to degradation of materials and ma-
terial performance. High efficiency of metal-halide perovskite devices is assigned to de-
fect tolerance and facile annealing. Here, we report defect tolerance and crystal struc-
ture self-healing in double perovskite nanocrystals. In situ TEM experiment is utilized to
create void defects in perovskite nanocrystals, and capture their dynamics and structural
self-healing in real-time. We discover an inaccessible surface volume for the voids, limit-
ing their dynamics to the inner core crystal volume. Removal of the surface ligands re-
sulted in relaxation of this constrain, outer diffusion of the voids, and a self-healing of the
double perovskite crystal lattice. We measure the influence of ligand passivation on void
diffusion, going down several atomic layers below the surface. This study provides a first
real time observation to self-healing and reconstruction processes of perovskite crystals.

1. Khalfin S, Bekenstein Y. Advances in Lead-Free Double Perovskite Nanocrystals, Engineering Band-Gaps
and Enhancing Stability through Composition Tunability. Vol 11.; 2019:8665-8679.

2. Dang Z, Shamsi ], Akkerman QA, et al. Low-Temperature Electron Beam-Induced Transformations of
Cesium Lead Halide Perovskite Nanocrystals. ACS Omega. 2017;2(9):5660-5665.
doi:10.1021/acsomega.7b01009

3. Kovalenko M V, Protesescu L, Bodnarchuk MI. Properties and potential optoelectronic applications of lead
halide perovskite nanocrystals. Science (80- ). 2017;358(6364):745-750. doi:10.1126/science.aam7093

4. Rakita Y, Lubomirsky I, Cahen D. When defects become “dynamic”: Halide perovskites: A new window on
materials? Mater Horizons. 2019;6(7):1297-1305. doi:10.1039/c9mh00606k
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Abstract

Benefit from the ultrafast charging/discharging rates, superior reliability, high voltage
endurance and broad operating temperature,!?! dielectric-based electrostatic capacitors
are serving as critical components for many electrical power systems such as weara-
ble/portable electronics and collection of fluctuating energy sources. In situ investigation
of structure-property relationship offers a promising approach for comprehending the
structural features that are responsible for the energy storage behavior. However, the
ultrafast charging and discharging processes that finished in milliseconds or less in nor-
mal parallel-plate capacitors, bring great challenges to resolve the nature of the phase-
transition process.[3'4] Here, we report an in-situ atomic-resolution transmission electron
microscopy (TEM) study of the energy storage process in antiferroelectric (AFE) PbZrO;
by using electron beam irradiation as an external stimulus. By imaging light oxygen and
heavy atoms using negative spherical aberration imaging (NCSI) technique, our study
reveals that the unit-cell volume shrinks and then expands during the orthorhombic
(AFEp)-to-monoclinic (FEw) and FEw-to-rhombohedral (FER) phase transitions. In particu-
lar, quantitative tracking of oxygen octahedral rotation reveals a novel FE-ferrodistortive
transient phase,'™ which is characteristic of Pb antiparallel displacements and a cycloidal
polarization order, and bridges the AFEO and FEM phases. In oxygen-and-Pb deficient
Pbzr0O;,"® our time- and atomic-resolution study further reveals point-defect-induced
unit-cell-wise energy storage pathway. These results point out a new territory for explor-
ing exotic ferroelectric phases in nonpolar dielectric materials and offer a straightforward
approach for visualizing energy storage process in defect-engineered dielectric ceramics.
[1] H.Pan et al., Science 365 (2019) 578.
[2] J.Lietal, Nat. Mater. 19 (2020) 999.
[3] C.T.Blue, J. C. Hicks, S. E. Park, S. Yoshikawa, L. E. Cross, Appl. Phys. Lett. 68 (1996) 2942.
[4] H.He, X. Tan, Phys. Rev. B 72 (2005) 024102.
[5] X.-K.Wei, C. L. Jia, H. C. Du, K. Roleder, J. Mayer, R. E. Dunin-Borkowski, Adv. Mater. 32 (2020)
1907208.

[6] X.-K.Wei, C. L. Jia, K. Roleder, R. E. DunindBorkowski, J. Mayer, Adv. Funct. Mater. (2021)
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Abstract

The use of PtCu nanoparticles in electrocatalysis has been reported in the last few dec-
ades for several oxidative reactions. However, the application of oxygen reduction reac-
tion (ORR) for proton exchange membrane fuel cell (PEMFC) operation was limited by the
insufficient catalytic activity achieved, and complications of the stability of the material.
The main challenge is to reduce the loading of platinum meanwhile increasing the effi-
ciency and durability of the Pt-based catalysts. We have designed, synthesized, and
characterized a Pt-based nanomaterial that shows impressive efficiency towards ORR,
0.767 mAcm™ and 0.58 Amg*y the specific and mass activity respectively (4.5 and 3.3
higher than the Pt/C-JM benchmark) that not only preserved, but increase the electrocat-
alytic activity after 10,000 cycles under accelerated degradation test (ADT) acidic condi-
tions. After ADT, hollow octahedral Pt-rich nanoparticles achieved 1.02 mAcm™ and 0.64
Amg*p toward ORR.

PtCu nanoparticles were prepared via solvothermal synthesis!, which subsequently re-
vealed octahedral morphology with Pt-rich skin enhances the electroreduction on its sur-
face. We use advanced electron microscopy techniques to understand the stability pro-
cess. We found a relationship between the particle structure and the electrochemical per-
formance. The sample was dealloyed via an electrochemical etching process, revealing
Pt-rich hollow octahedral morphology in all the cases. The durability of the catalyst in
acidic medium has been investigated for diverse conditions including, under oxygen and
argon saturated atmosphere and different potential ranges. We track the structure evolu-
tion of the nanoparticles by several analytical and electron microscopy techniques such
as identical location transmission electron microscopy. The electrochemical performance
was analyzed by using the rotating disk electrode technique.

[1] S. Polani, M. Shviro, V. Shokhen, M. Zysler, A. Glisen, R. Dunin-Borkowski, M. Carmo and D. Zitoun,
Catal. Sci. Technol., 2020, 10, 5501-5512.
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Abstract

Stereo imaging in scanning transmission electron microscopy (STEM) combined with re-
construction methods applied to dislocation structures is nowadays a relevant topic in the
field of electron microscopy and material science [1]. It allows to reveal the 3D distribu-
tion of the curvilinear crystal defects by acquiring just two images under different viewing
angles [2]. The recent development of the “tilt-less” imaging technique advanced further
the possibilities of the 3D stereo imaging [3]. It allows single-shot simultaneous acquisi-
tion of stereo-pairs, eliminates lateral shifts and significantly decreases the imaging time.
On the other side, currently existing post-processing algorithms for 3D reconstruction
remain manual and time-consuming.

Modern deep learning technologies enabled us to develop fast and automatic method for
3D reconstruction of STEM stereo pair images of dislocations [4]. With our 3D contour
matching convolutional neural network (CNN) we can trace and match dislocations from
both views and obtain 3D reconstruction without any prior information about the disloca-
tion structure. We successfully applied this approach to the STEM images acquired simul-
taneously with the “tilt-less” technique on a segmented annular STEM detector.

To optimize the imaging conditions for dislocation detection and the 3D reconstruction by
CNN we present tools from Topological Data Analysis (TDA) to analyze the topological
correctness of the outputs and compare then to the ground truth. We use the topological
descriptors [5] to build topological distances between the outputs with different imaging
conditions (detector acceptance semi-angle and deviation parameter, sq) and the ground
truth and choose the settings with the highest topological correctness.

Our novel and fully automatic approach for 3D stereo reconstruction demonstrated high
precision and allowed to significantly reduce the time of the experiment and post-
processing compared to the conventional tomography.

[1] Agudo Jacome et al., “Three-Dimensional Reconstruction and Quantification of Dislocation Substructures
from Transmission Electron Microscopy Stereo Pairs.”

[2] Zhu et al., “Towards Bend-Contour-Free Dislocation Imaging via Diffraction Contrast STEM.”

[3] Oveisi et al., “Tilt-Less 3-D Electron Imaging and Reconstruction of Complex Curvilinear Structures.”

[4] Altingovde et al., “3D Reconstruction of Curvilinear Structures with Stereo Matching Deep Convolutional
Neu-ral Networks.” — submitted to Ultramicroscopy
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Abstract

As a result of the importance of nanoparticles for applications that include catalysis and
plasmonics, their three-dimensional (3D) characterization is crucial. Nanoparticles are
commonly studied using electron tomography in the transmission electron microscope
(TEM), which is based on the acquisition and analysis of two-dimensional projections of a
three-dimensional object viewed from different directions in transmission geometry.
However, some nanoparticles lack mirror symmetry, making it desirable to use a tech-
nique that is capable of studying their surfaces precisely. Although secondary electrons
can be used to provide topological information, conventional secondary electron micro-
scopes typically have a spatial resolution that is too poor to characterize the surfaces of
the smallest nanoparticles.

In this work, bright-field (BF), dark-field (DF) and secondary electron (SE) signals were
recorded simultaneously during tilt series scanning TEM (STEM) of a chiral gold nanopar-
ticle [1] using a Cs-corrected HF5000 STEM (Hitachi, Japan) operated at 200 kV. In total,
121 images were acquired over a sample tilt range of -60° to +60° with a tilt increment
of 1° without dynamic focus. Tomographic reconstruction of the BF and DF images was
performed using a SIRT algorithm with the ASTRA toolbox, while STEM SE images were
reconstructed using freely available photogrammetric reconstruction tools [2,3].

The benefits of comparing the three imaging modes for tomographic reconstruction will
be discussed as an approach for interpreting both volumetric and surface features [4].

[1] Lee, Hye-Eun, et al. "Amino-acid-and peptide-directed synthesis of chiral plasmonic gold nanoparticles."
Nature 556.7701 (2018): 360-365.

[2] Van Aarle, Wim, et al. "The ASTRA Toolbox: A platform for advanced algorithm development in electron
tomography." Ultramicroscopy 157 (2015): 35-47.

[3] Gontard, Lionel C., et al. "Photogrammetry of the three-dimensional shape and texture of a nanoscale
particle using scanning electron microscopy and free software." Ultramicroscopy 169 (2016): 80-88.
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Abstract

Energy Dispersive X-ray Spectroscopy (EDXS) spectrum imaging is a useful tool for local
chemical analysis. In many cases, the studied materials are composed of several spatially
overlapping phases. To perform a local chemical quantification, one has to retrieve the
pure spectra of each phase. Machine learning algorithms such as vertex component anal-
ysis [1] or non-negative matrix factorization (NMF) [2] are especially suited for this un-
mixing task as the EDXS spectrum images are noisy. However, these algorithms do not
include any prior knowledge on the physics of EDXS. Therefore, the obtained decom-
posed “spectra” are rarely estimated correctly, thus, preventing a chemical quantification.

To overcome this issue, we propose an algorithm similar to NMF but based on a physical-
ly informed factorization model. The data are approximated by the product DA with
D = GP + B. The columns of GP are the phase specific linear combination of the spectra
of each chemical element that could appear in the phases. G is the matrix whose col-
umns are the tabulated characteristic X-rays lines for each element [3,4], and P the ma-
trix whose columns are the amount of each element in the phases. B is the matrix of the
phase specific continuum X-rays [5,6]. The phase abundances for a given pixel are con-
tained in the columns of A. Given that the abundances are proportions, we constraint A
to be non-negative and each column to sum to 1. Similarly, P is constrained to be non-
negative. EDXS data are well approximated by a Poisson distribution, we use a Poisson
likelihood to tie the model and the observations.

To test the algorithm, we use an EDXS physical models, based on a real-case sample, to
construct artificial data that closely resembles experimental data. Specifically, a mixture
of spatially overlapping bridgmanite ((Mg,Fe)SiO3, Brg), ferropericlase ((Mg,Fe)O, Fp)
and/or Ca-rich perovskite (CaSiO3,Ca-pv) [7] was designed. This unmixing problem is
challenging as the phases share some chemical elements. The performance of our algo-
rithm is compared to that of NMF by calculating the angles between the reconstructed
phase spectra and their ground truths. In this quantitative comparison, NMF yields 7.8°,
15° and 9.1° for Brg, Fp and Ca-pv, respectively, while with our algorithm we obtain 7.7°
for Brg and 7.2° for the other phases.

[1] Dobigeon, N &Brun N., Ultramicroscopy 120, 25-34 (2012)

[2] Shiga, M. et al. Ultramicroscopy 170, 43-59 (2016)
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[4] Bote D. et al. Physical Review A 77, 0472701 (2008)

[5] Chapman J. N. et al. Journal of Microscopy, 136, 179-191 (1984)

[6] G.W. Lorimer, Mineralogical Magazine, 51, 49-60 (1987)

[7]1 Hirose, K. et al. Science 358, 734-738 (2017)
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Abstract

The antiphase boundaries (APBs) that are commonly observed in spinel ferrite films hinder
their applications as high frequency inductors and microwave and spintronic devices, as a
result of their influence on the physical properties of the materials. However, it is challenging
to correlate magnetic properties with atomic structure at individual APBs due to the limited
spatial resolution of most magnetic imaging techniques. Here, we use aberration-corrected
scanning transmission electron microscopy and electron magnetic circular dichroism (EMCD)
technique to measure the atomic structure and magnetism of a single APB in NiFe,O4. Inten-
sity analysis of APB in high angle annular dark-field scanning transmission electron microsco-
py images suggests a new type APB with rock salt structure interlayer in NiFe;,O4 with a rela-
tive translation of (1/4)a[011]. High-spatial-resolution EMCD have been used to experimental-
ly demonstrate reductions of 46.8%+8.2% and 38.8%+14.5% in Fe and Ni EMCD strengths
in APB, respectively, compared to perfectly ordered NiFe,O4. DFT calculations and dynamical
diffraction calculations suggest that the reduced EMCD strengths result from the fact that Fe
ions at the APB interlayer are antiferromagnetically coupled with each other, whereas Ni ions
show a significant decrease in magnetic moment. Our combined approach of using element
specific EMCD under high-spatial-resolution and first-principles calculations is applicable to
studies of a broad spectrum of other defects in magnetic materials.
[1] z. L, J. L Ly, L. Jin, 1. Rusz, V. Kocevski, H. Yanagihara, E. Kita, J. Mayer, R. E. Dunin-Borkowski, H. J. Xiang*
and X. Y. Zhong* (2021). Atomic Structure and Electron Magnetic Circular Dichroism of Individual Rock Salt

Structure Antiphase Boundaries in Spinel Ferrites. Advanced Functional Materials (on line published:
doi.org/10.1002/adfm.202008306).
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Abstract

We have been using the recently developed hollow-cone Foucault imaging method [1, 2]
for studying magnetization structures, such as magnetic domains and domain walls. The
hollow-cone Foucault imaging has two modes depending on the inclination angle of the
illumination beam, bright-field Foucault mode and dark-field Foucault mode; Angle incli-
nation is performed by using deflectors above the specimen and by inclining electron
beam circulating with respect to the optical axis. The advantage of this imaging method
is that it can simultaneously visualize both magnetic domains and magnetic domain walls
under the infocus condition.

We have also found a specially controlled mode, a schlieren imaging mode [3], between
these Foucault modes. Although the schlieren imaging is a method developed in the mid-
dle of the 19" century to qualitatively visualize distributions of refractive indices of trans-
parent media, such as air, it is still used today as a method for visualizing the difference
in refractive indices [3, 4] and also for visualizing the sound shock waves generated by
high-speed flying objects [5].

In this study, we have extended the schlieren imaging method to directly observe mag-
netic fields outside specimens by using the hollow-cone illumination in 200-kV transmis-
sion electron microscope (JEM-2100F) [1]. The specimens were FeggsGag 1, alloys (at%)
having large magnetostriction at room temperature [6]. Their thin films (250 nm in thick-
ness) were prepared by a focused ion beam instrument (NB-5000).

To date, we have obtained only qualitative data on magnetic field leaking out to the vac-
uum area from the specimen. We are working on further developments of the hollow-
cone schlieren imaging method to obtain more quantitative and clearer magnetic field
characteristics in the vacuum area.

[1] K. Harada et al., Appl. Phys. Exp., 12 (2019) 042003

[2] K. Harada et al., Microsc. Microanal., 25 (2019) 120

[31 H. Water, Handbuch der Physik, 24 (1956) 555

[4] http://www.rit.edu/~andpph/exhibit-3.html

[5] https://www.nasa.gov./centers/armstrong/features/supersonic-shockwave-interaction.html
[6] H.D. Chopra and M. Wutig, Nature, 521 (2015) 340
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Abstract

The mean-inner-potential (MIP) of a crystal is the average electrostatic Coulomb potential
within a crystal with respect to vacuum. The MIP is a fundamental material property which
reflects chemical-bonding and crystallographic surfaces [1]. We conducted off-axis electron
holography experiments on highly-oriented-pyrolytic-graphite (HOPG) in a transmission-
electron-microscope to measure the MIP from nanometer-scale volumes of Bernal graphite
oriented with respect to the electron beam, along the principal axis or directions in the basal
plane. These MIP were related to mean orbital electron radii and diamagnetic susceptibilities
in perpendicular planes. Such intrinsic property measurements are challenging because of
defect induced interfaces at basal planes [2, 3]. Indeed, our structural examination of HOPG
show stacking faults and planar rotations around the principal-axis, such that measuring in-
trinsic properties requires probing a volume of ~102x102x102nm?>. Experiments on individual
Bernal graphite crystals with (0001) basal, or (1-100), (2-1-10) prismatic planes, resulted in
MIP of 10.16+0.40V, 11.37+0.35V, 12.66+0.41V, respectively [4]. First-principles calcula-
tions from crystalline slabs [4] confirm these anisotropic measurements with 11.72V, 13.65V,
14.56V, respectively. Additionally, these experiments enabled to measure the mean free path
for inelastic scattering in graphite of 197keV electrons at a collection angle of 18mrad result-
ing in 150.6+2.0 nm. These measured MIP enable to determine projected mean radii of elec-
tron orbitals and volume susceptibilities (SI), assuming spherically symmetric charge distribu-
ton, at 0.704+0.015R,  (-1.99+0.08)x10%;,  0.744+0.015R,  (-2.23+0.07)x107;
0.785+0.015A, (-2.48+0.08)x10°. The measured orbital radii and diamagnetism in the basal
plane are comparable to expected values for carbon o-bond hybridization [5-6]. Increased
MIP on prismatic planes is related to s-orbital components, which decrease due to delocalized
electrons between basal planes.

[1] M. O'Keeffe, J. C. H. Spence, “On the average Coulomb potential (¢o) and constraints on the electron density in
crystals”, Acta Crystallographica Section A. 50 35-45 (1994).

[2] P. D. Esquinazi, Y.V. Lysogorskiy, Basic Physics of Functionalized Graphite, (Springer International Publishing,
2016), pp. 145-179.

[3] M. Zoraghi, J. Barzola-Quiquia, M. Stiller, P. D. Esquinazi, I. Estrela-Lopis, Influence of interfaces on the
transport properties of graphite revealed by nanometer thickness reduction, Carbon 139, 1074-1084 (2018).

[4] Avi Auslender, Mahdi Halabi, George Levi, Oswaldo Diéguez, Amit Kohn, Measuring the mean inner potential of
Al,O; sapphire using off-axis electron holography, Ultramicroscopy 198, 18-25 (2019).

[5] P. Stamenov, J. M. D. Coey, Magnetic susceptibility of carbon - experiment and theory, J. Magn. Magn. Mater.
290-291, 279-285 (2005).
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Abstract

Grain boundary engineering is a wide research field in which grain boundaries (GBs), the
interfaces between two crystals, and their impact on materials properties are studied.
Most research focus on adjusting the materials microstructure e.g. by changing the
amount of specific GBs as twin GBs to improve the materials properties. However, only
few experimental studies investigate the atomic structure of different high angle GBs,
which can describe a GB and is, together with its thermodynamic properties, finally re-
sponsible for the impact of a GB on materials characteristics. For each specific GB, not
only one but multiple stable and metastable states can occur [1]. Thus, by heating or
applying strain, GBs can undergo phase transformations and co-existences of different
GB phases, also termed “complexion”, may be possible [2].

In our study, we investigate a 337c [111] {110 11} symmetric tilt GB in copper using
aberration-corrected HAADF STEM. Two different phases, termed “domino” and “pearl”,
are observed, connected by a phase junction. Whereas the “domino” phase consists of a
structural unit which is every second time rotated parallel to the GB plane, the “pearl”
phase can be described by three subunits. Both atomic structures will be discussed in
detail. Having a look at areas with a length of 300nm, we could make out multiple phase
junctions, which separated 10 to 40 nm long “pearl” phase segments from 20 to over 100
nm long “domino” segments. According to our molecular dynamics (MD) simulation, the
“domino” phase has a lower GB energy at room temperature compared to the “pearl”
phase. However, at elevated temperature, the quasi-harmonic approximation approach
reveals a phase transformation under ambient conditions, so that the “pearl” phase is
energetically favorable. As the experimentally investigated sample was exposed to a heat
treatment (400°C for 3h), the “pearl” phase may have been formed at elevated tempera-
tures and got kinetically trapped during cooling. Both phases are still observed when the
GB plane inclination varies up to 11° off the symmetric case, showing that a phase trans-
formation is not limited to a specific GB configuration.

[1] Frolov, T., et al., Nature Communications, 4:1899 (2013).
[2] Meiners, T., et al., Acta Materialia, 190: p. 93-104 (2020).
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Abstract

Transmission electron microscopy image simulation is a powerful tool to support image
interpretation, and eventually solve materials science puzzles. In the present work we
tackled the crystallographic structure of a ternary metallic compound made of calcium,
magnesium and zinc, whose identity is disputed since some time. Postulated to be a trig-
onal phase Ca,MgeZns in 2002 on the base of SADP and diffraction simulations [1], many
other structures have been proposed since then. In 2016 we proposed a new phase, a
hexagonal Ca;MgsZns, on the base of X-rays and TEM diffraction [2], whose composition
incidentally coincides with the one proposed in 1933 by Paris [3]. However, doubts re-
main, in particular in distinguishing it from the known isostructural phase CasMg;1Zn, [4].
Here we apply image simulations to interpret HAADF STEM images obtained in such a
compound [5,6], using the simulation softwares xSTEM [7], Dr. Probe [8] and jEMS [9],
in order to come to a conclusion on this ternary phase.

The approach allowed confirming the Ca,MgsZns crystallographic phase. The comparison
between XSTEM, Dr. Probe and jEMS results indicate that the inclusion of the frozen lat-
tice model in the simulation scheme seems essential to obtain a good match to the ex-
perimental image for thick areas of the sample. This may relate to the way the electrons
are absorbed by channelling on the atomic columns of the crystal. Simulations results will
be presented and discussed here.

[1] P.M. Jardim, G. Solorzano, J.B. Vander Sande, Microsc Microanal 8(6) (2002) 487-496.

[2] 1.D. Cao, T. Weber, R. Schaublin, 1.F. Loffler, J Mater Res 31(14) (2016) 2147-2155.

[3] R. Paris, Comptes rendus hebdomadaires des séances de I'académie des sciences 197 (1933) 1634-1636.

[4] Y.-N. Zhang, D. Kevorkov, 1. Li, E. Essadiqi, M. Medraj, Intermetallics 18(12) (2010) 2404-2411.

[5] M. Cihova, P. Schmutz, R. E. Schaublin, J.F. Loffler, Adv Mater 31(42) (2019).

[6] R.E. Schdublin, M. Becker, M. Cihova, S. S. A. Gerstl, D. Deiana, C. Hébert, S. Pogatscher, P. Uggowitzer,
J. F. Loffler, submitted

[71 K. Ishizuka, Ultramicroscopy 90 (2002) 71-83

[8] J. Barthel, Ultramicroscopy 193 (2018) 1-11

[9] P. A. Stadelmann, Ultramicroscopy 21 (1987) 131-145
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Abstract

Hafnia (HfO;) undergoes a martensitic transformation from a high temperature tetrago-
nal phase to a low temperature monoclinic phase, which can result in crystallographic
twinning. The atomic structures of such twin boundaries have been poorly understood
since they were first reported in the 1960s [1]. Recently observed ferroelectric behaviour
in HfO, thin films [2] promises a new generation of non-volatile memories. However, the
fact that high-angle annular dark-field scanning transmission electron microscopy reveals
Hf atoms and not O atoms [3] means that the ferroelectric-structure relationship is not
well understood.

In our recent work [4], we applied the negative spherical Cs imaging (NCSI) technique to
image both Hf and O atoms in colloidal nanocrystals of HfO,. Our results show that twin
symmetry involves a two-fold screw operation and not a reflection or 180° rotation. Crys-
tallographic twinning creates interesting polarization structures at the twin boundaries,
with nm-sized ferroelectric and antiferroelectric phases that potentially allow much higher
information storage density. The observed correlation between twinning and ferroelectric
and antiferroelectric phases is based on their symmetry, providing general guidance for
discovering new ferroelectric and antiferroelectric phases in materials that are not limited
to oxides.

[1] Wolten, G.M. J. Am. Ceram. Soc. 46, (1963) 418—-422.

[2] Boscke, T.S., Milller, J., Brauhaus, D., Schréder, U., and Boéttger, U. Appl. Phys. Lett. 99, (2011) 102903.

[3] Grimley, E.D., and LeBeau, J.M. Ch. 7: Transmission Electron Microscopy (STEM and TEM). In Ferroelec-
tricity in Doped Hafnium Oxide: Materials, Properties and Devices, Elsevier, (2019) pp. 317-340.
[4] Du, H., Groh, C., Jia, C.-L., Ohlerth, T., Dunin-Borkowski, R.E., Simon, U., and Mayer, J. Matter 4, (2021)

986-1000.



ATOMICALLY RESOLVED TOMOGRAPHIC
RECONSTRUCTION OF NANOPARTICLES FROM SINGLE
PROJECTION: INFLUENCE OF AMORPHOUS CARBON
SUPPORT

Pritam Banerjee!, Chiranjit Roy!, Subhra Kanti De!, Antonio J Santos®?,
Francisco M Morales*®, and Somnath Bhattacharyya®

Department of Metallurgical and Materials Engineering, Indian Institute of Technology
Madras, Chennai, India — 600036
’IMEYMAT: Institute of Research on Electron Microscopy and Materials, University of
Cadiz, Spain
3Department of Materials Science and Metallurgic Engineering, and Inorganic Chemistry,
Faculty of Sciences, University of Cadiz, Puerto Real, 11510 Cadiz, Spain

Abstract

Nanostructures have a wide range of applications due to their unique geometry and
arrangement of atoms. For a precise structure-property correlation, information regarding
atomically resolved 3D structures of the nanostructure is of utmost benefit. Though
modern aberration-corrected transmission electron microscopes can resolve atoms with
sub-angstrom resolution, an atomic-scale 3D reconstruction of the nanostructure is a
challenge using tilt series tomography due to high radiation damage. Instead, inline 3D
holography-based tomographic reconstructions from single projection registered at low
electron doses are more suitable for defining atoms positions at nanostructures.
Nanostructures such as nanoparticles are generally supported on amorphous carbon film
for TEM experiments. However, neglecting the influence of carbon film on the
tomographic reconstruction of the nanoparticle may lead to ambiguity. In order to
address this issue, the effect of amorphous carbon support was quantitatively studied
using simulations and experiments, and it was revealed that increasing thickness and/or
density of carbon support increases distortion in tomograms.
[1] Pritam Banerjee, Chiranjit Roy, Subhra Kanti De, Antonio J. Santos, Francisco M. Morales, Somnath
Bhattacharyya, “Atomically resolved tomographic reconstruction of nanoparticles from single projection:

Influence of amorphous carbon support”, Ultramicroscopy, Volume 221, 2021, 113177.
https://doi.org/10.1016/j.ultramic.2020.113177
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Abstract

Multi-modal in situ investigations based on electron microscopy has immense potential to
inform us about the dynamical structure and chemistry of materials under working condi-
tions [1]. Although transmission electron microscopes (TEM), especially with aberration
correction, is able to provide very high spatial resolution information about the morphol-
ogy of functional materials, the scanning electron microscope (SEM) has its own ad-
vantages in terms of being more amenable towards the addition of complementary capa-
bilities. Here, we implemented a two-window liquid cell setup similar that is used in the
TEM holders for the SEM to explore its possibility as an electrochemical imaging platform
[2]. We will show that with such this geometry, we are able to resolve 30 nm Cu,0
nanocubes in several hundred nanometres thick liquid with a resolution of a few nanome-
tres using both backscattered and transmitted electrons imaging.

To better understand the limits of image resolution and contrast as a function of liquid
layer thickness, we also simulated the electron beam trajectories using Monte Carlo simu-
lations. The simulation results show good agreement with the experimental results [2].
First, the simulations highlight the dependence of image contrast on the liquid thickness.
In particular, the transmitted electron images collected at high scattering angles show
contrast inversion at liquid thickness above a few hundred nanometres. The contrast in-
version is related to the difference in angular distributions between the electrons scat-
tered by the liquid and the sample, which leads to a systematic relation with the atomic
number of the sample and the liquid thickness. Second, for the backscattered electrons,
the image resolution and contrast is primarily limited by the background noise that is
caused by electron scattering in the liquid layer. Results from dynamical studies of cubic
Cu,0 electro-deposition will also be presented [3].

[1] K. Hattar and K.L. Jungjohann, J. Mater. Sci. 56 (2021), 5309

[2] A. Yoon et al, Microsc. Microanal. 27, pp. 121-128 (2021)
[3] P. Grosse et al, J. Phys. Chem. C 124, 49, pp. 26908-26915 (2020)
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Abstract

A major strength of transmission electron microscopy (TEM) is being able to examine
defects and their dynamics. However, correlating structural dynamics with properties re-
mains as a challenging problem, especially in nanocrystalline materials, which are widely
used for their special properties, but there are no standard characterization techniques
because of their small sizes. TEM with its high spatial and temporal resolution is an ideal
tool to meet these challenges. Here, we utilize in-situ electron imaging to monitor dislo-
cation activities and structural evolution and correlate with mechanical responses in
nanocrystalline (NC) molybdenum (Mo) nanopillars. We focus on the inhibited dislocation
activities by the reduced grain size and the resulted Hall-Petch strengthening. Mo select-
ed as BCC metals shows distinctive size dependent mechanical behaviors upon the grain
refinement from the more extensively studied FCC metals.

The fine microstructure and structural activities in NC Mo nanopillars upon deformation
are determined based on a novel approach we developed using a combination of in-situ
electron imaging and scanning electron nanodiffraction [1]. Nanopillars were fabricated
from a nanocrystalline Mo film by the focus ion beam method (FIB). A highly sensitive
picoindenter was used to conduct compression testing on the nanopillars and simultane-
ously record the mechanical response from the material. By recording the image video
during deformation, we can monitor dislocation activities using the activity intensity
method as described in Ref [2]. Before compression, SEND was performed on the nano-
pillars to obtain local structure information from the diffraction dataset, which helps the
identification of nano-grains and dislocation characters.

Using the described approach above, we have tested nanopillars of ~200 to 300 nm in
diameters. Our findings demonstrate that grain boundaries (GBs) play an essential role
that contribute to the strength and plasticity. Dislocation with edge and screw characters
are both observed, and their motions are restricted by GBs. Together, the results provide
critical insights into strengthening via grain refinement in a refractory metal.

[1] J.-M. Zuo, Electron Nanodiffraction, in: P.W. Hawkes, J.C.H. Spence (Eds.), Springer Handbook of
Microscopy, Springer International Publishing, Cham, 2019, pp. 905-969.

[2] H.-W. Hsiao, S. Li, K.A. Dahmen, J.-M. Zuo, Shear banding mechanism in compressed nanocrystalline
ceramic nanopillars, Phys. Rev. Mater. 3(8) (2019) 083601.
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Abstract

Iron meteorites provide a window into the billion-year thermomagnetic history of the so-
lar system, while furnishing insight into the formation of Fe-Ni phases that are kinetically
unattainable on terrestrial timescales. The slow cooling conditions that they experience
can result in the formation of tetrataenite (L1, order, AuCu-I type), whose alternating
layers of Fe and Ni atoms are stacked parallel to the tetragonal c axis, which is also the
easy direction of magnetocrystalline anisotropy. In this work, we use correlative experi-
mental and theoretical methods that span different length scales to reveal a highly intri-
cate distribution of crystallographic phases in the slowly-cooled meteorite NWA6259. We
discover a previously hidden tetragonal Fe-Ni nanophase, alongside Ni-poor and Ni-rich
precipitates of cubic symmetry formed within the chemically-ordered tetrataenite matrix.
Aberration corrected scanning transmission electron microscopy imaging is used to study
the interphase structure and the corresponding strain fields of the precipitates and ma-
trix. The distinct magnetic nature of the precipitates and their effect on the magnetic
structure are studied by using a combination of quantitative magnetic imaging [1,2], mi-
cromagnetic simulations and bulk magnetometry measurements. Fresnel defocus imaging
and off-axis electron holography are used to reveal distinct magnetic domain structures
in specimens prepared with the magnetic easy axis parallel and perpendicular to the elec-
tron beam direction. The observations provide new insight about the archetypal Fe-Ni
phase diagram, as well as implications for the development of new types of advanced
permanent magnets.

The authors acknowledge Laura H Lewis and Michalis Charilaou for their collaboration
during this study. We are grateful for financial support from the DFG through CRC/TRR
270 and the European Research Council through ERCLJ20191SyG project 856538.

[1] A. Kovéacs and R.E. Dunin-Borkowski. Magnetic imaging of nanostructures using off-axis electron holog-
raphy, Ch. 2 in the “"Handbook of Magnetic Materials”, vol. 27 (ed. E. Bruck, Elsevier), pp. 59-153 (2018).

[2] R.E. Dunin-Borkowski, A. Kovacs, T. Kasama, M.R. McCartney and D.J. Smith. Electron holography, Ch. 16
in the "Springer Handbook of Microscopy", (ed. P.W. Hawkes, J.C.H. Spence, Springer), pp. 767-818
(2019).
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Abstract

The concept of Moiré sampling refers to the intentional formation of aliasing artifacts (al-
so called Moiré fringes) when undersampling of a periodic signal [1]. In Scanning Trans-
mission Electron Microscopy (STEM), the scanning grid of the electron beam raster can
be used to undersample the crystalline lattices and form a STEM Moiré hologram [2]. The
STEM Moiré hologram embeds, in the Moiré fringes’ spatial arrangement, structural in-
formation of the sample such as a deformation field. However, the STEM Moiré hologram
is an aliased version of the crystalline periodicities and requires a reconstruction step be-
fore retrieving the structural information.

In this study, a reconstruction method based on the Moiré sampling theorem [3] is pre-
sented to recover an oversampled micrograph from a STEM Moiré hologram recorded on
a InP/InAsq 35Pg65/INP epitaxial stack. The reconstruction approach is then applied to map
the deformation field using the STEM Moiré GPA strain characterization technique [2].
The experimental results are furthermore compared to Dark-Field Electron Holography
(DFEH), another strain characterization method also build on Moiré interferometry [4]. A
small mismatch is observed between the two techniques and is related to their respective
contrast mechanisms. The STEM Moiré GPA method is based on the STEM contrast
mechanism with a very narrow dept of field (few nm) and an electron probe sensing the
surface of the thin lamella, while DFEH is based on the Conventional Transmission Elec-
tron Microscopy contrast mechanism considering the entire thickness of the same lamel-
la. Both methods are, therefore, sensing different depth sections of the sample. The elec-
tron transparent thin foil is subjected to strain relaxation causing a non-uniform strain
distribution along the lamella thickness. When comparing experimental data to the Finite
Element Method simulations for modeling the strain relaxation, both STEM Moiré GPA and
DFEH techniques are confirmed to accurately measure the deformation in the sample
with respect to their characteristics (depth-of-field, location sensitivity) [5,6].

[1] Idesawa et al., Appl. Opt. 16, 2152-2162 (1977)

[2] Pofelski et al., Ultramicroscopy 187, 1-12 (2018)

[3] Pofelski et al., Ultramicroscopy, to be submitted

[4] Hytch et al., Nature 453, 1086—1089 (2008)

[5] Pofelski et al., Ultramicroscopy 223, 113225 (2021)

[6] The authors are grateful to the Natural Sciences and Engineering Research Council for a Discovery Grant
supporting this work.
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Abstract

Magnetic skyrmions are swirling spin structures, which are foreseen as information carri-
ers in novel technologies that combine fast logic operation and non-volatile memory [1].
Multilayers of heavy metals and ferromagnets have been shown to host Néel-type mag-
netic skyrmions at room temperature, as a result of the presence of broken inversion
symmetry and a strong Dzyaloshinskii—-Moriya interaction at their interfaces [2]. Néel-type
magnetic skyrmions can be observed using Lorentz transmission electron microscopy by
tilting the sample with respect to the incident electron beam direction [3]. The technique
that is used most often for such observations is Fresnel defocus imaging.

Here, we use off-axis electron holography [4] to study Néel-type magnetic domains and
skyrmions in an Ir/Fe/Co/Pt multilayer sample that was sputtered directly onto an elec-
tron transparent membrane. The preparation of the sample, the reconstruction of the
recorded off-axis electron holograms and the influence of sample tilt angle on the result-
ing electron optical phase images are discussed. The evolution of the magnetic domain
structure in the presence of applied magnetic fields and the relative contributions of the
out-of-plane and in-plane components of the magnetic fields of skyrmions to recorded
phase images are discussed. Good agreement is found between experimental phase im-
ages of individual Néel-type magnetic skyrmions and simulated images based on theoret-
ical models [5].

The authors acknowledge the DARPA TEE program grant MIPR# HR0011831554.

[1] A. Fert, N. Reyren and V. Cros, Nat. Rev. Mater., 2, 17031 (2017)

[2] C. Moreau-Luchaire et al., Nat. Nanotechnol., 11, 444-448 (2016)

[3] S.D. Pollard et al., Nat. Commun., 8, 14761 (2017)

[4] A. Kovacs, R.E. Dunin-Borkowski, Handbook of Magnetic Materials (Elsevier), 27, 59 (2018)
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Abstract

Time-resolved electron microscopy with an extreme space-time resolution (STR) in the
range between 102 and 10% m-s continues to gain great interest. During the last dec-
ade, photocathode-based UEMs (ultrafast electron microscopes) have enabled scientists
for the first time to examine dynamic phenomena at a time scale of 100fs, but at the cost
of poorer spatial resolution and beam coherence. Recently, Euclid Techlabs, in collabora-
tion with scientists at Brookhaven National Laboratory and the National Institute of
Standards and Technology, has succeeded in bringing a novel laser-free UEM to the mar-
ket. Based on a patented award-winning beam chopping technology [1, 2], the UltraFast
Pulser™ (UFP) can be installed on any TEM to provide picosecond electron pulses for
time-resolved electron microscopy. The UFP uses the state-of-the-art RF technology mak-
ing the repetition rate of electron pulses variable from 1 Hz to 12 GHz, with pulse widths
from single electron events to native instrument (DC beam) operation [3 ,4]. The UFP
system eliminates any need to modify the electron emitter, thus maintaining the native
TEM specifications of spatial resolution and beam coherence. Several experiments have
been conducted since 2020 [5, 6]. More opportunities and new research territories ena-
bled by this technology will be explored.

[1] 2019 R&D100 Award (R&D 100 Magazine)

[2] 2020 Microscopy Innovation Award (Microscopy Today)

[3] Cling, et al., Ultramicroscopy, 207 (2019) 112829. DOI: 10.1016/j.ultramic.2019.112829

[4] JW Lauy, et al., Rev. Sci. Instr. 91 (2020) 021301. DOI:10.1063/1.5131758

[5] XFu, etal., Science Advances, 6 (2020) eabc3456. DOI: 10.1126/sciadv.abc3456
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Abstract

Frustration refers to the inability of a system to simultaneously satisfy competing interac-
tions and can give rise to complex physical properties [1]. In this work, we studied an
artificial spin ice that consisted of elongated single-domain patterned nanomagnets,
which provided frustration by design. The dynamics of artificial spin ices is driven by the
magnetostatic coupling between the magnets, giving rise to emergent excitations such as
chiral dynamics [2].

We used off-axis electron holography in the transmission electron microscope to quanti-
tatively measure the magnetic phase shift induced by the sample [3]. The microscope
was operated in magnetic-field-free conditions using a Lorentz lens, while the conven-
tional microscope objective lens was used to apply magnetic fields of up to 1.5 T to the
sample. The phase shift of the electron wave was measured using an electron biprism
and interpreted using a model-based iterative reconstruction algorithm to retrieve the
projected in-plane magnetisation. The three-dimensional magnetic stray field surrounding
the sample was calculated and the experimental results were compared with micromag-
netic simulations.

The permalloy nanomagnets were patterned into a chiral ice geometry on a SiN mem-
brane using lift-off lithography. Magnetic interactions between them were studied by ap-
plying in-plane magnetic fields to the sample. The resulting magnetic fields were record-
ed at remanence. The measurements revealed a zigzag magnetization distribution, with
stray fields that became more complex at the edges of the array, indicating an asymmet-
ric energy landscape. The results showed that the pattern of stray magnetic stray field in
the plane of the particles is different from that integrated in a direction perpendicular to
the plane of the sample, emphasizing the need to take its three-dimensional nature into
account.

This study is supported by the DFG through CRC/TRR 270 and the European Research
Council through ERC-2019-SyG project 856538.

[1] S. H. Skjeervg, et al., Nature Reviews Physics 2, 13-28 (2020)

[2] S. Gliga, et al., Nature Materials 16, 1106-1111 (2017)

[31 A. Kovécs and R.E. Dunin-Borkowski. Chapter 2 in the Handbook of Magnetic Materials (ed. E. Bruck,
Elsevier), pp. 59-153 (2018)
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Abstract

Generally, the study of phenomena that occurs at ultrashort time scales relies on the use of probe
pulses of even shorter durations, such as those provided by femtosecond and attosecond light
sources. Since electrons can potentially reach much shorter durations (a typical beam of 10° eV is
characterized by an oscillation period of 0.02 attoseconds), they present themselves as a promising
candidate for the study of ultrafast physics. Additionally, electron pulse compression is also of pri-
mal importance in free-electron lasers where the N 2 superradiance emission produced by N
electrons produces characteristic ally high intensities. Stimulated by these possibilities, the manipu-
lation of the free electron density matrix using light has attracted a strong interest in different con-
texts including imaging, spectroscopy and light generation.

In parallel, the advent of photon-induced near-field electron microscopy (PINEM), a technique
which synchronizes fs laser illumination with electron pulses at the sample, has shown to be capa-
ble producing strong electron-light coupling by exploiting the evanescent components of the near-
field, in contrast to the negligibly small interaction probabilities in free space. This strong coupling
results in multiple gain and loss features in the electron spectra. PINEM experiments have so far
relied on coherent light sources (i.e., lasers), for which the measured spectra are well reproduced
by assuming sample bosonic excitations that are coherently populated with a large number of
quanta. Interestingly, this technique, performed with laser pulses, has been combined with free
electron propagation over a few millimeters to yield a temporal compression of the electron densi-
ty which transforms into a series of pulses with duration down to the attosecond regime. While the
aforementioned studies make use of laser pulses, thus inducing the electron to interact with a co-
herent state of the light field, an extension to quantum optical fields has been recently predicted to
introduce quantum effects in the electron spectra [4]. As a consequence, quantum light represents
a new opportunity to manipulate the electron wave function by adding a new degree of freedom.

In this work [1], we show that a wide range of electron statistics can be explored by employing
quantum light in the interaction with free electrons. In particular, we study how the focusing prop-
erties of the optically-modulated electrons differ from the coherent case when different quantum
states of light, such as squeezed states and minimum phase uncertainty states, are employed. Fur-
thermore, we find that the interaction with phase-squeezed and minimum-phase-uncertainty light
states produces faster compression of the electron density, while amplitude-squeezed light gives
rise to ultrashort double-pulse electron profiles whose shape and relative distance can be tuned
with the light intensity and the squeezing parameter. As an application, we also demonstrate that
the interaction of such modulated electrons with a target produces a Poissonian distribution of
sample excitations independent of the electron shape, but where the off-diagonal elements are
strongly dependent on the statistics of the light used to modulate the electron. Together with the
fundamental interest in studying the new plethora of phenomena, we envision the application of
quantum light in the control of electron compression and in the generation of light with nontrivial
statistics.

[1] V. Di Giulio and F. Javier Garcia de Abajo, Optica 12, 1820-1830 (2020)
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Abstract

Electron cryotomography (cryoET) is an application of bright-field transmission electron
cryomicroscopy (cryoEM) used to determine three-dimensional structures of cells and
large macromolecular complexes [1]. The samples used for cryoET are often thicker than
1000 A, meaning many 300 keV electrons suffer at least one inelastic scattering event in
transit through the specimen. The current practice is to remove these electrons with an
electron energy filter. Given the advent of practical chromatic aberration correction [2],
there is a potential improvement in signal by incorporating these inelastically scattered
electrons in the image in the context of an achromatic objective lens. Unfortunately, ine-
lastically scattered electrons also have reduced spatial coherence. This study evaluates
the conditions necessary to best use inelastically scattered electrons for biological imag-
ing and determines the potential improvement in signal afforded by achromatic imaging
of the thick biological specimens of interest in cryoET. To understand the loss of spatial
coherence caused by the specimen, we measured the loss of signal from inelastically
scattered electrons through a thick carbon specimen by quantifying the fading of the 111
reflections from gold nanoparticles as a function of defocus on different thicknesses of
carbon. The results from these studies were also confirmed using a C. corrected micro-
scope (PICO) [3]. The results show that inelastically scattered electrons can be used to
enhance the signal in phase contrast images of thick specimens. Our measurements us-
ing model carbon specimens indicate C. correction could increase the number of biologi-
cal processes accessible to cryoET.
[1] L. Gan, G. J. Jensen, Electron tomography of cells, Quarterly Reviews of Biophysics 45 (1) (2012) 2756.
[2] B. Kabius, P. Hartel, M. Haider, H. Mller, S. Uhlemann, U. Loebau, J. Zach, H. Rose, First application of
Cc-corrected imaging for high-resolution and energy-filtered TEM, Journal of Electron Microscopy 58 (3)
(2009) 147-155.

[3] K. Tillmann, J. Barthel, L. Houben, FEI titan G3 50-300 PICO, Journal of large-scale research facilities
JLSRF 1 (11 2015).
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Abstract

Atgl8 is a core protein in macroautophagy that is a highly conserved eukaryotic pathway
critical for the cell’s stress response and homeostasis. The precise structural role of Atgl8
in the autophagy process remains to be established. Atg18 belongs to the PROPPIN fami-
ly consisting of seven WD40 repeats that form a beta propeller motif. Atgl8 has been
shown to bind Atg2 and Atg9 and thereby participates in the elongation of phagophores.
Atgl8 has a conserved PIP/PIP2-binding motif (FRRGT) that constitutes a specific mem-
brane anchor. We demonstrate how Atgl8 can form filaments in low-salt solution by
solving the helical structure to near-atomic resolution using electron cryo-microscopy.
The oligomerization sites are conserved even under high-salt conditions, as we demon-
strate by single particle analysis of this small 50 kDa protein. We reconstituted Atgl8
with liposomes and elucidated the macromolecular organization of Atgl8 oligomers on
cellular membranes using subtomogram averaging. The structure reveals that oligomeri-
zation motifs present in helical filaments and in solution are also observed between jux-
taposed membranes, demonstrating how Atgl8 may function to remodel and extend
phagophore membranes in concert with the larger autophagy machinery.



PSPA ADOPTS AN ESCRT-III-LIKE FOLD AND IS
CAPABLE OF REMODELING BACTERIAL MEMBRANES
BY FUSION AND FISSION

Benedikt Junglas?**, Stefan T Huber?, Thomas Heidler!?,
Lukas Schldsser®, Daniel Mann'?, Raoul Hennig®*, Mairi Clarke®,
Nadja Hellmann?, Dirk Schneider*®, and Carsten Sachsel**®

'Ernst-Ruska Centre for Microscopy and Spectroscopy with Electrons (ER-C-3/Structural
Biology), Forschungszentrum Jilich GmbH, 52425 Jiilich, Germany
2JuStruct: Juiilich Center for Structural Biology, Forschungszentrum Jiilich GmbH,
52425 Jilich, Germany
3European Molecular Biology Laboratory (EMBL), Structural and Computational Biology
Unit, MeyerhofstraBe 1, 69117 Heidelberg, Germany
“Department of Chemistry, Biochemistry, Johannes Gutenberg University Mainz, 55128
Mainz, Germany

>Institute of Molecular Physiology, Johannes Gutenberg University Mainz, 55128 Mainz,
Germany

®Department of Biology, Heinrich Heine University, Universitatsstr. 1, 40225 Disseldorf,
Germany

Abstract

The phage shock protein A (PspA) is a member of the PspA/IM30(Vippl) protein family.
The PspA/IM30(Vippl) family is wide spread among the bacterial phyla and has also
been identified in chloroplasts as well as in some archaea, where it is involved in main-
taining the integrity of cellular membranes. A hallmark of this protein family is the for-
mation of MDa-sized homooligomeric ring and rod structures. Here, we present the 3.6 R
resolution cryo-EM structure of PspA assembled in helical rods, which reveals that PspA
adopts a canonical ESCRT-III fold. Using cryo-EM and cryo-ET, we show that PspA inter-
acts with small unilamellar bacterial membrane vesicles by fusion and fission events, re-
sulting in pm-sized vesicles with distorted shapes and internalized membranes. These
activities are mediated by PspA rods engulfing lipid bilayers and amorphous PspA assem-
blies acting as lipid transfer zones. As similar membrane remodeling activities are well-
established for ESCRT-III proteins, we suggest that bacterial PspA belongs to the evolu-
tionary ancestry of ESCRT-III proteins.
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Abstract

Cryo Electron microscopy (cryo-EM) is a powerful technique to solve three dimensional
structures of macromolecules. Since the implementation of direct electron detectors, it is
possible to solve structures of large proteins (> 50 kDa) with near atomic resolution. De-
spite the major advances of cryo-EM, this technique is still limited by the size of particles,
which is critical to reach high resolution reconstructions.

In order to overcome this problem, small or medium sized proteins can be coupled to
large references like a ribosome (~ 2.5 MDa). Taking this strategy into account, we de-
signed a construct with a modified arrest peptide (SecMstr) at the C-terminal end of the
medium sized multi-domain protein, namely the phosphoglycerate kinase (PGK ~ 45
kDa). The arrest peptide is responsible for keeping the nascent polypeptide chain at-
tached to the ribosome. All together, we were able to demonstrate that it is possible to
obtain an intermediate resolution cryo-EM density which corresponds well to the ex-
pected fold of native three-dimensional structure of this medium sized protein.

At this point, the resolution is still far from atomic resolution (~ 6 — 10 A). However, the-
se promising results open up new opportunities for further improvements and could rep-
resent a more general strategy of solving small protein structures using cryo-EM.
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Abstract

We present the design and performance of an ultra-high vacuum (UHV) scanning tunnel-
ing microscope (STM) that uses adiabatic demagnetization of electron magnetic moments
for controlling its operating temperature in the range between 30 mK and 1 K with the
accuracy of up to 7 pK [1]. The time available for STM experiments at 50 mK is longer
than 20 h, at 100 mK about 40 h. The single-shot adiabatic demagnetization refrigerator
(ADR) can be regenerated automatically within 7 hours while keeping the STM tempera-
ture below 5 K. The whole setup is located in a vibrationally isolated, electromagnetically
shielded laboratory with no mechanical pumping lines penetrating through its isolation
walls. The 1K pot of the ADR cryostat can be operated silently for more than 20 days in a
single-shot mode using a custom-built high-capacity cryopump. A high degree of vibra-
tional decoupling together with the use of a specially-designed minimalistic STM head
provides an outstanding mechanical stability, demonstrated by the tunneling current
noise, STM imaging, and scanning tunneling spectroscopy measurements all performed
on atomically clean Al(100) surface.

[1] T. Esat, P. Borgens, X. Yang, P. Coenen, V. Cherepanov, A. Raccanelli, F. S. Tautz, and R. Temirov, “A

millikelvin scanning tunneling microscope in ultra-high vacuum with adiabatic demagnetization refrigera-
tion,” (2021), arXiv:2103.11945 [physics.ins-det]
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Abstract

Evolving the Argonne p steradian detector [1], the X-ray Perimeter Array Detector (XPAD)

combined with a custom electron optical pole piece (ZTwin) has improved upon the

performance of conventional solid state x-ray detectors in Argonne’s Analytical PicoProbe

Electron Microscope which is located in the ANL Materials Design Laboratory and

achieved First Light on December 17th of 2020. Using a 60 mm? SDD system in a Tecnai

F20 as a reference level (1x), we have measured that the XpPAD improvement is greater

than 20 times the 60 mm? SDD system and more than 6x the performance of a Quad 30

mm? system in a Talos FX20, both exceeds the performance metrics of the original p ste-

radian detector, reaching Argonne’s design target. Due to the increased collection effi-

ciency of the XpaAD, there is also a corresponding improvement in the minimum detecta-
ble mass fraction where a ten fold improvement has been measured [2]. Additional work

is in progress to further delineate the performance metrics and will be discussed [3].

[1] Argonne National Laboratory. (2010). High collection efficiency X-ray spectrometer system with integrated
electron beam stop, electron detector and X-ray detector for use on electron-optical beam lines and mi-
croscopes, US Patent 8,314,386

[2] Zaluzec N.J. submitted Microscopy and Microanalysis 2021

[3] This work was supported by the Photon Science Directorate and Laboratory Directed Research and De-
velopment (LDRD) funding from Argonne National Laboratory, provided by the Director, as well as the Of-
fice of Science, of the U.S. Department of Energy under Contract No. DE-AC02-06CH11357. It was also

supported in part by CRADA #01300701 between Argonne National Laboratory and ThermoFisher Scien-
tific Instruments.



NANOSCALE THERMOMETRY OF SOLIDS AND LIQUIDS
USING IN-SITU STEM

L Bhatt, B Sapkota, F Lagunas, S Ogut, and R F Klie
Department of Physics, University of Illinois at Chicago, Chicago, IL 60607, USA
Abstract

Thermal management and heat dissipation are important limitation towards faster and
more compact electronic devices. Specifically, interfaces, defects and surfaces can act as
heat traps and sources of local strain due to a mismatch in the thermal expansion coeffi-
cient, which will lead to device failure or the formation of temperature induced defects.
While TEM provides an excellent probe to measuring the local atomic and electronic
structures, there is no direct approach to determine the temperature on a similar length
scale. To date, nanoscale thermometry is carried out either through scanning probe mi-
croscopy-based (SPM-based) techniques like scanning thermal microscopy or non-contact
optical methods, such as Raman, fluorescence, and luminescence thermometry.

In this contribution, we utilize atomic-resolution imaging and electron spectroscopy in an
aberration-corrected scanning transmission electron microscope (STEM) to characterize
the thermal properties of 2D materials, including pristine and allowed transition-metal
dichalcogenides, as well as graphene liquid cells [1] during in-situ heating and cooling
experiments. We use the aberration-corrected JEOL ARM200CF at the University of Illi-
nois at Chicago, equipped with a cold-field emission electron source and a Gatan Contin-
uum GIF. In-situ experiments will be carried out using the Protochips Aduro and Gatan
cooling stages, which provide the stability to perform atomic-resolution analysis in the
temperature range of 90 K - 1000 K.[2] The experimental data is then compared to our
first-principles modeling results.[3,4,5]

[1] Wang, C., Q. Qiao, T. Shokuhfar, and R.F. Klie, Advanced Materials, 26 3410-3414 (2014)

[2] Rui, X. and R.F. Klie, Applied Physics Letters, 114(23), 233101 (2019)

[31 Hu, H. etal., Physical Review Letters, 120, 055902 (2018)

[4] Hu, X. etal., Small, 16(3), 1905892 (2020)
[5] This work was supported by the National Science Foundation (DMR-1831406).
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Abstract

Transmission Electron Microscopy (TEM) has been widely used on particles size distribu-
tion characterization, particularly with nanostructured samples and in cases that require
complementary high-resolution techniques — such as chemical mapping or localized dif-
fraction analysis. Among the numerous applications examples are the quality control on
catalysts synthesis and the metallic alloys development by precipitates optimization.

Traditionally, particles size distribution characterization with TEM involves lengthy imag-
ing experiments to support a fair statistical representation of the sample, and extensive
image analysis for features identification and measurement. For this reason, TEM is often
regarded as an ineffective and expensive approach for the purpose and only recom-
mended in case alternative techniques such as Scanning Electron Microscopy (SEM), X-
ray diffraction (XRD) techniques and Dynamic light scattering (DLS) are not applicable.

This presentation features recent instrumentation advances that allow for automated
TEM imaging and chemical mapping experiments, and simultaneous data analysis by cus-
tomizable algorithms for flexible features detection. Results indicates successful unat-
tended TEM imaging experiments and data analysis with high yield (>6000 particles / 10
minutes), and advanced nanoparticles characterization by combining scanning TEM
(STEM) imaging, X-rays Energy Dispersive Spectroscopy (EDX) mapping, and Artificial
Intelligence (AI) data analysis methods already integrated to an easy-to-use workflow.
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Abstract

Semiconducting quantum dots (QD) have three dimensional strain fields. These strain
fields influence the optical and electrical properties. The phase measured by means of
dark-field electron holography (DFEH) contains information about the displacement fields
[1]. Inhomogeneous displacement fields in electron beam direction cause a non linear
phase behaviour under dynamical diffraction conditions like already shown in previous
papers [2, 3]. This phase depends on the specimen thickness, the excitation error, the
extinction length and the depth of the inhomogeneous displacement field in the speci-
men. This dependency also creates a possibility to determine the structural properties of
heterostructures in electron beam direction.

To determine the depth of InggoGag0As QD surrounded by GaAs in the specimen dark-
field holograms are recorded using the (400)-reflection under variation of the excitation
error. The measured phases are compared with multi-beam calculations using spherical
precipitates as a model. We assume the displacement fields of the spherical precipitates
are comparable to the QD’s displacement field in the wider area of the dot. These calcu-
lations are done by numerical propagation of the Darwin-Howie-Whelan equations for the
same excitation conditions as found in the experiment. In order to determine the depth
of the precipitate the phases obtained for different excitation errors have to be unique for
every depth in the specimen. By comparing the measured and calculated phases the best
fit is found and the depth of the QD is determined.

We additionally investigated the influence of surface relaxation effects in quantum well

(QW) structures. The dark-field phase of the (220)-reflection is measured for a 45° in-

clined Ing;sGag7sAs quantum well embedded in GaAs. The QW has a larger lattice con-

stant than the GaAs, thus relaxation effects at the specimen surfaces are expected. Com-

paring the measured dark-field phases a better match is found for calculations additional-

ly including the surface relaxation effects. This shows the importance of the consideration

of relaxation effects in the holographic analysis of specimens with strained surfaces.

[1] M. Hytch, F. Houdellier, F. Hie, E. Snoeck, Dark-field electron holography for the measurement of geo-
metric phase, Ultramicroscopy 111 (2011) 1328-1337

[2] A. Lubk, E. Javon, N. Cherkashin, S. Reboh, C. Gatel, M. Hytch, Dynamic scattering theory for dark-field
electron holography of 3D strain fields, Ultramicroscopy 136 (2014) 42

[31 L MeiBner, T. Niermann, D. Berger, M. Lehmann, Dynamical diffraction effects on the geometric phase of
inhomogenous strain fields, Ultramicroscopy 207 (2019) 112844
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Abstract

The Ménch is a (S)TEM add-on that has been designed to serve as a Cathodolumines-
cence (CL) detector with unprecedented signal-to-noise ratio and spectral resolution. It is
used to measure simultaneously ultra high-resolution images and emission hyperspectral
maps of individual nano-particles, quantum dots or atomic defects. The design behind
the Moénch has a solid publication track record, which includes reports on nano-
plasmonics, quantum nano-optics, simultaneous measurements of Cathodoluminescence
and Electron Energy Loss Spectroscopy (EELS), non-linear spectroscopy of individual
quantum wells and more [1]. Among the most recent examples, a combination of EELS
and CL revealed nanometre resolved optical properties of h-BN/WS2/h-BN heterostruc-
tures, which were directly correlated to chemical and structural information [2].

Current developments, which include a collaboration with Jalich Forschungszentrum, aim
at going even further by extending the capabilities of the Ménch to provide a versatile
platform that can be used either to collect or inject light. Electron Energy Gain Spectros-
copy (EEGS) [3] is an example of measurements that were performed by injecting light
with the Mdnch.

[1] M. Kociak and L. Zagonel, Ultramicroscopy 174, 50 (2017)

[2] Bonnet et al., avarXiv:2102.06140 (2020)
[3] Das et al., Ultramicroscopy, 203, 44 (2019)
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Abstract

The optical shaping of free-electron beams enables a broad range of applications, from
efficient free-space acceleration [1] and attosecond bunching of electrons [2] to the im-
plementation of laser-driven phase plates [3,4] and beam splitters [5]. Despite recent
progress towards phase-matched and high-efficiency coupling [8,9], inelastic electron
light scattering (IELS) typically requires femtosecond high-intensity laser pulses, prohibit-
ing active beam control in state-of-the-art continuous-beam electron microscopes.

Here, we demonstrate IELS on a CW-pumped SisN4s microresonator with a Q-factor of
>10°, achieving an unprecedented high coupling to a continuous electron beam.

In a custom modified Schottky-field-emission TEM [10], a continuous electron beam in-
teracts with the optical whispering gallery mode confined in a fiber-coupled SisN4 micro-
resonator chip (fabricated in the photonic Damascene process [11], linewidth of ~70 MHz
and free spectral range of ~1 THz for the quasi-TM fundamental mode). When the CW
laser is tuned to a resonance of the cavity, the initially narrow energy distribution is sig-
nificantly broadened up to about 150 eV, indicating a strong temporal sinusoidal phase
modulation. The interaction strength between the electrons and the evanescent cavity
field is spatially mapped and we discuss the potential application as a versatile temporal
phase plate for electrons.

We envision a new class of active electron-optical elements for TEM based on IELS,
building on state-of-the-art integrated photonics.

[1] R.J. England et al., Rev. Mod. Phys. 86, 1337-1389 (2014).

[2] K. E. Priebe et al., Nat. Photonics 11, 793 (2017).

[3] O. Schwartz et al. Nat. Methods 16, 1016-1020 (2019).

[4] G. M. Vanacore et al., Nat. Mater. 18, 573-579 (2019).

[5] A. Feist et al., Phys. Rev. Research 2, 043227 (2020).

[6] B. Barwick, D. J. Flannigan, and A. H. Zewail, Nature 462, 902 (2009).
[71 F.J. Garcia de Abajo, et al., Rev. Mod. Phys. 82, 0034-6861 (2010).
[8] O. Kfir et al., Nature 582, 46—49 (2020).

[9] K. Wang et al., Nature 582, 50-54 (2020).

[10] A. Feist et al., Ultramicroscopy 176, 63 (2017).

[11] 3. Liu et al., Optica 5, 1347-1353 (2018).
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Abstract

Computer simulations are used to assess the influence of a 20nm thick SiN, membrane
on the quantification of atomic-resolution annular dark-field (ADF) scanning transmission
electron microscopy images of Pt nanoparticles. The discussions include the effect of dif-
ferent nanoparticle/membrane arrangements, accelerating voltage, nanoparticle thick-
ness and the presence of adjacent atomic columns on the accuracy with which the num-
ber of Pt atoms in each atom column can be counted. The results, which are based on
the use of ADF scattering cross-sections, show that an accuracy of better than a single
atom is attainable at 200 and 300 kV. At 80kV, the scattering in a typical SiNy membrane
is sufficiently strong that the best possible atom counting accuracy is reduced to +/- 2
atoms. The implications of the work for quantitative studies of Pt nanoparticles examined
using SiNx membranes will also discussed.
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Abstract

Many electronic devices, like transistors and batteries, have built-in nano-scale electric
fields, whose quantitative characterization is desired. Four-dimensional scanning trans-
mission electron microscopy (4DSTEM) facilitates measuring those fields by determining
the diffraction pattern’s shift in the center of mass (COM) [1, 2] which is approximately
proportional to the electric field [3]. The challenge here is that the existence of a COM
shift does not prove the existence of a field, because of the COM’s sensitivity to other
factors.

The objective of this study is to quantify COM-influencing factors in order to measure
built-in electric fields via 4DSTEM and to predict optimal experimental parameters. To
accomplish this, STEM simulations including nano-scale electric fields are carried out us-
ing the STEMsalabim code [4] which is based on the multislice algorithm [5]. This ap-
proach facilitates the analysis of individual parameters and reveals their effect on the
COM. In a first case study, a GaAs p-n junction is investigated, at whose characteristic
depletion region an electric field forms [6]. To determine the influence of the built-in
field, the corresponding voltage is included in STEM multislice simulations. Simulation
series are done for the three cases of including only atomic scattering, only scattering at
the built-in voltage, and a combination of both. From the simulated COM then the electric
field and the electric potential are calculated.

Our results show the capability of the presented method to correctly include the deflec-
tion of electrons due to long-range electric fields in STEM simulations. Furthermore, the
dependence of the measured field on the specimen thickness, the probe convergence
angle, and other factors is investigated which allows to propose optimal experimental
conditions. This study shows the necessity for complex image simulation studies and is a
promising approach to improving the quantitative measurement of nano-scale electric
fields via 4DSTEM. The simulated results will be compared to experimental COM data sets
acquired using a pnCCD camera in a double Cs-corrected Jeol JEM 2200FS.

[1] Beyer, A., et al., Nano Letters 21(5) (2021): 2018-2025.

[2] Gao, W., et al., Nature 575.7783 (2019): 480-484.

[3] Miiller, K., et al., Nature communications 5.1 (2014): 1-8.

[4] Oelerich, J. 0., et al., Ultramicroscopy 177 (2017): 91-96.

[5] Kirkland, E. J., Advanced computing in electron microscopy. Springer Science & Business Media, 2010.
[6] Neudeck, G. W., The PN junction diode. No. 2. Addison Wesley Publishing Company, 1983.
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Abstract

When comparing commonly used oxide catalytic supports such as alumina and titania,
numerous material properties are changing including symmetry, surface chemistry and
electronic structure. As a result, it is very difficult to assign one or two of these as the
undisputed driver of performance changes observed in catalysis. In this work, we over-
come this hurdle using structurally similar LnScOs (Ln = La, Sm, Nd) nanoparticle sup-
ports that are synthesized to have cuboidal shapes [1,2]. These supports were observed
to have a similar, Sc rich, surface reconstruction [3] using a combination of aberration
corrected transmission electron microscopy (acTEM) and X-ray photoelectron spectrosco-
py. Depositing Au nanoparticles onto these supports and using them to catalyze CO oxi-
dation, we observe no change in the activation energy of the reaction but do find a dif-
ference in the rate. Additional acTEM characterization indicates thermodynamic similari-
ties in these nanoparticles as well, as the degree of particle wetting is similar across all
samples.

We attribute the static activation energy to the structural, thermodynamic, and chemical
similarities observed at the active sites. The rate differences are connected to the
strength of CO, binding to the support surface as demonstrated by temperature pro-
grammed desorption measurements on the blank supports. The ability of these supports
to dilute the number of independent variables as demonstrated through advanced char-
acterization lays a foundation for future studies with various reactions and metals to give
insight towards which material properties dictate catalytic performance.

[1] Paull, R. J.; Ly, T.; Mansley, Z. R.; Poeppelmeier, K. R.; Marks, L. D. Crystals 2019, 9, (4).

[2] Paull, R. J.; Mansley, Z. R.; Ly, T.; Marks, L. D.; Poeppelmeier, K. R. Inorg Chem 2018, 57, (7), 4104-

4108.
[3] Mansley, Z. R.; Mizzi, C. A.; Koirala, P.; Wen, J. G.; Marks, L. D. Phys Rev Mater 2020, 4, (4).
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Abstract

The group-III nitride semiconductors have been widely used in lighting devices. With the
higher size demands for integrated devices, the group-III nitride semiconductors would
suffer strain while working. Strain-induced band gap change in group-III nitride semicon-
ductors have been investigated at both tensile and compressive strain [1, 2]. The change
of surface state and donor ionization energy under strain could induce the change of
electrostatic potential. The change of all parameters induced by strain is a lack of sys-
tematic investigation.

A Si-doped GaN buffer epitaxially grown on a c-plane GaN substrate, between which
there is a thin layer of higher Si-doped GaN. For off-axis electron holographic TEM meas-
urement, a wire with a rectangular cross-section was prepared in a focused ion beam
(FIB) system. The longitude direction of the wire is the c-axis of wurtzite GaN. Using a
NanoFactory holder, mounted with an electrochemically etched tungsten needle, the GaN
wire can be bent in-plane. In the bent wire, one side is under tensile strain, while the
other side is under compressive strain. The phase shift of both sides can be obtained by
reconstructing the holograms. Then the electrostatic potential can be calculated.

The higher Si-doped GaN layer has a higher phase shift, forming a peak compared to
GaN buffer and GaN substrate. The peak height (the difference between the peak and
GaN buffer) varies at tensile and compressive strain, indicating that the change of elec-
trostatic potential at different doping concentration has different values. The peak height
under strain is higher than unstrained status, and the tensile side is higher than the com-
pressive side, indicating that (1) under strain, higher doping concentration induces larger
change on electrostatic potential, (2) the electrostatic potential changes to the same di-
rection at both tensile and compressive strain, and (3) the electrostatic potential changes
larger under tension than compression. With theoretical calculation, we reveal how much
donor ionization energy changes. The donor ionization energy goes closer to, even into
conduction band under strain. Tensile strain, as well as larger strain, induces more signif-
icant ionization energy change.

[1] Q.Yan, P. Rinke, A. Janotti, et al. Phys. Rev. B 90, 125118 (2014).
[2] Y. Cui, S. Lee, C. Freysoldt, et al. Phys. Rev. B 92, 085204 (2015).
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Abstract

We present a methodology to quantify polarization and electron affinity changes at inter-
faces by combining scanning tunneling spectroscopy, off-axis electron holography in
transmission electron microscopy (TEM), and self-consistent calculations of the electro-
static potential and electron phase change. We use a precisely knowngrown-in doping
structure to calibrate the surface potential of the TEM lamella and thereby achieve a
quantitative analysis of electron phase changes measured by off-axis electron holog-
raphy. Using this calibration, we deduce quantitatively polarization and electron affinity
changes for Aly gsGag.oaN/GaN and InggsGag.gsN/Alg.0sGap 94N interfaces. The latter inter-
face reveals, as expected, biaxial relaxation as well as polarization and electron
affinity changes. However, at the AlyosGagesN/GaN interface anomalous lattice re-
laxations and vanishing polarization and electron affinity changes occur, whose
underlying physical origin is anticipated to be total energy minimization by the min-
imization of Coulomb interactions between the polarization-induced interface charges.
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Abstract

Electron energy loss spectroscopy (EELS) and energy dispersive spectroscopy (EDX) are two
broadly used techniques in transmission electron microscopy which are sensitive to the chemical
composition of the investigated materials. Both measurement techniques share the fact that excita-
tions of atomic states are involved. Indeed, for every X-ray emitted there was at least one electron
that gave part of its energy to excite the atom in the first place, and therefore one could imagine
that they convey very similar information. However, current EDX detectors have a relatively low en-
ergy resolution (100 eV) where for EELS energy resolutions of 1eV are easily accessible. On the oth-
er hand, EELS suffers from a large background signal making it hard to detect low concentration
elements. Since the two signals originate from the same process, the information on the time-of-
arrival of both electrons and x-rays can be exploited in order to select only electrons and X-rays com-
ing from the same process hence significantly reducing the background signal. The idea of observing
such temporal correlations has previously been applied by Kruit et al[1] making use of real time
event filtering and serial EELS acquisition. In the present work, we demonstrate the capability of
detecting the single electron events with a time resolution of 1.6 ns by using a Timepix3 detector{2],
which was placed at the end of a spectrometer. The single x-ray detection was performed using a
Super-X-EDX detector setup where a digital pulse processor was used to detect the time-of-arrival
and energy. This setup shows the potential to improve the signal-to-background ratio of the EEL
spectrum and revealing the inelastic scattered electrons coming from low abundance elements in a
matrix of majority elements [3]. This is achieved by selecting only the electron events which have an
X-ray detected inside the time coincidence window, which is determined by the time resolution of
the detection setup. This method is different from previous setups as every single event is detected
and timestamped. After the acquisition, the offline data treatment can be performed giving not only
access to the time correlated data but also to the conventional EEL and EDX spectra. Finally, the
setup is improved in order to synchronize the incoming electron beam with the two detectors giving
the ability to add spatial information to the coincidence data [4]. We will demonstrate the latest re-
sults on this setup while extrapolating its possibilities for future materials science.

[1] P. Kruit, H. Shuman, and A. P. Somlyo. Detection of X-rays and electron energy loss events in time coincidence. Ultramicros-
copy, 13(3):205-213,1984.

[2] X. Llopart et al, Timepix, @ 65k programmable pixel readout chip for arrival time, energy and/or photon counting measure-
ments, Nud. Instr. And Meth. A 581 (2007) 485-494

[3] D. Jannis, K. Mtiller-Caspary, A. Béché, A. Oelsner and, J. Verbeeck, Spectroscopic coincidence experiments in transmission
electron microscope, Appl. Phys. Lett. 114, 143101 (2019)

[4] The scan engine was designed by M. Tencé and M. Kociak from Université ParisSud, France. The device is currently being
commerdialised by Attolight. More in-formation can be obtained onhttps://attolight.com

[5] D.J., AB. and J.V. acknowledge funding from the Flemish Research Fund FWO under project no. G093417N and G042920N,
J.V. acknowledges funding from ESTEEM3, K.M.-C. acknowledges funding from Helmholz grant VH-NG 1317 and FWO
G042920N.
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Abstract

The semiconducting Quantum Dot (QD) has potential applications in light-emitting
diodes, single-photon sources and quantum computing due to shape-dependent (opto)
electronic properties. Atomic resolution 3D-structure determination is important in
understanding growth kinetics and improving device performance. 3D-reconstruction of
large QDs was reported using characterization techniques like atomic force microscopy,
atom probe tomography and tilt series electron tomography but, still, atomic resolution
tomography of QD specially sized below 10 nm is a challenge. Inline-3D-holography is an
emerging and promising technique to perform atomic resolution tomography at low
electron dose. In the present study, atomically resolved 3D structures of QDs were
reconstructed using Inline-3D-holography, implemented on InN QDs (<10 nm) grown on
a Si substrate. The residual amorphous glue distorts the exit surface geometry; hence an
error correction method was proposed. This is the first experimental evidence of pre-
pyramid shaped 3D structure of QD sized below 10 nm that supports theoretical
predictions.

[1] P. Banerjee, C. Roy, J. J. Jiménez, F. M. Morales and S. Bhattacharyya, Nanoscale, 2021, DOI:
10.1039/D1NR00466B
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Polycrystalline material are comprised of an intricate network of humerous types of grain
boundaries (GBs). GBs are the interfaces separating individual crystals and their atomic
structure differs from the adjoining bulk crystals. The distinct atomic nature of GBs con-
trols their properties like mobility, cohesive strength and sliding resistance, which in turn
have an enormous impact on bulk properties. Therefore, understanding the structure of
these interfaces and the way they influence properties can be a key to engineer novel
alloys.

During grain growth of Al thin films on sapphire, it was indicated that >3 [111] tilt
boundaries in domains with orientation relationship II (ORII) have a higher mobility than
that in ORI [1]. One possibility for such behaviour is the existence of multiple states of
the incoherent 23 twin boundaries that may lead to different interfacial properties, which
ultimately affect grain boundary migration at high temperature. However, a direct corre-
lation between the atomic structure of different structural states of >3 [111] tilt GBs and
their effect on properties is still lacking.

In the present study, the microstructural features (grain size, grain orientation, CSL type
and distribution) of Al thin films on sapphire were characterized by electron backscatter
diffraction. In-plane site specific TEM specimens from pre-examined thin films were ex-
tracted by plasma FIB to study the local atomic structure of 23 [111] (211) GBs from
both ORs by using advanced transmission electron microscopy (TEM) techniques. Scan-
ning TEM (STEM) reveals that despite having the same macroscopic degrees of freedom,
two different atomic motifs of the symmetric incoherent 23 tilt boundary are observed for
two ORs. The structure of 23or; and Z3qrp Ccan be divided into sub-units COEC] and
GO, respectively. The E unit exhibits a square shape and the G unit adopts a hexagon
shape. The asymmetric variant of 230ry; revealed a large number of facets having length
greater than 50 nm. These large facets consists of two different types of disconnections
(Type A and Type B) along the boundary while 230g; is comprised of a single disconnec-
tion (Type A) along the boundary and no large facets are observable. The different struc-
tural states of incoherent 23 [111] twin boundaries will be explored in terms of their mi-
croscopic degrees of freedom and implications on interface properties will be discussed.

[1] Hieke, Stefan Werner, et al. "Microstructural evolution and solid state dewetting of epitaxial Al thin films
on sapphire (a-Al203)." Acta Materialia 133 (2017)
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Abstract

The production of quasicrystal powders by gas atomization has been commercialized.
Among various quasicrystals synthesized, Al-Cr-Fe and Al-Cu-Cr-Fe quasicrystals are very
promising materials for coatings and reinforcements in composites due to their high
hardness, good wear and corrosion resistance and the relatively low cost of their constit-
uent metals [1]. As these quasicrystals are metal based, the behavior of bonding be-
tween the quasicrystalline reinforcement phase and the metal matrix is superior to that
for ceramic phase reinforced metal-matrix composites. However, long duration sintering
can result in phase changes and decrease the beneficial properties of the quasicrystals in
the composites.

In our study, we employed spark plasma sintering to shorten the heating duration for the
Al-Cr-Fe and Al-Cu-Cr-Fe quasicrystal powders and thus minimize the chance of phase
changes when fabricating quasicrystalline reinforced composites. The phases of the sin-
tered compacts were analyzed using x-ray diffraction. The microstructure of the quasi-
crystalline phases was further studied using high resolution transmission electron micros-

copy.

Experimental results showed that even when the heating duration was as short as
30mins during spark plasma sintering at 650°C, phase changes could still occur. X-ray
diffraction patterns showed peaks from the decagonal Al-Cr-Fe phase while HRTEM im-
ages revealed that in decagonal Al-Cr-Fe quasiperiodic planes were periodically stacked
along the 10-fold axis with a periodicity of about 1.2nm. Spark plasma sintering of icosa-
hedral Al-Cu-Cr-Fe and pure Al blended powders was conducted at 450°C for 10mins and
no phase change was detected using X-ray diffraction or high resolution electron micros-
copy. This implies that spark plasma sintering is effective in fabricating quasicrystal rein-
forced Al-based composites.

[1] V Demange, J Anderegg, J Ghanbaja, F Machizaud, D Sordelet, M Besser, P Thiel and J Dubois, Applied
Surface Science 173 (2001), p 327-338.
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Abstract

Nanocrystalline titania has recently attracted much attention due to its modified material
properties and chemical reactivity [1]. Four polymorphs of TiO, existing at ambient condi-
tions are rutile, anatase, brookite and TiO,-II, the only quenchable high-pressure phase
with the a-PbO, structure. The most common and studied of the four crystal structures
are anatase and rutile, with brookite being commonly overlooked mostly due to the diffi-
culty in its preparation and purification [2], and TiO,-II due to the need of high pressures
for its synthesis [3].

In this work we present the results of our study of four titania polymorphs phase rela-
tions in extreme hydrothermal conditions (2 MPa to 6 Pa and 100 — 300 °C) and their
morphologies after recovery. So obtained titania was characterised by transmission elec-
tron microscopy, powder X-ray diffraction, Raman and FTIR spectroscopies. Aberration-
corrected STEM EELS in combination with principle component data treatment were used
in order to understand the nanostructure of particles.

Pure nanocrystalline brookite was afforded at 2 GPa and 100 °C with the mean particle
size of 6.3 nm. Aberration-corrected STEM EELS revealed that all samples synthesized up
to 1 GPa at 100 °C had core-shell situation with brookite being the inner and anatase the
outer layer of the spherical particles. Rutile-TiO,-II phase boundary was extended to-
wards lower p-T ranges and pure TiO,-II was afforded at as low as 5 GPa and 285 °C
with mean particle diameter being 50 nm.

The conditions used in this work are viable for industrial production settings and can be
utilized at large-scale synthesis. This opens up an opportunity for two more titania poly-
morphs for common use in industrial applications.

[1] Chen and Mao, Chem. Rev. 2007, 107, 2891-2959

[2] Lee et. al., Mater. Lett. 2006, 60, 1179-1183
[3] Spektor et. al., Jour. Of Sol. St. Chem. 2013, 206, 209-216
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Abstract

Narrow bandwidth light sources, such as laser sources, represent an excellent tool to probe optical
excitations in atoms, molecule and nanostructures with high spectral selectivity. However, the free-
space light dispersion imposes severe limitations to this kind of sources when far-field optics is em-
ployed unless more elaborated schemes are used. In this scenario, electron beams hold the promise
of overcoming such limit thank to the evanescent components, carried by the electric field produced
by a charged moving particle, which are able to excite optical transitions with a spatial resolution only
limited by the electron lateral size, now reaching the sub—f\ngstr('jm regime in state-of-the-art electron
microscopes. Unfortunately, since such electric field spans a broad range of frequencies, spectral se-
lectivity is lost and quasi-monochromatic electrons need to be employed to retrieve energy loss spec-
tra (EELS) by performing a post-selection of the scattered probes. Interestingly, the recent field of
ultrafast transmission electron microscopy (UTEM) is attempting to reconcile techniques exploiting
light and e-beams separately with the aim of converging toward an experimental method able to
reach an unprecedent combined spatial, spectral and time resolution. In this regard, femtosecond
laser pulses are sent to excite sample optical excitations in synchronization with the time of arrival of
the electron, giving rise to an imaging technique with meV-fs-nm resolution, the so-called photon-
induced electron microscopy (PINEM). Here, stimulated quanta exchange between the electron and
the sample occurs, leading to a strong spectral structuring of the electron wave function. Such spec-
tral modulation has also been combined by a subsequent electron free-space propagation to produce
electrons whose density is formed by a train of attosecond pulses. In a broader context, the ability of
shaping electron beams has stimulated recent theoretical studies predicting the possibility of achiev-
ing control over the density matrix of excitations supported by the sample via the interaction with
modulated free electrons as well as the prediction that cathodoluminescence (CL), produced by
PINEM-modulated electrons, bears coherence with the same modulating laser which may be revealed
in an interferometric setup.

In our study [1], we analyze the modulation of the light intensity in the far-field produced by the in-
terference between the scattered electric field produced by a dimmed laser and the one produced
through the interaction of a previously modulated electron. We show that the total signal is composed
by coherent and incoherent contributions. In addition, we find that by tuning amplitude and polariza-
tion of the external laser pulse and by modulating the electron by a PINEM interaction, the former can
be completely cancelled leading to a partial suppression of the total emission probability measured in
the far-field. We speculate that electron modulations approaching the point-particle limit lead to a
complete suppression of the far-field emission. Our results may open new routes toward coherent
control of optical excitations at the atomic scale as well as toward a spectroscopic method with a time
resolution only limited by the detector spectral window.

[1] V. Di Giulio, Ofer Kfir, Claus Ropers, and F. . Garcia de Abajo, ACS Nano (in press), (2021)
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Abstract

HfO, is of interest for use as an insulating layer in ReRAM devices due to its low fabrica-
tion cost and high dielectric permittivity. Primary attention has focused on amorphous
and polycrystalline HfO, films [1-3]. In contrast, single crystalline HfO, can exhibit multi-
ple polymorphs and undergo transformations between different phases during growth

[4].

Here, we use advanced transmission electron microscopy (TEM) to study local crystal
structures and orientations in single crystalline HfO, layers in ReRAM devices. High-
resolution TEM and high-angle annular dark-field imaging are used to determine the crys-
tallinity and atomic arrangement in the layers, while annular bright-field imaging and in-
tegrated differential phase contrast are used to image oxygen atomic columns. Further-
more, position averaged convergent beam electron diffraction based on scanning nano-
beam diffraction with a pixelated detector is used to distinguish between crystal struc-
tures that have similar atomic arrangements and the experimental results are compared
with simulations.

Single crystalline HfO, thin films in two different devices with the layer sequences
Pt/Ti/HfO,/ITO/YSZ and Pt/HfO,/ITO/YSZ are found to be single crystalline and epitaxial
across the entire region of each device. The Pt/Ti/HfO,/ITO/YSZ device contains three
monoclinic structures in [100], [010] and [001] orientations, whereas the
Pt/HfO,/ITO/YSZ device contains orthorhombic and cubic-like phases, in addition to
monoclinic [010] and [001] orientations.

[1] P. Calka et al. Nanotechnology 24.8 (2013)

[2] S. Privitera et al. Solid-State Electronics 111 (2015)

[3] L, Chao et al. Advanced Materials 29.10 (2017).
[4] J. Kang et al. Physical Review B 68.5 (2003).
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Abstract

In this contribution, we will present results on optical and structural properties of a
monolayer of semiconducting transition metal dichalcogenide (TMD) encapsulated with
hexagonal boron-nitride (h-BN), at the tens of nanometers scale. The strength of this
work is the correlation of optical spectra at the nanoscale with structural and chemical
maps. It connects information usually available separately from optical diffraction-limited
techniques, such as photoluminescence (PL) [1], and from high-resolution techniques,
such as electron microscopy [2] or scanning tunneling microscopy [3].

To achieve this, we used combined high spatial and spectral resolution techniques in a
scanning transmission electron microscope (STEM). Electron energy loss spectroscopy
(EELS) was used to obtain optical absorption (low-loss range) and chemical analysis
(core-loss range). Cathodoluminescence (CL), a nanoscale counterpart of PL [4], was
used to measure light emission at the tens of nanometers scale. The two types of spec-
tral data were acquired in the same regions. This gave access to, for example, the local
Stokes shift, which is the difference between absorption and emission energies. It can
give information about the physical mechanism involved in the absorption and emission
processes [1]. In addition to these spectral measurements, spatial information was gath-
ered using whether atomically-resolved imaging or local strain measurements.

Using these combined techniques, we could measure localized emissions from excitonic
complexes in WS, monolayers maintained at 150 K, with bright spots as small as few
tens of nanometers. The localization of such bright spots was linked to the chemical envi-
ronment, displaying small patches of contaminants (such as C, O, N, or Si), probably
coming from sample preparation [5].

[1] Kolesnichenko et al. 2D Mater. 7 025008 (2020)

[2] Chang et al. Appl. Miscosc. 49, 10 (2019)

[3]1 Schuler et al. Sci. Adv., 6, eabb5988 (2020)

[4] Kociak and Zagonel, Ultramicroscopy, 176, 112-131 (2017)
[5] Bonnet et al. arXiv :2102.06140 [cond-mat.mes-hall]



DIRECT EVIDENCE OF AN Al ALLOYED SiN, INTERLAYER
WITHIN AN AMMONIA PREDOSED AIN/Si
INTERFACE VIA STEM-EELS

Simon M Fairclough$, Alexander M Hinz®, Saptarsi Ghoshs,
Bogdan F Spiridons, David J Wallist," and Rachel A Oliver?

$Department of Material Science and Metallurgy, University of Cambridge,
27 Charles Babbage Road, Cambridge, CB3 OFS, United Kingdom
"Centre for High Frequency Engineering, University of Cardiff, Cardiff, CF24 3AA,
United Kingdom

Abstract

Gallium nitride (GaN) and its alloys with Aluminium (Al) and Indium have shown great
application within the electronic and optoelectronic fields due to their wide and tuneable
band gap, high defect tolerance within devices, high breakdown voltage and high satura-
tion velocity[1]. A cost effective route towards these devices has been to grow GaN on
Silicon (Si) substrates via metalorganic vapour phase epitaxy (MOVPE)[2]. These struc-
tures show good performance compared to GaN devices on other substrates such as
sapphire or silicon carbide, but do require an aluminium nitride nucleation layer and a
significant amount of subsequent strain management within the buffer layers to enable a
low wafer bow and to prevent wafer cracking[2].

Previous studies have shown that predosing the Si wafer surface with either trimethylal-
uminium (TMA) or ammonia before AIN growth can have an appreciable impact on wafer
bow[3]. Many questions still remain as to the importance and role of the predose in the
growth of the AIN and subsequent strain management. Previous electron microscopy
studies have inferred the formation of both amorphous and crystalline silicon nitride
(SiNx) interlayers, but with little compositional analysis due to the relatively large spatial
resolution of electron dispersive x-ray spectroscopy (EDS)[3]. Other studies have used
electron energy loss spectroscopy (EELS) which offers sub nm spatial resolution of the
interface, and has been used to great effect for compositional analysis within TMA pre-
dose studies[4,5].

In this study we investigate a series of samples with different durations of ammonia pre-
dose via EELS, to not only probe the composition of the interface, but also to obtain
chemical bonding information within this layer. Here we are able to show direct evidence
of a SiNy interlayer up to 5.3 nm thick with an ammonia predose time dependency, and
for the first time highlight an Al alloying of the SiN,[6].

[1] Amano, H. et al. Journal of Physics D: Applied Physics vol. 51 163001 (2018).
[2] Zhu, D., Wallis, D. J. & Humphreys, C. J. Reports Prog. Phys. 76, 106501 (2013).
[3] Li, Y. etal. CrystEngComm 20, 1483-1490 (2018).

[4] Radtke, G. et al. Appl. Phys. Lett. 100, 011910 (2012).

[5] Radtke, G. et al. Appl. Phys. Lett. 97, 251901 (2010).

[6] Ghosh,S. et al. ACS Appl. Electron. Mater. 3 (2), 813-824 (2021)
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Abstract

To achieve the climate neutrality goal by 2050 the targeted development of electrical
energy systems is of great importance [1]. Modern Li-ion batteries (LIBs) should provide
high energy and power density together with optimal weight to volume ratio, be safe and
cheap to maintain and propose long lifetime and stability [2,3]. To design the desired
materials one should have an in-depth insight into the structural arrangements at atomic
level.

Recently the development of layered Ni-rich Li[NixCoyMn(1-x-y)]O2 (NMC) cathodes has
helped to reduce the cost and to increase the charge capacity of LIBs. However, these
materials are known to have a very rich defect landscape. The so-called cation intermix-
ing with formation of anti-sites often takes place in these layered cathode materials: cati-
ons are found to sit in the initial positions of Li. In extreme cases the amount of cations
in Li position is close to the amount of cations in their initial columns- this effect is often
observed next to the particles surface [4].

Here we demonstrate that HADF-STEM imaging is of great use to characterise the NMC
at atomic level and to directly visualise the present defects. Beam sensitive materials can
be imaged in detail using the lowered dose and short dwell time. HR HAADF-STEM allows
to detect anti-sites where Ni, Co or Mn-cations take the Li sites. This structural modifica-
tion can result in blocking of Li pathways during the charge and discharge followed by
lowered performance of the batteries.

[1] European Commission Communication (COM(2019) 640) ‘The European Green Deal’

[2] Kim, UH, Park, GT, Son, B K et al. Heuristic solution for achieving long-term cycle stability for Ni-rich
layered cathodes at full depth of discharge. Nat Energy 5, 860-869 (2020).
https://doi.org/10.1038/s41560-020-00693-6

[31 Kim, UH, Ryu, H-H, Kim, JH et al, Adv. Energy Mater. 2019, 9, 1803902.
https://doi.org/10.1002/aenm.201803902

[4] Pimenta, V, Sathiya, M, Batuk, D et al., Synthesis of Li-rich NMC: A Comprehensive Study (2017).
https://doi.org/10.1021/acs.chemmater.7b03230
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Abstract

In this project a transmission electron microscope (TEM) is transformed into a generic
high-temperature electrochemical workstation. Here in situ TEM/STEM is combined with
electrochemical impedance spectroscopy (EIS). EIS is today one of the most powerful
characterization methods for distinguishing electrochemical resistances for different pro-
cesses (electronic conductivity, ionic conductivity, gas diffusion, catalytic reactions etc.)
[1]. With environmental TEM/STEM (ETEM/ESTEM) a specific nanoscale feature or inter-
face can be investigated and correlated with EIS measurements while applying an electri-
cal potential at elevated temperatures in a reactive gas environment. This is in contrast
to conventional EIS experiments that only give access to averaging information of many
grains or interfaces.

We are particularly focussing on solid oxide electrolysis cells (SOEC). This is a promising
technology for green energy storage that converts electrical energy from wind or solar
power to chemical energy, for example as H, and CO [2]. SOECs operate in reactive gas-
ses (O, H,O, CO,) at high temperatures, typically > 800°C). SOECs are composed of
hard and brittle ceramics. This can make it challenging to manipulate 100 nm thin cells
without breaking them. However, in situ characterization is needed because post mortem
electron microscopy does not give direct insight into time, temperature and electrical po-
tential dependencies of cell degradation.

We present different approaches for designing high-temperature electrochemical TEM
experiments. Our model SOECs are composed of materials commonly used in state-of-
the-art SOEC. The cells are prepared by pulsed laser deposition (PLD). In addition to full
cells, we work with electrospun nanofibers representing electrode or electrolyte materials
in an SOEC.

For the experiments, an ETEM is used in combination with custom-made and commercial
heating/biasing TEM holders and a potentiostat for measuring EIS data as well as I-V
response. We can observe segregation and grain formation, accelerated as a function of
temperature, and dependencies on gas environment. Structural degradations are ob-
served both as a response to heating and applied polarization.

Acknowledgment: The European Research Council is acknowledged for funding the pro-
ject High-temperature Electrochemical Impedance Spectroscopy Transmission electron
microscopy on energy materials — HEIST — ERC-STG 850850.

[1] M.J. Jgrgensen, S. Primdahl, M.B. Mogensen Characterization of composite SOFC cathodes using electro-
chemical impedance spectroscopy Electrochimica Acta, 44 (1999) 4195-4201

[2] N.Q. Mitili, M.B. Mogensen, Reversible Solid Oxide Fuel Cell Technology for Green Fuel and Power Produc-
tion, Interface. 22 (2013) 55-62.
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Abstract

High oxygen reduction reaction (ORR) activity has been considered for many years as the key to
many energy applications. Herein, we demonstrate two approaches how to exceptionally improve
the ORR of platinum nanoparticles (NPs). The first approach is based on combining theory and
experiment to prepare Pt NPs with optimal size for the efficient ORR [1]. Optimal nanoparticle
sizes are predicted near 1, 2, and 3 nm by computational screening. To corroborate our computa-
tional results, we have addressed the challenge of approximately 1 nm sized Pt nanoparticle syn-
thesis with a metal-organic framework (MOF) template approach. The electrocatalyst structure
will be demonstrated by a Cs-image corrected high-resolution transmission electron microscopy
(HR-TEM) and its ORR activity by rotating disk electrode setup measurement. The measured
mass activities (0.87 A/mgp) are close to the computational prediction (0.99 A/mgp). We report
the highest up to date mass activity among pure Pt catalysts for the ORR within similar size range
[1, 2]. The specific and mass activities are twice as high as the Tanaka commercial Pt/C catalysis
(0.42 A/mgp) [3]. The second approach is based on theoretical considerations that Pt NPs with a
degree of surface defects, e.g., containing surface concavities, can significantly enhance the cata-
lytic activity towards the ORR. Hence, we developed a one-step and up-scalable top-down ap-
proach to produce Pt/C catalyst (with ~3 nm Pt NP diameter) starting from a bulk Pt wire [4]. The
ORR activity of the developed catalyst exceeds that of the commercial Pt/C catalyst, ~2.7 times in
terms of specific (1.62 mA/cm?x at 0.9 V vs the reversible hydrogen electrode) and ~1.7 times in
terms of mass activity (0.71 A/mgg) [5]. Besides, the technique used here reduces the complexity
of the synthesis (and therefore production costs) compared to state-of-the-art bottom-up tech-
niques. The evidence of a high density of surface defects (including the surface concavities) of Pt
NPs will be demonstrated with use of the Ci-image corrected HR-TEM, high-resolution scanning
transmission electron microscopy (HR-STEM) and also STEM tomography, with which the surface
defects of the very small nanoparticles could be observed.

[1] M. Kociak & L. Zagonel, Ultramicroscopy 174, 50 (2017)

[2] Bonnetetal., avarXiv:2102.06140 (2020)
[3] Das et al., Ultramicroscopy, 203, 44 (2019)
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Abstract

In scanning transmission electron microscopy (STEM), sample tilt is a parameter that we
want to control for optimum imaging conditions. However, residual tilt cannot always be
eliminated because of the limited precision of the tilt stage and because it is partly due to
the sample geometry at interfaces or bent specimens. In this study, we present an auto-
mated method for measuring local crystal orientation from convergent beam electron
diffraction patterns. Using ultrafast cameras that record a diffraction pattern at each scan
position (4D STEM), mapping of crystal orientation over a field of view becomes possible.
The availability of tilt mapping has the potential to improve strain measurements [1],
spectroscopy at interfaces [2], and quantitative studies of bent samples that require local
sample tilt as input to simulations.

Central to our method is the detection of Kikuchi band crossings in diffraction patterns.
The distance of Kikuchi band crossings to the central beam of the incident probe is a
measure of out-of-plane inclination while a mutual change of azimuthal orientation of all
bands around a crossing indicates in-plane rotation. Band positions are determined from
peaks in azimuthal scans of an annular region at large scattering angles. This procedure
has been implemented in a fast computer program and can be automatically applied to a
series of patterns as recorded in a 4D STEM experiment.

Achievable accuracy and precision were investigated by simulations. For realistic parame-
ters related to the detector and electron dose used, the method was found to be accu-
rate within 0.1 mrad for the out-of-plane orientation and 5 mrad for the in-plane orienta-
tion for diffraction patterns averaged over a unit cell. The spatial resolution of this ap-
proach is limited by the lateral extent of probe propagation in the crystal. In case of e.g.
[110] Fe, the probe extends laterally over 5 unit cells at 40nm sample thickness.

The method is applied to 4D STEM data from a twin boundary in steel using an Electron
Microscope Pixel Array Detector (EMPAD) in a probe-corrected FEI Titan microscope op-
erated at an accelerating voltage of 200 kV. The analysis provides a map of position-
dependent local crystal orientation with unit cell sampling and reproduces the expected
in-plane rotation of 70.53° between the twins. Such an analysis is possible within
minutes and provides immediate insight into the presence of sample bending, strain
fields, and stacking faults that were not possible prior to the advent of momentum-
resolved STEM.

[1] T. Grieb et al., Ultramic. 190 (2018)

[2] K.E. MacArthur et al., Microsc. & Microanal. Accepted

[3] Funding: Julich Melbourne Postgraduate Academy (JUMPA, M.C.), Helmholtz Contract VH-NG-1317 (K. M-
C.), DFG HE 7192/1-2 (K. M.). EMPAD data was recorded within a cooperation with Thermo Fisher Scien-
tific
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Abstract

Atomically-thin layers of semiconducting transition metal dichalcogenides (TMDCs), such
as tungsten diselenide (WSe;), have attracted considerable interest because of new
properties that can be obtained when artificially fabricated into van der Waals homo- or
heterostructures. Due to interlayer coupling, bulk and multi-layered TMDCs are indirect
gap semiconductors, while their monolayers exhibit a crossover to a direct band gap. It
has been demonstrated that the interlayer coupling strength in homostructures is also
sensitive to the twist angle in the cases of bilayer MoS; [1] and WS, [2]. In this work, the
combined high spatial and spectral resolution of aberration-corrected scanning transmis-
sion electron microscopy (STEM) and monochromated electron energy-loss spectroscopy
(EELS) in the low-loss regime are used to investigate the excitonic response of atomical-
ly-thin WSe,, specifically in twisted bilayer WSe;, as a function of moiré angle.

Few-layered WSe, flakes were mechanically exfoliated from a synthetic bulk crystal and
transferred onto a SisN4 TEM grid with periodic micron-sized holes. Atomically-resolved
imaging has been performed on a Nion UltraSTEM200 operated at 60 keV and mono-
chromated EELS performed on a modified Nion HERMES-S200 (also known as Chro-
maTEM) operated at 60 kV with the sample cooled using liquid nitrogen (T = 150 K). In
addition to freestanding WSe, monolayers, fragments of bilayers and trilayers with varia-
ble twist angle between 0-30° are also routinely observed. Well-defined hexagonal moiré
patterns with nanometer periodicity are evident in the high-angle annular dark-field
(HAADF) images for the low twist angles. The excitonic absorption signatures of these
nanometric twisted bilayers from low-loss EELS are compared to the WSe, monolayer
and trilayer counterparts of zero twist angle. The spectra demonstrate a good general
correspondence to the thickness dependence of the A, B, and C exciton resonances,
namely a pronounced decrease in C exciton energy with number of layers [3]. Comparing
different twist angles in the bilayers also show sizable blueshifts in the C exciton energy
up to 200 meV, which subsequently alter drastically the spectral shape between the B-C
excitonic transitions, with extremes between the zero-twist and towards the anti-aligned
(28°) case suggesting underlying differences in interlayer coupling with respect to the
moiré angle [4].

[1] Castellanos-Gomez, A., van der Zant, H.S.J. and Steele, G.A. Nano Res. 7, 572-578 (2014).

[2] Yan, W., Meng, L., Meng, Z., et al. The Journal of Physical Chemistry C 123 (50), 30684-30688 (2019).
[3]1 Arora, A., Koperski, M., Nogajewski, et al. Nanoscale 7, 10421 (2015).

[4] The authors acknowledge funding from the ANR, program TEMPOS-CHROMATEM (No. ANR-10-EQPX-
50), and the H2020-EU Framework Program (H2020-EU) under Grant Agreement No. 823717 (ESTEEM3).
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Abstract

Two-dimensional transition metal dichalcogenides (TMDs) have attracted excitement for
potential applications; however, localized states in these materials are not fully under-
stood. Specifically, monolayer corrugation has an impact on the optical properties and its
role of absorption linewidths increase is not fully characterized. It has been observed
that h-BN encapsulation reduces graphene roughness. 2! A direct spatial correlation of
corrugations to their effect on the optical properties has not yet been demonstrated. An
ideal technique to map this change is electron energy loss spectroscopy (EELS), and typi-
cal exciton linewidths in suspended monolayers are above 50 meV. 4 It is larger than
purely optical measurements for monolayer on substrates.”® Encapsulated TMDs mono-
layers show sharper EELS absorption lines, around 20 meV, with spectra comparable to
extinction spectra.[6] Is the corrugation alone responsible for this line width increase, as
these experiments indicate, or are other effects playing a role?

We experimentally probed the relation between exactions absorption lines and corruga-
tion in freestanding and h-BN supported monolayers using EELS and electron diffraction
in a scanning transmission electron microscope. Experiments were performed on the
ChromaTEM microscope, a modified Nion HERMES 200 equipped with an electron mono-
chromator. To reveal the effect of corrugation, electron diffraction patterns were ac-
quired with the sample tilted 28° with respect to the electron beam. For the freestanding
monolayer, most of the diffraction spots get larger and fuzzier as a function of their
magnitude, except those along the sample tilt axis, as observed for rough graphene (1.2,
For the supported monolayer, the diffraction spots are unchanged between the tilted and
un-tilted configurations. In this contribution, we will discuss the structural differences
between freestanding and h-BN supported monolayers and the possible impact on the
observed optical exciton line width.

[1] Meyer, 1. C., et al. (2007). Nature, 446(7131), 60-63.

[2] Thomsen, J. D., et al. (2000)..Physical Review B, 96(1), 014101.

[3] Tizei, L. H. G., et al. (2015). Physical Review Letters, 114(10), ,107601.

[4] Gogoi, P. K., Lin, et al. (2019). ACS Nano. 13 (8), 9541-9550.

[5] Arora, A, et al. (2020). Physical Review B, 101(24), 241413.
[6] Bonnet, N., et al. (2021).ArXiv:2102.06140.
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Abstract

The liquid electrolytes that are typically used in traditional Li-ion batteries are flammable,
especially at higher operating voltages and temperatures. By contrast, an all-solid-state
battery (ASSB) makes use of a solid electrolyte, which reduces the risk of flammability
[1]. However, the presence of the solid—solid electrolyte—electrode interface in ASSBs
introduces different challenges from those of the traditional liquid—solid elec-
trode—electrolyte interface [2]. First, in batteries containing liquid electrolytes, the entire
surface of the electrode particles is wetted by electrolytes, whereas the electrode parti-
cles and solid electrolytes in ASSBs are connected primarily at point contacts, which are
limited in terms of their numbers (as not all electrode particles are in direct contact with
electrolyte particles); therefore, ionic transport is basically restricted, diminishing the
specific capacity of these batteries. Decomposition reactions at electrode—electrolyte in-
terfaces during battery cycling causing the formation of passivating layers as well as elec-
trode volume changes during battery cycling result in the loss of contacts between the
electrode and electrolyte particles, further decreasing direct ion exchange pathways. Se-
cond, inhomogeneous (de)lithiation through point contacts can induce strain, which af-
fects electrode mechanical integrity leading to capacity fade.

With operando transmission electron microscopy by visualizing the solid—solid electrode—
electrolyte interface of silicon active particles and lithium oxide solid electrolyte as a
model system, we show that (de)lithiation (battery cycling) does not require all particles
to be in direct contact with electrolytes across length scales of a few hundred nanome-
ters. A facile lithium redistribution that occurs between interconnected active particles
indicates that lithium does not necessarily become isolated in individual particles due to
loss of a direct contact. Our results have implications for the design of all-solid-state bat-
tery electrodes with improved capacity retention and cyclability.

[1] Opportunities for Rechargeable Solid-State Batteries Based on Li-Intercalation Cathodes. Joule. 2018, 2,

2208

[2] Accessing the Bottleneck in All-Solid State Batteries, Lithium-Ion Transport over the Solid-Electrolyte-
Electrode Interface. Nat. Commun. 2017, 1086
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Abstract

CulnS; is a diamond-like semiconductor with the crystal structure of chalcopyrite that
was first synthesized to explore the applicability to ternary compounds of the
Grimm-Sommerfeld valence rules for tetrahedral coordination. [1, 2] The chalcopyrites
have the diamond-like zincblende structure but with two cations ordered on sublattices.
The Bravais lattice of the chalcopyrite is body-centered tetragonal, belonging to space
group I42d. The direct energy band gap of CulnS, makes it a strong light absorber, with
a value of 1.53 eV that lies at the optimum for efficient single-junction solar cells. There-
fore, CulnS; has been explored for polycrystalline thin-film solar cells, beginning with a
3.6% efficient homojunction cell, then n-CdS/p-CulnS, heterojunction solar cells first
reaching 7.3%,12 and later 11.4% power conversion efficiency, but far less than the the-
oretically achievable value of ~30%. The cause of this low performance is not under-
stood. Here, a single crystal grown from 1 mol % Cu-deficient melt was studied by using
atomic resolution high-angle annular dark-field (HAADF) scanning transmission electron
microscopy (STEM) and electron dispersive spectroscopy (EDS) (no beam damage issue).
[2, 3] We observed that the CulnS; crystal has a lamellar structure which are alternating
pseudotwins. The thickness of the lamellae ranges from several nanometers to hundreds
of nanometers. The pseudotwin plane was identified as {112}. Periodic interfacial struc-
tures (“interphases”) are observed to be inserted into the pseudotwin boundaries. The
interfacial structure includes two bright atomic planes but with interplanar spacings dif-
ferent from those of the chalcopyrite CulnS, bulk. We used STEM-EDS to determine how
much the composition of the interphases deviates from bulk CulnS, crossing through the
interface. With respect to the bulk, the interfacial layers are depleted of Cu (down -7.9
at. % in the single layer and down —11.5 at. % in the double layer) and contain up to
+8.6 at. % excess In and +3.0 at. % excess S. Thus, while the bulk contains 25.2 at. %
Cu, the single and double interfacial phase layers contain only 17.1 and 13.7 at. % Cu,
respectively, but 32.9 at. % In. The copper deficiency of the interfacial phase suggests
that the interfacial phase accommodates the copper deficiency of the overall crystal. [4]

[1] B. Tell, 3. Shay, H. Kasper, RoomJtemperature electrical properties of ten ICIIICIVI2 semiconductors,
Journal of Applied Physics 43(5) (1972) 2469-2470.

[2] J.J. Frick, G. Cheng, S. Kushwaha, N. Yao, S. Wagner, A.B. Bocarsly, R.J. Cava, Observation of [VCul-In i
2+ VCul-] Defect Triplets in Cu-Deficient CuInS2, The Journal of Physical Chemistry C 124(48) (2020)
26415-26427.

[3] G. Cheng, S. Yao, X. Sang, B. Hao, D. Zhang, Y.K. Yap, Y. Zhu, Evolution of Irradiation-Induced Vacancy
Defects in Boron Nitride Nanotubes, Small 12(6) (2016) 818-824.

[4] The authors acknowledge the use of Princeton’s Imaging and Analysis Center (IAC), which is partially
supported by the Princeton Center for Complex Materials (PCCM), a National Science Foundation (NSF)
Materials Research Science and Engineering Center (MRSEC; DMR-2011750).
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Abstract

Designing nanostructures with intentional optical properties is key task in nanophotonics
and plasmonics, particularly as quantum technologies emerge. Generally, as-synthesized
nanostructures retain specific dielectric properties based on fabrication methods and ma-
terial properties. Accessing the entire plasmonic design space is challenging, and particu-
larly, the inverse design problem is a major goal. With the aim of producing specific opti-
cal responses on the nanoscale, we utilize encoder-decoder neural networks™™! to deci-
pher the plasmonic design space by learning the correlative relationship between geome-
try and plasmonic response. Here we demonstrate through automated and intelligent
control of a converged electron beam in a scanning transmission electron microscope
(STEM), monochromated electron energy loss spectroscopy (EELS) allows to retrieve
nano-optical properties of as-synthesized nanoparticle geometries!®. With this
knowledge, a platform is provided for the electron beam to be controlled to dynamically
modify, on the nanoscale, single or multiple nanoparticles geometrically and chemically.
We demonstrate that both geometric and chemical modification lead to changes in plas-
mon resonance in both space and energy, and that by combining automation of beam
control with the decoded design space learned from the encoder-decoder neural network,
selective nano-optical properties can be realized, ultimately allowing a realistic path to
quantum technologies using confinement of light at the nanoscale.

[1] Roccapriore, K. M., et. al. Small (2021), doi:10.1002/smll.202100181
[2] Cho S.H., et. al. The Journal of Chemical Physics 152, 014709 (2020)
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Abstract

In the case of beam-sensitive specimens, it is desirable to know the electron dose D and
the dose rate (current density J) that was used to acquire an image or spectral data. For
defocused TEM illumination of diameter d , this dose is easily calculated as a fluence: J T,
where T is the recording time and J = I/A, where I, is the beam current and A = (4/n)d?
is the irradiated area.

For small probes, the current density depends on the radial coordinate r within the probe.
For a fully focused CFEG probe and assuming no lens aberrations, the current density is a
diffraction-limited Airy disk: J(r) = J(0) [23(3.2r/dy) / (3.2r/dn)]* where J; is a first-order
Bessel function and dj is the full width at half maximum. The resulting range of dose rate
gives rise to several complications:

(1) If radiation damage causes an exponential dose dependence of some signal, with a
characteristic dose D, such that S(D) = S(0) exp(-D/D.), the observed time dependence
S(t) can be regarded as exponential only over a limited interval of exposure time T.

(2) Estimating D. from the initial decay of the signal S(T) requires knowledge of some
average current density J*, defined by D, = J* T. where T, is a characteristic time. This
quantity can be evaluated as J* = I,/[4/n)(d*)?] if the probe current I, and the effective
beam diameter d* are known. For a Gaussian or Airy-disk J(r), taking d* = d; gives rise
to a substantial error but taking d* = full width at one-tenth maximum gives J* correct to
within a few percent.

For sub-nm probes, some damage occurs outside the probe because of the delocalization
of inelastic scattering and energy deposited by fast secondary electrons. Point spread
functions for these effects have been calculated [1,2].

In the case of a raster-scanned image that is not undersampled, the average dose per
frame can be estimated as D = (I,/Af)Ts, where As is the frame area and T; the frame
time. This approximation will not apply to undersampled or sparsely sampled images.

To allow comparison with x-ray data, the fluence D can be converted to MegaGray units:
D(MGy) = (0.1) S'(MeV cm%/g) D(C/m?) = E.(eV)/[A(nm)p(g/cm?)] D(C/m?), where S’ is
the stopping power per unit mass [3], Ea/(eV) ~ 7Z (for Z<30) is the average energy loss
(in eV) per inelastic collision, A(nm) is the inelastic MFP in nm [4] and p(g/cm?®) is the
specimen density. D(MGy) should then be independent of electron accelerating voltage.
However, discrepancies exist between calculated values of S’ and those derived from
EELS measurements of E,, and A, suggesting a need for further investigation.

[1] R.F. Egerton, Microscopy (2018) i52-i59.

[2] R.F. Egerton and M. Malac, Microsc. Microanal. 10, suppl.2 (2004) 1382-1383.

[3] ESTAR database: https://physics.nist.gov/PhysRefData/Star/Text/ESTAR.html
[4] R.F. Egerton, EELS in the Electron Microscope, Springer (2011) Appendix C.
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Abstract

Understanding and manipulating chemically-driven nanoparticle transformations is
crucial for the efficacy of next-generation energy storage and catalytic materials.
These transformations are generally dictated by macroscopic, extrinsic parameters
like temperature and chemical environment. Local surface plasmon resonances
(LSPRs) offer an alternative means to locally control nanoparticle dynamics due to
their ability to confine light at the nanoscale. However, most techniques to track na-
noparticle phase transitions have difficulty identifying differences in transient behav-
iour at the single and sub-nanoparticle level.

Here, we use in situ environmental transmission electron microscopy coupled with
optical illumination to demonstrate how LSPRs enable spatially-modified phase trans-
formation dynamics in nanoparticles [1]. Using the dehydrogenation of palladium hy-
dride as our model reaction, we show how LSPRs transform a normally non-reactive
facet into a reactive site. Using displaced aperture dark field imaging, we track the
phase transition dynamics in individual nanoparticles under various external parame-
ters like optical illumination and hydrogen pressure.

First, we find that without illumination, colloidally synthesized Pd nanorods undergo
their phase transition starting from both tips. Next, to identify the role of the LSPR,
we design a Au-Pd crossed-bar structure which creates a localized area of strong
electromagnetic enhancement at the middle of the Pd nanorod, spatially separated
from the favourable tip nucleation sites. Under illumination at the LSPR wavelength,
Pd nanorods that are coupled to a plasmonic Au antenna demonstrate either nuclea-
tion of the dehydrogenated phase from only one tip, or nucleation from the middle of
the nanorod near the electromagnetic hot spot. By varying illumination wavelength,
we verify that these new dynamics are a result of LSPR excitation. Furthermore, we
track the nucleation behaviour of over 20 Au-Pd pairs under resonant illumination as
we vary the surrounding hydrogen pressure. Our results suggest that the middle nu-
cleation phase transition mechanism is less energetically favourable than tip nuclea-
tion, which is further supported by molecular dynamics simulations.

Our proof-of-concept results demonstrate how in situ TEM can provide insight into
new mechanisms, and provide a foundation for site-selective reactions via optical
control.

[1] K. Sytwu, M. Vadai, F. Hayee, D. K. Angell, A. Dai, J. Dixon, J. A. Dionne, Science 371 (2021) 280-
283
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Abstract

Structural materials contain many internal interfaces separating chemical homogenous
areas of distinct crystallinity called grain boundaries (GBs). Their associated structure and
energy determine material’s properties and thus require profound understanding of these
parameters. A few decades ago, the thermodynamical concept was introduced that GBs
can undergo structural transitions either with conservation of all macroscopic degrees of
freedom (congruent transitions) or by dissociating into new GB segments (faceting).
However, direct experimental observations are rarely reported for metallic boundaries.
Instead, indirect proof from diffusion experiments, abnormal grain growth and simula-
tions has been mainly used to infer the presence of structural transitions, mainly in sym-
metric GBs. Especially transitions induced by changes of chemical composition at the
grain boundary — for instance by segregation — are scarcely mentioned in literature, es-
pecially at the nano- and atomic scale. A correlation of the transition’s impact on me-
chanical properties is not available.

We describe the observation of a nanofaceting transition of an asymmetric tilt GB in Cu
upon Ag segregation by atomically resolved scanning transmission electron microscopy.
The initially flat {110}/{410} boundary was found to dissociate into Ag-lean {230}/{100}
asymmetric facet segments and Ag-rich symmetric {210} segments. Thus, a preferential
segregation pattern of stable nanosized facets was found. Further, the influence of Ag
solute excess concentration on the facet formation was studied by a diffusion couple. It
was found that the asymmetric segment remains constant in size, while the symmetric
facet segment increases with increasing solute excess. At the diffusion couple's interface
a purely symmetric {210} boundary is found. Following the GB, short asymmetric facet
segments are introduced and increase their density until a purely asymmetric GB is found
close to the non-segregated reference state. Finally, we linked the observed faceting
transition to a change in plastic deformation behavior by tensile straining GB containing
bicrystals in situ inside the electron microscope. While pure Cu reference boundaries de-
form by local emission of partial dislocations resulting in the formation of a single defor-
mation twin, the Ag segregated bicrystal shows numerous partial dislocation nucleation
sites resulting in an increase of deformation twins.

Funding by the European Research Council (ERC) under the EU’s Horizon 2020 Research
and Innovation Programme (Grant No. 787446 — GB-CORRELATE) is gratefully acknowl-
edged.
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Abstract

4D-STEM is arguably one of the current hot topics in electron microscopy. As a STEM
technique it suffers from artefacts of the serial acquisition (especially at atomic resolu-
tion). However, registration of series of 4D-STEM maps has recently been demonstrated
to be an efficient way to reduce those artefacts [1]. These series can account for massive
amounts of data and it is difficult to estimate their quality before processing them.

We demonstrate results from live processing 4D-STEM data at over 15’000 detector
frames per second using the newly developed functionality of the Nion Swift microscope
software [2] and a Dectris ELA direct detector [3] mounted to a Nion HERMES micro-
scope. Freely customizable virtual detectors are applied to the detector frames as they
are streaming in and allow to display a plethora of live updating signals, like annular dark
& bright fields, but also center-of-mass analysis of the data. The high frame rate allows
to acquire e.g. a map of 512x512 scan points within 17s; close to the speed of traditional
STEM imaging. Data sets are buffered on the hard drive and suitable maps as judged by
the live output can be chosen for permanent storage. But it is also possible to only store
live processing output which allows to record series that would be larger than disk space
if raw data were to be saved. As the detector is mounted on the spectrometer, the data
can be easily zero-loss filtered.

This functionality allows to efficiently acquire high quality series of 4D-STEM maps that
can then be registered in post-processing. Application to different material systems will
be shown and effects of energy filtering and different mask sizes for center-of-mass
analysis will be demonstrated.

[1] B. Haas et al., Microscop. Microanal. 26 (Suppl 2), 1898 (2020); arxiv.org/abs/2103.03202

[2] C. Meyer et al., Microscop. Microanal. 25 (Suppl 2), 122 (2019); https://github.com/nion-

software/nionswift
[3] B. Plotkin-Swing et al., Ultramicroscopy 217, 113067 (2020)
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Four-dimensional diffraction datasets (4D-DDs) collected using the scanning electron
nanodiffraction (SEND) [1] or 4D scanning transmission electron microscopy (4D-STEM)
[2] techniques are getting increasingly popular in the electron microscopy community for
their versatility in both electron diffraction and imaging and facilitated by the recent de-
velopment of fast electron detectors. Finding faster and better ways to extract infor-
mation from large 4D-DDs is now one of the major focuses to further advance this field.

Machine learning (ML) has revolutionized scientific research in recent years. In computer
vision, deep learning is used to solve difficult problems, such as detection, classification,
and segmentation [3]. In the field of electron microscopy, deep learning has been ap-
plied to, or proposed for, crystallographic analysis of electron image and diffraction data,
single atom detection, automatic learning of microstructural features, etc.

Here, we describe three examples of using machine learning to obtain quantitative infor-
mation about crystal lattice from 4D-DDs. The first is train measurement by using convo-
lutional neural network (CNN) to measure diffraction disk positions in electron
nanodiffraction patterns [4]. The precision and computing efficiency are demonstrated in
the measurement of the strain fields in a Si-based FinFET device. The results are compa-
rable with those calculated by the circular Hough transform method [5] and have better
precision (~0.04%) in some cases.

The second example is precision crystal orientation mapping using a trained artificial neu-
ral network (ANN), where we determine small changes in crystal orientation within a
crystalline grain [4]. We design a simple ANN model to be trained on the simulated dy-
namical diffraction patterns. A high angular resolution of 0.01° or better is achieved for
precision orientation mapping, which we demonstrate on both single crystalline GaSb thin
sample and polycrystalline UO, after irradiation.

The third type of ML based analysis uses CNN to classify different types of diffuse scat-
tering in coherent electron nanodiffraction patterns. The training data for the CNN are
labelled by Cepstral STEM imaging [6], where diffuse scattering due to severe lattice dis-
tortion is highlighted. Once trained, the CNN can be applied to large 4D-DDs for defect
imaging and sensitive to hidden defects invisible to high-resolution imaging.

[1]  J.-M. Zuo, in: P.W. Hawkes, J.C.H. Spence (Eds.) Springer Handbook of Microscopy, Springer Internation-
al Publishing, Cham, 2019, pp. 2-2.

[2] C. Ophus, Microscopy and Microanalysis, 25 (2019) 563-582.

[3]1 Y. LeCun, et al., Nature, 521 (2015) 436-444.

[4] R.Yuan, et al., Ultramicroscopy, (2021) 113256.

[5] R.Yuan, et al., Ultramicroscopy, 207 (2019).

[6] Y.-T. Shao, et al., Ultramicroscopy, (2021) 113252.
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Abstract

Typical quantum wells (QW) in InGaN/GaN light emitting devices are around 2 nm wide
and extend in the basal plane. In a 200 nm thick specimen a tilt of 10 mrad away from
on-edge orientations already leads to a broadening of interfaces of 2 nm due to projec-
tion effects, thus is already too large to allow the investigation of such thin quantum
wells. This forbids the observation of these quantum wells under kinematic conditions,
since these require the specimen to be tilted by larger angles; for comparison the diffrac-
tion angle of (0002) beams at 300 keV is at 7.7 mrad.

We present off-axis electron holography on multiple 2.2 nm wide Ingi5GaggsN-QW em-
bedded in a GaN matrix under (0002) systematic row conditions, where the QW are
edge-on. The holograms are recorded with a Cs-corrected setup making use of the addi-
tional lenses in the corrector as well as the projective system [1]. Additionally, the varia-
tions in dynamical diffraction are probed by systematically tilting the incident beam along
the systematic row in a very limited angular range. An anisotropic reconstruction mask
allows to preserve the high-resolution information up the (0002) reflections needed for
monolayer-resolved measurements of the electrostatic potential, while simultaneously
sufficient wide holograms of >200 nm are achieved to overcome artefacts resulting from
the specimen edges.

Since the holograms are recorded under strongly diffracting conditions, we additionally
performed multislice calculations for a range of incident beam tilts and specimen thick-
nesses [2]. Strain relaxation effects at the specimen surfaces were included in the simu-
lation by obtaining atomic displacements from finite element strain calculations per-
formed for each simulated thickness. The effect of the polarization fields were also in-
cluded into the simulation.

Based on the exit wave calculations and experimental results we discuss the robustness
of various measures, which can be used for estimation of the polarization field strength.
It turns out that the phase step across the QW is a far superior estimate for the field
strength than the slope of the exit wave’s phase in the region of the QW. Especially, pro-
jection effects and limited instrumental resolution (e.g. as found for holography of such
thin QW using the Lorentz lens) make the measures of the slope highly inaccurate.

[1] F.Genz, T. Niermann, B. Buijsse, B. Freitag, and M. Lehmann, Advanced double-biprism holography with

atomic resolution, Ultramicroscopy 147, 33-43 (2014), DOI:10.1016/j.ultramic.2014.06.002
[2] T. Niermann, L. Niermann, M. Narodovitch, and M. Lehmann, Accuracy of polarization field measurements

by electron holography in InGaN quantum wells, Physical Review B 103, 075306 (2021),
DOI:10.1103/PhysRevB.103.075306
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Abstract

Ferroelectric tunnel junctions are a focus of next-generation memories where polarisation
represents a logical bit. (S)TEM methods that allow for quantitative mapping of polarisa-
tion-induced electric fields are desirable to improve such devices.

The advent of ultrafast cameras in STEM allows for high momentum and spatial resolu-
tion in aberration-corrected STEM. Especially, momentum-resolved STEM (MR-STEM) has
enabled first moment-based imaging of subatomic electric fields in thin specimens [1,2]
and electron ptychography [3]. Recently, polarisation-induced fields in semiconductors
were mapped by unit-cell averaged MR-STEM [4]. The method assumes that long-range
components of the electric field are dominant over atomic ones when averaging first
moments over unit cells. The validity of this assumption depends on crystal symmetry
and experimental parameters such as specimen thickness or tilt. This leads to a system-
atic error d which we address here for polarisation mapping in PbZrq,TigsO3 (PZT) in both
experiment and simulation.

Experimental MR-STEM data from PZT has been evaluated with different methods and
compared to comprehensive simulations. Using an isolated atom model with periodic
boundary conditions in STEMsim [5], all non-zero first moments in unit-cell averages
arise from dynamical scattering and contribute to 8, hence being caused by symmetry
breaking due to atom displacements.

Experimental results from PZT were recorded with an aberration-corrected Titan at 300kV
and a Medipix camera with a sample thickness around 10nm determined by comparing
diffraction patterns with simulations. The formally calculated projected atomic electric
fields cannot be related to the electric field directly due to dynamical scattering, but the
atom positions can be resolved. In the unit cell average, the domains as expected from
[6] can be seen. This matches the result of structure evaluations. A single domain seems
to have an electric field around 90MV/cm. The systematic error is below 40MV/cm taking
mistilt of up to 2mrad into account. This and further experimental results are critically
examined by comprehensive simulations addressing mistilts and thickness dependencies.

[1] Miiller et al., Nat. Commun. 5 (2014).

[2] Miiller-Caspary et al., Ultramicroscopy 178 (2017).

[3] Jiang et al., Nature 559 (2018).

[4] Miller-Caspary et al., Phys. Rev. Lett. 122 (2019).

[5] Rosenauer et al., Microsc. Semic. Mat. 120 (2007).

[6] Denneulin et al., J. Phys. Condens. Matter 30 (2018)

[7]1 Funding: Initiative and Network Fund (Helmholtz), contract VH-NG-1317.
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Abstract

With the recent implementation of fast electron cameras, the recording of scanning transmis-
sion electron microscopy (STEM) data with momentum resolution was enabled in depend-
ence of the scan position, thus increasing the number of measurement dimensions to four.
This trend can be pursued further by implementing the automated acquisition of focal series
momentum-resolved (MR) STEM [1]. In that manner, the individual defocus-dependence
[2,3] of both conventional and 4D-specific STEM signals, such as the first and second mo-
ments in diffraction space, may be investigated.

Using an aberration-corrected FEI Titan 80-300 microscope equipped with a Medipix camera
[4], focal series MR STEM experiments are performed using an a-In,Se; specimen. Alongside
the high-angle annular dark field (HAADF) signal recorded using a dedicated Fischione detec-
tor and displaying Z-contrast, various STEM signals are extracted from the five-dimensional
data. This includes signals mostly made of elastic and coherent components, such as the vir-
tual bright field (BF) and annular bright field (ABF) imaging modes, but also the first moment,
relevant for its direct relationship to the projected electromagnetic fields experienced by the
electrons while going through a thin specimen [5], as well as the second moment. For each
signal, image contrast can be estimated by calculating the standard deviation within the field
of view, and plotted as a function of probe defocus, thus allowing to detect local maxima on
the defocus axis. Comprehensive multislice simulations are performed to interprete the re-
sults.

As is observed both from experiment and simulation, STEM signals obtained by exploiting
different regions of diffraction space possess a unique dependence to defocus. This is there-
fore a cause of mismatch in the defocus of maximum contrast observed for distinct STEM
images exploited in a single analysis, which can be a source of error in such a multiple-signal
approach. It is also shown that certain signals displaying two local contrast maxima, e.g. the
second moment, can yield geometrical information such as the vertical positions of the inter-
faces between the specimen and vacuum. Findings are discussed with respect to several ex-
perimental imperfections such as mistilt, carbon contamination, aberrations and partial tem-
poral coherence.

[1] Funding from the Initiative and Network Fund of the Helmholtz Association under contract VH-NG-1317 is grate-
fully acknowledged

[2] Burger et. al. ; Ultram. 219, 113118 (2020)

[31 C. Addiego et. al. ; Ultram. 208, 112850 (2020)

[4] R.Plackett et. al. ; J. instr. 8, C01038 (2013)

[5] K. Miiller-Caspary et. al. ; Nat. comm. 5, 5653 (2014)
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Abstract

Electron wavefront manipulation has been actively studied recently using static masks or
using voltage-controlled devices [1]-[5]. Among those, multi-element Boersch phase
shifter devices fabricated with scalable methods are promising candidaes to realize a
programmable holographic synthesis of electron waves in two- and three-dimensions.
The target applications include the phase modulation imaging and the aberration correc-
tion [1] to name a few. Recently, we reported the fabrication of a three-element Boersch
phase shifter device and its successful operation in a simplified design without the top-
shielding electrode. The devices were fabricated with electron beam lithography and dry
etching processes that will easily be applied for devices with a large number of elements.
However, the experiment demonstrated the beam deflection induced by exposed metal
contact wires. Here, we report the fabrication of the three-element Boersch phase shifter
including the top electrode. The experiment in a 200 keV transmission electron micro-
scope demonstrated the voltage-controlled three-electron beam interference, wherein the
parasitic beam deflection was significantly suppressed. Therefore, the device structure is
compatible for a programmable multi-element device, a step forward to the arbitrary syn-
thesis of electron wave.

[1] J. Verbeeck, A. Béché, K. Miiller-Caspary, G. Guzzinati, M. A. Luong, and M. Den Hertog, “Demonstration
of a 2x2 programmable phase plate for electrons,” Ultramicroscopy, vol. 190, pp. 58-65, 2018.

[2] R. Shiloh, Y. Lereah, Y. Lilach, and A. Arie, “Sculpturing the electron wave function using nanoscale phase
masks,” Ultramicroscopy, vol. 144, pp. 26-31, 2014.

[3] R. Shiloh et al., “Nanostructuring of electron beams,” Phys. Scr., vol. 94, no. 3, p. 34004, Jan. 2019.

[4] A. H. Tavabi et al., "Generation of electron vortices using nonexact electric fields,” Phys. Rev. Res., vol. 2,
no. 1, p. 13185, Feb. 2020.

[5] P. Thakkar, V. A. Guzenko, P.-H. Lu, R. E. Dunin-Borkowski, J. P. Abrahams, and S. Tsujino, “Fabrication
of low aspect ratio three-element Boersch phase shifters for voltage-controlled three electron beam inter-
ference,” 1. Appl. Phys., vol. 128, no. 13, p. 134502, 2020.
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Abstract

Localized surface plasmon resonances (LSPR) are used to amplify the signals from small
amounts of analytes in surface-enhanced Raman spectroscopy (SERS), improving detec-
tion limits down to the single molecule level [1]. Design of SERS substrates optimized for
different tasks is still an active and ongoing field of research. For flexible platforms, frac-
tal nanostructures present themselves as strong candidates based on their multiband
response arising from their hierachical geometry [2,3].

We study Sierpinski fractal antennas of increasing fractal generation to understand the
behaviour of the LSPR modes as the fractal generation, and thereby the geometrical
complexity of the structure, is increased. We use electron beam lithography to fabricate
our silver fractals, then characterize the LSPR response using monochromated electron
energy loss spectroscopy in an FEI Titan microscope, complemented by finite-difference
time-domain simulations.

A simple equilateral triangle (Generation 0 fractal) supports multipolar edge and cavity
modes. As the fractal generation is advanced to Generation 1, by adding a single triangu-
lar aperture in the centre, the aperture causes energy shifts in some of the LSPR peaks
and changes to the nanoscale electric field distribution of others. We are able to under-
stand this behaviour in terms of the disturbance to the charge-current configurations of
each unique mode, caused by the introduction of the aperture, and by coupling of the
aperture to the modes of the equilateral triangle [2,4]. Interactions between the LSPR
and additional apertures in successive fractal generations cause, for example, redshifting
of the dipolar mode and modifications to the field configurations of the triangle's cavity
modes.

[1] Hill, Wiley Interdiscip. Rev. Nanomed. Nanobiotechol., 7, 2, 152-168, Mar. 2015

[2] Bicket et al., ACS Photonics, 7, 5, 1246-1254, Apr. 2020.

[3] Wallace and Lagugné-Labarthet, Analyst, 144, 1, 13-30, Jan. 2019.
[4] Bicket et al., ACS Photonics, 6, 11, 2974-2984, Sep. 2019.
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Abstract

When recording scanning transmission electron microscopy (STEM) data from epitaxial thin
films of LaVOs grown, under biaxial tension, on the (1 1 0) orthorhombic surface of DyScOs;
substrates [1], a surprising observation is made. If imaging on the [1 1 0] pseudo-cubic zone
axis — corresponding to the [1 1 1] and [1 0 0]/[0 1 0] orthorhombic axes of the DyScO; and
LaVOs;, respectively — the high angle annular dark-field (HAADF) intensity of the LaVOs; is
equal to, or even greater than, that of the DyScOs;, despite the greater average atomic num-
ber of the latter (Z, of 22.2 for DyScOs; vs 20.8 for LaVOs). This effect becomes more pro-
nounced as the inner angle of collection on the HAADF detector is increased even though,
according to general principles, this should move the recorded scattering intensity further
towards a “Zcontrast” behaviour where image intensity I o< Z,%2 We reveal that the rea-
son behind this anomalous contrast relates to the first order Laue zones (FOLZS) of the two
materials. When imaging with a 300 keV electron beam on these zone axes, the LaVOs; has a
FOLZ of weak intensity at ~82 mrad scattering angle. In contrast, the DyScO; has a FOLZ at
a lower angle of ~48 mrad, and having a remarkably strong intensity. Associated with this,
for scattering angles higher than the FOLZ of DyScOs, the DyScOs shows a lower scattered
intensity than the LaVOs, as observed by plotting radial distribution functions of position av-
eraged convergent beam electron (PACBED) diffraction patterns from the two phases. When
the HAADF detector inner angle is increased to select only this scattering regime, the anoma-
lous contrast is therefore observed. Frozen phonon based PACBED and HAADF STEM simula-
tions made using Dr. Probe confirm this result [2]. In order to study the partition of scatter-
ing, simulations are also made using the quantum excitation of phonons model of uSTEM [3].
It is found that, fundamentally, an intense elastic scattering of DyScOs into its FOLZ corre-
lates into a net reduction of inelastic phonon-derived “thermal diffuse scattering” across the
full angular scattering range.

The lower angle FOLZ of the DyScOs results from a doubling of the unit cell in the zone axis
direction, as related to the tilt-rotation patterns of the oxygen octahedra of the Pnma perov-
skite structure [4]. STEM and PACBED data show that a 9—10 unit cell thick layer of the La-
VO; at the film-substrate interface shares the same anomalous contrast and lower angle
FOLZ as the substrate. Further studies suggest that this unexpected result is from a shared
structural nature, driven by the transition of the in-phase octahedral rotation axis from being
in-plane in the DyScOs substrate to out-of-plane in the LaVOs film bulk.

[1] H. Meley et al., APL Mater. 6, 046102 (2018).

[2] 3. Barthel, Ultramicrosc. 193, 1 (2018).
[31 L.J. Allen et al., Ultramicrosc. 151, 11 (2015).
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Abstract

The arrival of direct electron detectors (DED) with high frame-rates in the field of scan-
ning transmission electron microscopy has enabled many experimental techniques that
require collection of a full diffraction pattern at each scan position, a field which is sub-
sumed under the name 4D-STEM. DED frame rates approaching 100kHz place stringent
requirements on data transmission rates and computing infrastructure.

Current commercial DEDs allow the user to make compromises in pixel bit depth, detec-
tor binning or windowing to reduce the per-fame file size and allow higher frame rates.
This change in detector specifications requires decisions to be made before data acquisi-
tion that may reduce or lose information that could have been advantageous during data
analysis.

The 4D Camera, a DED with 87kHz frame-rate developed at Lawrence Berkeley National
Laboratory, reduces the raw data to a linear-index encoded electron event representation
(EER).

In this poster, we show with experimental data from the 4D camera that linear-index en-
coded EER for 4D-STEM phase-contrast imaging methods enables real-time, interactive
phase-contrast from large-area 4D-STEM datasets.

We detail the computational complexity advantages of the EER and the necessary com-
putational steps to achieve real-time interactive ptychography using commonly available
hardware accelerators.

Real-time reconstruction with direct phase-contrast imaging methods allows fast data
exploration during the experiment and generation of an accurate initial guess for probe
aberrations in iterative reconstruction methods.

[1] Real-time interactive 4D-STEM phase-contrast imaging from electron event representation data, IEEE
Signal Processing Magazine, in submission

[2] PMP acknowledges financial support from STROBE: A National Science Foundation Science & Technology
Center under Grant No. DMR 1548924
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Abstract

Resistive switching phenomena in complex metal oxides have attracted great interest for
applications in next-generation non-volatile memory devices. Recently, nanoparticles
have been adopted as switching materials, both for use in smaller devices and as model
systems for understanding resistive switching mechanisms in nanoscale materials [1,2].

Here, we investigate the origin of resistive switching behavior in individual nanoparticles
that have an electrical bias applied to them in situ in the transmission electron micro-
scope (TEM). We use current-voltage (I-V) measurements in the TEM to study resistive
switching mechanisms in real time, while simultaneously applying off-axis electron holog-
raphy to the same particles. The technique allows projected electrostatic potential distri-
butions in materials to be recorded with nm spatial resolution [3], providing information
about the role of heterointerfaces and conducting nanofilaments during switching pro-
cesses.

We study TiO, nanoparticles that were synthesized using a sol-gel method and then vac-
uum annealed. We observe reproducible forming-free bipolar switching in individual na-
noparticles that are contacted electrically in the TEM using a moveable electrical probe. I-
V curves obtained from single nanoparticles are correlated with electrostatic potential
measurements. Comparisons with simulations suggest that a conducting path is created
close to the interfaces of the nanoparticle with both electrodes during soft forming, while
the subsequent formation and annihilation of a conducting path at one interface is pri-
marily responsible for SET and RESET processes.

[1] E. Goren et al. Appl. Phys. Lett., 105, 143506 (2014)

[2] D. O. Schmidt et al. Small, 11, 6444 (2015)
[3] M. R. McCartney et al. Annu. Rev. Mater. Res., 37, 729 (2007)
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