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PREFACE

25 Yea.rS of the

European Microscopy Society

he European Microscopy Society (EMS)?

emerged from the previous CESEM? organi-

sation and was founded in 1998. Since then,

it has adhered to its goals, which include, in
short and thus incomplete, organizing microscopy-re-
lated meetings of various kinds, such as the quad-
rennial European Microscopy Congress (EMC) series.
Additionally, EMS supports young researchers finan-
cially to attend these meetings, promotes interac-
tion between academia and industry, and produces a
yearbook to inform our members about the society's
activities.

Now, after more than 25 years, it seems appropriate
to look back at the progress that has been made in
microscopy and to recapitulate the major advances
and achievements. This, however, is a delicate task!
How does one identify the most important steps for-
ward in microscopy, achieved by individuals or groups,
without neglecting others who have also worked hard
to expand our knowledge and techniques? To avoid
this dilemma, we chose to rely on the expertise of
numerous committees who have decided on recipients
of various awards, such as the European Microscopy
Award, the Ernst-Ruska-Prize, the IFSM Awards, the
Kavli Prize, and the Nobel-Prize. When asked to contrib-
ute to the booklet you are holding, more than 20 awar-
dees spontaneously agreed to contribute a manuscript
about the topics for which they were awarded, often in
co-authorship with fellow scientists who contributed to
their work.

Continued on next page

! Below this text, the members of the current as well as of previous boards are listed, as far as they are documented.
2 Committee of European Societies of Electron Microscopy (CESEM), dates back to 1975. For more details, see also https://www.eurmicsoc.org/en/the_ems/whoarewe/thesociet:
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We are grateful to all contributors for their work and are
pleased to present a collection of papers that describe
some of the most significant advancements in micros-
copy, both scientifically and in terms of instrumenta-
tion. We sincerely hope that this collection will serve
for senior scientists remember exciting discoveries
and developments, while at the same time providing
younger scientists at the beginning of their careers with
a concise summary of what happened during the last

Josef Zweck
(Past President)

Virginie Serin
(Secretary)

25 years, enriched with references to foster their own,
individual studies of selected topics. The contributions
are ordered by the date when the award was received,
except for the introductory piece, a poem written by our
valued colleague, Prof. Archie Howie.

Finally, we extend our thanks to the companies that
advertised in this booklet and helped finance it, allow-
ing us to distribute it free of charge.

José Maria Valpuesta
(President)

Dear reader,

word cloud is dominated by "microscopy" and "society"

You may have wondered what the image "The EMS word cloud" on the previous page, stands for.

In short, it displays a so-called "word cloud', which is a computer-generated assembly of words found in a certain text.
The frequency of words within this text is reflected by the size and colouring of the single words.

The word cloud has been generated using a free software, which can be found at https.//tagcrowd.com/.

The text that was used to create the cloud was the "AIMS OF THE SOCIETY" section, taken from https.//www.eurmicsoc.
org/en/the_ems/whoarewe/thesociety/ and reflects quite nicely the main intentions and goals of our society. "applica-
tions", "award", "ems", "european’, "member’, "publications’, "sciences/scientific" and "support"” stick out clearly, but the

So, the cloud represents nicely what EMS stands for, what it did successfully over the past 25 years in progressing efficiency
and importance and what it will pursue in the future for the benefit of our members and microscopy.

W
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On occasion of the EMS 25" anniversary, a list of current
and previous executive board members is given below:

Current Executive Board
(2020 - 2024)

o President . Prof. Dr. José Maria Valpuesta
o SECTetary .o Prof. Dr. Virginie Serin

o TreASUTEr .ovvieeveceesiean. Prof. Dr. Christian Schofer

« Past President Prof. Dr. Josef Zweck

« ECMA Representative........ccccooevvieiiiceieiee. Kornelia Weidemann

o EMC2024 Chair ..o Prof. MD PhD Klaus Qvortrup
+ Board Members........cocviinin, Prof. Dr. Cristiano Albonetti

Prof. Dr. Lucy Collinson
Prof. Dr. Randi Holmestad
Prof. Dr. Agnes Kittel

Prof. Dr. Saso Sturm

Prof. Dr. Servet Turan
Prof. Dr. Igor Weber

Previous Executive Boards
(2016 - 2020)

o President . Prof. Dr. Josef Zweck

+ Secretary Prof. Dr. Virginie Serin

+ Treasurer Prof. Dr. Christian Schofer

« Past President Prof. Dr. Roger Albert Wepf

« ECMA Representative. ..o, Rod Shipley

« EMC2020 Chair oo Prof. MD PhD Klaus Qvortrup

« Board Members Prof. Dr. Cristiano Albonetti
Prof. Dr. Serap Arbak
Prof. Dr. Randi Holmestad
Prof. Dr. Agnes Kittel
Prof. Dr. Peter Nellist
Prof. Dr. José Maria Valpuesta
Prof. Dr. Igor Weber

(2012 - 2016)

o President . Prof. Dr. Roger Albert Wepf

o SECTetary . Prof. Dr. Dominique (Nick) Schryvers
¢ TPEASUTET oo Prof. Dr. Christian Schofer

o Past President.......ccciiiii, Prof. Dr. Paul Midgley

+ ECMA Representative Dr. Stefan Kuypers

o EMC2016 Chair...ovcveeeeeeeeeeeseen Prof. Dr. Thierry Epicier

« Board Members. ..o Prof. Dr. Serap Arbak

Prof. Dr. Rik Brydson

Prof. Dr. Maria Carmo-Fonseca

Prof. Dr. Aleksandra Czyrska-Filemonowicz
Prof. Dr. Randi Holmestad

Prof. Dr. Pavel Hozak

Prof. Dr. Joachim Mayer

W5
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(2008 - 2012)

o President s Prof. Dr. Paul Midgley

o SECTetary .o Prof. Dr. Dominique (Nick) Schryvers
o Treasurer ... Prof. Dr. Christian Schofer

« Past President.............. Prof. Dr. Ueli Aebi

+ ECMA Representative.. Dr. Bob Hertsens

« EMC2012 Chair..... Prof. Dr. Debbie Stokes
« Board Members......cccoooviiiiiiie Prof. Dr. Serap Arbak
Prof. Dr. Rik Brydson
Prof. Dr. Aleksandra Czyrska-Filemonowicz
Prof. Dr. Raija Sormunen
Prof. Dr. Pavel Hozak
Prof. Dr. Marie Cheynet

(2004 - 2008)
o President ..o Prof. Dr. Ueli Aebi
¢ SECTELAIY oo Prof. Dr. Dominique (Nick) Schryvers
o TIEASUIE i Prof. Dr. Leo Ginsel
o Past President. ..o, Prof. Dr. José-Maria Carrascosa
+ ECMA Representative......ccccveeviennicnns Dr. Bob Hertsens
o EMC2012 Chail oo Prof. Dr. Joachim Mayer
« Board Members.......coiiininieeens Prof. Dr. Serap Arbak
Prof. Dr. Rik Brydson
Prof. Dr. Aleksandra Czyrska-Filemonowicz
Prof. Dr. Pavel Hozak
Prof. Dr. Marco Vittori Antisari
(2000 - 2004)
o President ..o Prof. Dr. José-Maria Carrascosa
¢ SECIELAIY oo Prof. Dr. Eddi Wisse
o TTEASUIE i Prof. Dr. Heinz Gross
o Past President. ..o, Prof. Dr. Peter Hawkes
(1998 - 2000)
o President ..o Prof. Dr. Peter Hawkes
¢ SECTELANY oo Prof. Dr. Eddi Wisse
o TrEASUIET et Prof. Dr. Heinz Gross
o FUtUre President ... Prof. Dr. José-Maria Carrascosa
W3 10
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Previous European Congresses

More information and images here: https.//www.eurmicsoc.org/en/meeting-calendar/emc-series/

(pre-EMS era)

1956 Stockholm (European Regional Conference on Electron Microscopy.
See https.//archive.org/details/electronmicroscoOOeuro/mode/2up
Delft

The Hague
Budapest

More on the history of EMS can be found in the EMS2013 Yearbook (https://www.eurmicsoc.org/medias/files/02_associa-
tion/03_documentation/01_yearbook/EMS-2013-COMPLET.pdf) on pages 11 -12.

The yearbooks also contain the details and photographs of the corresponding executive board members:
(https://www.eurmicsoc.org/en/organisation/ems-documentation/yearbooky/).

W

1998 ANNIVERSARY

11



Celebrating 60 years of electron microscopy excellence, our journey has been one of relentless exploration
and discovery. From unveiling intricate structures to driving technological breakthroughs, we've shaped
scientific understanding. As we mark this milestone, we reaffirm our commitment to pioneering
exploration, igniting curiosity, and inspiring innovation for the decades ahead.

Cipher light element detection system reveals lithium distribution quantitatively in cathode material NMC
811 (LiNi,;Mn,.Co,,0O,); in this example, an accuracy better than 2 at. % was achieved. Cipher allows
battery and alloy researchers to precisely identify lithium content and distribution by charge states and
cycling conditions.
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Microscopy from Europe

When Hooke and Leeuwenhoek and Malpighi
Long battles with their early lenses waged

To bring first light to our microscopy

The whole of Europe found itself engaged!

Next Swammerdam, Linnaeus and R. Brown

Core truths of Nature’s structure then tracked down.

And now three cryo-EM pioneers

Have added to the triumphs at Nobel,
That Europeans won in earlier years -
Zernike, Gabor, Ruska, Rohrer, Hell.
While lens correction and ptychography
Are so far sitting in the wings maybe.

Though National Societies have thrived

And grew success within their local scene,

Wisse and Baumeister a plan contrived

To launch the needed more wide-based regime.
Through sponsored meetings and its own Congress
We strengthen not supplant through EMS!

To teach and keep all Europe on its toes

For past and future, EMC be proud!

You spotlight where exciting action grows,
But please archive our abstracts in the cloud.
So twisted paths for history stay clear

Let steps to great discoveries appear!

Archie Howie
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José Maria Valpuesta

Centro Nacional de Biotecnologia (CNB-CSIC), Madrid, Spain.

CHAPERONINS

More than 25 years of discoveries

ukaryotic cells have developed

numerous strategies to main-

tain protein homeostasis, the

balance between synthesis,
folding, trafficking and degradation of
intracellular and extracellular proteins;
imbalances of these contribute to the
appearance of various pathologies
including neurodegenerative disorders
and cancer. Key players in this multifac-
eted set of processes are a large family
of molecular chaperones, most of
which are nanomachines that use ATP
hydrolysis to induce structural changes
that are subsequently used to assist in
the folding, degradation or disaggrega-
tion of their client proteins.

Chaperonins (HSP60) are the only
group of chaperones found in all king-
doms of life, and electron microscopy
has been instrumental in the structural
characterisation of this large family of
macromolecular complexes. As early
as 1980, electron images of the most
studied chaperonin, GroEL from E. coli,
revealed the characteristic two-ring
structure, with each ring composed
of seven identical subunits (Burton &
Eisenberg, 1980) (Fig. 1A). Different
studies showed that folding takes place
in the cavity and that there are two final
conformations: an open one where
the unfolded client protein is recog-
nised and trapped; and the closed one
where folding takes place. In the case

W
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of GroEL, closure of the cavity occurs
upon binding of a small oligomer,
GroES (generally termed cochaperonin;
Fig. 1A), to the entrance of the cavity.
This occurs after ATP binding and
hydrolysis of the seven subunits of a
ring. Cochaperonin binding blocks the
entrance and forces the release of the
client protein in the GroEL cavity, where
folding takes place.

Not long after the discovery of GroEL,
another type of chaperonin was found,
leading to the creation of a general
classification that categorized all
chaperonins in two groups (Horwich &
Willison, 1993): group I, which includes
the eubacterial ones such as GroEL and
those located in endosymbiotic orga-
nelles (e.g., mitochondria and chloro-
plasts); and group II, which includes all
the chaperonins from archaea (thermo-
somes) and the one found in the eukar-
yotic cytosol.

The latter group turned out to be more
complex, particularly because of the
variable number of different subunits
making up the ring structures (1-3 in
the case of thermosomes, 8 for the
eukaryotic chaperonin). The discovery
of eukaryotic chaperonin in the early
1990s caused something of a stir in the
field (see Ellis, 1992).

14

At about that time, | had returned
to Spain after a postdoctoral stay at
the Laboratory of Molecular Biology
(Cambridge), where | had learnt the
basics of cryoelectron microscopy
(cryoEM) and image processing, under
the supervision of Richard Henderson,
one of the “fathers” of this technique
and awardee of the Nobel Prize of
Chemistry in 2017. On my return to
Spain, I stopped working on membrane
proteins and decided to work in the
then-new field of chaperonins, in col-
laboration with José L. Carrascosa, who
introduced electron microscopy image
processing techniques in Spain.

From the very beginning | worked with
the eukaryotic chaperonin, which has
maintained two different names over
the years: CCT (Chaperonin Containing
TCP1 protein); or TRIC (I-complex pro-
tein-1ring complex). My group was the
first to publish a low-resolution struc-
tural characterisation of CCT using
standard, negatively-stained electron
microscopy images (Marco et al., 1994)
(Fig. 1B). At the low resolution of these
early studies, CCT seemed very similar
to GroEL, which by then had a solved
crystallographic structure (Braig et al.,
1994). Besides the number and compo-
sition of subunits, the major difference
in CCT was that the closed conforma-
tion (like the rest of group Il chaper-
onins) was generated by the presence
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Figure 1. (A) A negatively-stained field of GroEL particles, with (1) showing an end-on view
(revealing a cavity) and (2) a side view, while (3) shows a side view of a complex between
GroEL and the cochaperonin GroES, and (4) shows a GroES molecule bound to each of the
two GroEL rings. (B) A negatively-stained field of CCT particles, with the arrow pointing to

a side view and the arrowhead to an end-on view. (C) A cryoelectron image of a vitrified
sample of CCT. Arrow and arrowhead as in (B). (D) CryoEM 3D reconstruction of the CCT
open conformation (Llorca et al., 1999a). (E) CryoEM 3D reconstruction of the CCT closed
conformation (Llorca et al., 2000). (F) CryoEM 3D reconstruction of a complex between

CCT and its client protein, actin (Llorca et al., 1999a). (G) CryoEM 3D reconstruction of a
complex between CCT and a fragment of the chaperone Hsp70 (red asterisk) (Cuéllar et

al., 2008). (H) CryoEM 3D reconstruction of CCT using state-of-the-art cryoEM technology.
(I) The same view as in (H) showing the atomic model of CCT (all 16 subunits) docked into
the 3D reconstruction. (J) Epifluorescence image of HEK293T cells expressing CCT, with one
of its subunits (CCT3) labelled with the fluorescent protein GFP. (K) A section of a cryoET
tomogram that shows, besides a microtubule (black arrow) and several ribosomes (black
circles), the presence of CCT particles (red arrowheads). Scale bar in (A) represents 200 A for
A-C; Scale barin (D-1) represents 100 A; Scale bar in (K) represents 200 nm.
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of an extra helical extension, which
blocked the cavity upon ATP binding
and hydrolysis in the CCT subunits.

Soon after the aforementioned pub-
lication on CCT, my group began a
long and fruitful collaboration with
the group of Keith Willison, then
at the Institute of Cancer Research
(London), which included not only
electron microscopy but also bio-
chemical and biophysical analysis of
CCT. This was in the mid-1990s, and we
had at that time acquired some basic
equipment to carry out cryoEM exper-
iments. Although the literal definition
of cryoEM is “electron microscopy
carried out at low temperatures’, it is
actually more complicated than that;
in its more developed form (estab-
lished around the mid-1980s by the
Nobel laureate Jacques Dubochet),
it involves flash freezing the biologi-
cal sample (e.g., a protein) so that the
surrounding water molecules have
no time to crystallise and remain in
an amorphous (vitreous) state, which
maintains the fine (atomic) structure of
the target molecules (Fig. 1C).

A low temperature (basically, LN, tem-
perature) is maintained throughout
the workflow, including storage (if
needed) and data acquisition. For the
latter, our 120 kV electron microscope
(with a tungsten filament source) was
equipped with a cryostage and an anti-
contamination device that sought to
prevent (without much success) con-
tamination from the water molecules
present in the microscope column.
With this equipment, at the turn of the
century we started the structural char-
acterisation of CCT by cryoEM, which
allowed us to determine, always at low
resolution (20-25 A), the general struc-
ture of the two main CCT conforma-
tions (open and closed) (Fig. 1D and E)
(Llorca et al., 1999a; 2000).

We also showed that actin and tubulin,
the major CCT clients, bind to the chap-
eronin in a very specific configuration

W5
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(Llorca et al., 1999b; 2000), unlike what
happens with the much better charac-
terised GroEL (Fig. 1F).

This finding caused quite a stir,
because it went against the “official
line” dictated by some prominent sci-
entists who proclaimed that CCT was
no more than the eukaryotic equiva-
lent of GroEL. Since then, it has been
found that CCT not only guides protein
folding, but also is active in quaternary
interaction and regulation, serving as
an important hub in the execution of
various cellular processes. Another
differential feature of CCT is its inter-
action with a plethora of cochaper-
ones (PFD, PhLPs, TBCs) that direct
the chaperonin towards specific client
proteins and modulate its activity. Our
group, again using cryoEM, was the
first to structurally characterise the
interaction of CCT with cochaperones
like PFD and PhLP1 (Martin-Benito et
al., 2002; 2004).

The subsequent cryoEM work bene-
fited from the acquisition of a 200 kV
electron microscope equipped with a
field emission gun and a better vacuum
system, which made water contamina-
tion less problematic (although always
present). With this new equipment, the
quality of our work improved enough
to allow a more detailed determina-
tion of CCT interaction with different
chaperones (Fig. 1G), cochaperones
and substrates (Cuéllar et al., 2008;
Plimpton et al,, 2015), but always at
low-medium resolution (>10 A), which

References

was not enough to resolve the protein
secondary structure. In truth, the prom-
ise of revolution in the field of structural
biology that cryoEM seemed to offer in
the early 1990s were not fulfilled: only
a handful of structures of either large
complexes (ribosomes) or of particles
with a high symmetry order (icosahe-
dral viruses) were determined at really
high resolution.

This changed in the early 2010s when
two technical advancements, one in
hardware (direct electron detectors,
with a much higher electron recording
efficiency) and the other in software
(better image classification methods
based on maximum likelihood tech-
niques), caused a commotion in the
structural biology field that has rightly
been termed “the resolution revolu-
tion”. Although the new software was
freely available (most of it had been
developed by Academia), the new
hardware was very expensive and
only available to wealthy groups and
national or international cryoEM facili-
ties. Thanks to the latter, we were able
to determine the high-resolution struc-
ture (4.0 A) of CCT in the presence of a
client protein, mLST8, the result of a
fruitful and long-standing collabora-
tion with the group of Barry Willardson
(Brigham Young University, Provo, USA)
(Cuéllaretal., 2019) (Fig. 1H).

This level of resolution (which contin-
ues to improve in subsequent, unpub-
lished works) allows the building of
atomic models (Fig. 11) that help to

analyse interactions in fine detail, in
this case between CCT and clients, or
the chaperones and cochaperones that
modulate its action. We have recently
acquired state-of-the-art infrastruc-
ture that allow us not only to acquire
high-resolution data from in vitro, puri-
fied samples such as CCT, but to study
these complexes in vivo, in their cellular
environment, using a set of techniques
collectively termed cryocorrelative
MICroscopy.

We believe these techniques are going
to have an impact on structural cell
biology as they allow the study of the
dynamics of a given biological prob-
lem (e.g., the cellular arrangement of
CCT complexes) using light microscopy
and fluorescently tagged proteins, and
structural analysis of the very same
sample (a given cell or subcellular
structure) at high (even atomic) reso-
lution using cryoelectron tomography
(cryoET) of that particular area. We
are currently working in that direc-
tion by labelling CCT, finding suitable
areas using cryoconfocal microscopy
(Fig. 1J), and using cryoscanning elec-
tron microscopy coupled to focused
ion beam (cryoFIB-SEM), thinning this
particular area to carry out cryoET
(Fig. 1K).

Though light and electron microscopy
technologies have undergone a revolu-
tion in many ways, the study of biologi-
cal problems such as chaperonin func-
tion does not come to an end, rather it
gets more exciting.
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Happy Silver Jubilee!

round about the time,

25 years ago, when the

EMS was being founded,

thoughts in my group were
turning towards how best to image
materials at the nanoscale in three
dimensions. The idea of using tomog-
raphy (3D imaging) in the TEM was
of course not new, it had been a key
method in structural biology for some
years — either using a tilt series or
through single particle analysis - and
had also begun to be applied to some
soft (generally non-crystalline) materi-
als, especially polymers. The electron
tomography technique ca. 25 years ago
was based very much on using bright-
field conventional TEM imaging and
on the assumption that the signal in
the image was a monotonic (close to
linear) function of projected thickness.
Such an assumption lies at the heart
of many tomographic reconstruction
processes. By acquiring images at dif-
ferent specimen tilts across a ‘tilt series’
the ensemble of projections (Radon
transforms) and their inverse can then
be used to recover the 3D structure
(tomogram).

However to be used more universally in
materials science there was a problem
to overcome. Most of the specimens
analysed by materials scientists are
crystalline in nature, often composed
of strongly scattering atoms and, as
such, highly non-linear ‘diffraction
contrast’ may dominate BF (and DF)
TEM images; such non-linear contrast
makes using such images difficult, if
notimpossible, for tomographic recon-
struction. To overcome this, a new
technique emerged ™ based on STEM
tomography (initially using HAADF
images). With a sufficiently large inner
angle (ca. 50mrad or more) STEM
HAADF images contain very little (of the
unwanted) diffraction contrast and the
HAADF signal varies, to a good approx-
imation, monotonically with thickness,
up to typically a few hundred nm.

In addition, STEM HAADF images
encode information about the sample
composition (the intensity is approx-
imately proportional to the square of
the atomic number) and so provides
a (semi-quantitative) means to map
changes in composition in 3D as well as
a detailed investigation of the sample
morphology. (It should be mentioned
that an equivalent imaging mode in
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TEM exists, ADF-TEM 21 but over the
years the STEM technique has proven
considerably more popular.)

The success of 3D imaging using HAADF
STEM tomography for materials sci-
ence applications quickly led to other
tomography techniques being devel-
oped, which combined STEM imag-
ing with other, analytical techniques,
adding further ‘dimensions’ to the data
- what is now sometimes called ‘mul-
ti-dimensional electron microscopy’.
These included:

(i) STEM tomography plus analytical
techniques such as EDX and core-loss
EELS so that at each pixel in the 2D real
space scan, a full EDX or EELS spec-
trum is acquired. Through a tilt series
of such ‘spectrum-images’ it is possible
to reconstruct a 3D elemental or phase
map B,

(i) STEM tomography with electron
diffraction whereby a 2D diffraction
pattern is acquired at every real space
pixel revealing how the local crystallog-
raphy varies in 3D — and in one example
led to a novel 3D orientation relation-
ship found in a Ni base superalloy ],
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(iii) STEM tomography with low loss
EELS. Low-loss EELS can provide infor-
mation that is complementary to opti-
cal spectroscopy and as an example
enabled the localized surface plasmon
resonances of a silver nanocube to be
reconstructed, for the first time seeing
these near-field excitations in three
dimensions 1. Similar work has now
been achieved with ultra-high energy
resolution and visualizing phonon
excitationsin 3D,

Although STEM imaging proved highly
applicable across many crystalline
materials, with careful acquisition, con-
ventional imaging, and in particular
weak-beam DF imaging, could reveal
the 3D distribution of dislocations. To
do this successfully, a tilt series of weak
beam images of dislocations has to be
acquired with (near-) constant devi-
ation parameter (excitation error) for
whichever Bragg reflection is used [,
Whilst it proved successful, keeping
the acquisition conditions constant is
experimentally very demanding. Later
work returned to use STEM and ‘medi-
um-angle” annular dark-field imaging
in which the contrast in the image is
composed, in effect, of a summation
of multiple DF images (recorded at

different deviation parameters). The
net effect of those superimposed DF
images was to enhance the dislocation
contrast, and minimize other unwanted
diffraction contrast, such as thickness
fringes or bend contours ®, to provide
clear 3D images of dislocation networks
and circumventing the difficulties of
the weak-beam technique.

Electron holography allows imaging of
electrostatic and magnetic fields using
the TEM. Combining with tomogra-
phy enabled the 3D visualization of,
for example, p-n junctions in semicon-
ductor devices® and, recently using a
newly developed wavelet-based algo-
rithm, an improved reconstruction of
3D magnetic fields 1.

STEM-based tomography in materials
science is now a routine technique.
Other groups have pushed the resolu-
tion — and atomic electron tomography
is now possible* complementing the
remarkable power of the atom probe
microscope. Others still have devel-
oped ever-more powerful algorithms
to both cope efficiently with large data
sets and to minimize artefacts from the
somewhat limited tilt series (typically
50-100 images over, say, +/- 70°).

Looking back at the ca. 25 years of elec-
tron tomography in my group, it has
struck me how | have benefitted enor-
mously from the hard work of many
students and postdocs from around
the world coming to Cambridge to
work with me, but especially those
from other European countries. The
relative ease with which researchers
could move to/from the UK to/from the
rest of Europe and the opportunities
offered by European-based funding
were important factors that helped in
the development of electron tomog-
raphy. We still await the full impact of
Brexit but what remains crucial going
forward is that scientific and cultural
links across Europe should remain
strong, and ‘building bridges” wher-
ever we can should remain paramount.
Organizations such as the EMS are
crucially important in bringing people
together, fostering scientific debate and
discussion and highlighting common
European goals.

I had the very great pleasure and
honour of being President of the
EMS from 2008-2012 (and then Past-
President until 2016). In that time the
Society grew in number as the EM
community as a whole grew, both in

Figure 1. 3D tomographic reconstructions of (a) a CdTe ‘multipod’ using HAADF-STEM imaging; (b) precipitates in a Ni base superalloy using
STEM-EDX tomography"; (c) localized surface plasmons on the surface of a Ni nanocube using low loss EELS tomography*.
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the life sciences and in materials sci-
ence. It was a joy to be invited to dif-
ferent European countries to see the
strength of European microscopy,
the development and application of
new techniques and the real sense of
community. The Manchester-based
EMC in 2012, at the end of my tenure
as President, is one I'll always remem-
ber with great fondness, and particu-
larly the Congress Dinner at the home
of Manchester United, Old Trafford!
It is very exciting that the European
community of microscopists get a

1998 - 2024 | EUROPEAN MICROSCOPY SOCIETY 25™ ANNIVERSARY @

chance to meet once again in person in
Copenhagen at EMC2024, as always an
opportunity to meet old friends, make
new contacts and hear and see great
science.

Many congratulations to the EMS on its
silver jubilee, I look forward to the next
25 years of European microscopy and
in celebrating the EMS golden jubilee
in2048!' M
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Elucidating the Mechanisms of
Biological Macromolecular Machines
by Cryo-Electron Microscopy

ingle particle cryo-EM has made

significant advancements in

the last decade. It has now

achieved what is known as
atomic resolution, where individual
atoms are visualized as isolated spher-
ical entities 231 Furthermore, it has
enabled the measurement of charges in
acidic amino acids and chemical bond-
ing between hydrogen and bonded
non-hydrogen atomstl. These remark-
able achievements have been made
possible by the introduction of direct
electron detectors to the field. These
detectors provide high-quality real
images of protein molecules embed-
ded in a thin layer of vitreous ice.

In 2003, approximately a decade before
the development of the direct electron
detector, we reported the structure of
the bacterial flagellar filament using
CryQ_EM (Figure). The bagtemal flagel- reconstruction. The atomic model
lar filament serves as a helical propeller of flagellin, shown in yellow, is

for bacterial locomotion and is com- superimposed onto the cryo-EM map
posed of a single protein, flagellin. At represented in blue .

that time, images of frozen-hydrated

Flagellin structure in the flagellar
filament obtained by cryo-EM helical
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proteins were recorded on photo-
graphic film. We utilized the helical
symmetry of the flagellar filament
to reconstruct its three-dimensional
structure and also developed various
software programs to achieve high-
er-resolution helical reconstruction
1456781 The resulting cryo-EM map,
reconstructed at a resolution of 4 A
from approximately 40,000 molecular
images, revealed the twists of a-hel-
ices and bulky side chains (Figure).
We then constructed an atomic model
based on this first high-resolution
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cryo-EM structure obtained through
bright-field electron imaging (Figure).
The study revealed intricate molecular
packing and a mechanism for the sta-
bilization of the filament. More impor-
tantly, it demonstrated that cryo-EM
image analysis can yield a three-dimen-
sional density map that is adequate for
constructing an atomic model.

We also analyzed the tip of the fla-
gellar filament using single-particle
cryo-EM. The growth of the flagellar
filament occurs at its distal end by the

self-assembly of flagellin transported
from the cytoplasm through the narrow
central channel. The cap at the growing
end is essential for the filament growth,
remaining stably attached while per-
mitting the flagellin insertion. The
obtained cryo-EM structure provided
insights into the dynamical mechanism
of filament growth facilitated by the
cap proteins!® ! H
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Studying macromolecules
In thelr natural habitats
by cryo-electron tomography

raditionally, structural biolo-
gists approach the complex-
ity of cellular proteomes in a
reductionist manner ™. Cells
are taken apart and their molecular
components are purified and studied
one-by-one using the experimental
tools structural biologists have at their
disposal, such as X-ray crystallogra-
phy or cryo EM single particle analy-
sis. Powerful as these methods are, all
information about context and interac-
tion networks is irrecoverably lost when
macromolecules are released from
their functional cellular environments.
Hence, there is a compelling need for
methods that allow the visualization of
macromolecular and supramolecular
structures in situ, i. e. in unperturbed
cellular environments. Cryo-electron
tomography allows to do that: It com-
bines the power of high-resolution
three-dimensional imaging with the
best structural preservation that is
physically possible to achieve.

Although the physical principles under-
lying electron tomography are relatively
simple, putting them into practice has
been challenging. One has to reconcile

W
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the radiation sensitivity of biological
material embedded in vitreous ice with
the need to expose the sample multiple
times to the electron beam in record-
ing a tilt series needed for three-di-
mensional reconstructions. This can
be achieved by taking advantage of
the principle of dose fractionation, i. e.
distributing the allowable cumulative
dose over as many projection images
as possible and by automating the pro-
cess of image acquisition. We began
to develop such procedures in the late
nineteeneighties >l and, in the face of
strong skepticism, we could demon-
strate in 1995 the feasibility of doing
cryo-ET ™, Initially, cryo ET could only
be used to visualize molecular land-
scapes in small objects (< 1 um), such
as prokaryotic cells or viruses 561,
Eukaryotic cells are much larger and
not sufficiently electron transparent for
imaging them in their entity. Only thin
peripheral regions or appendages were
accessible to cryo ET 81,

This changed with the advent of Cryo-
Focused lon-Beam milling (cryo-FIB
milling) 1 cutting thin slices through
cells that cryo-ET can peer into. This

22

has opened up new perspectives for
studying the molecular sociology of
cells % 11 Essentially it has created
a new field, structural biology in situ,
which meanwhile has provided unprec-
edented glimpses of the nanoscale
architecture of cells 2],

It is now possible to visualize macro-
molecules such as ribosomes or pro-
teasomes in their functional cellular
context*> and in favorable cases, i. e.
when sufficiently large and abundant,
subvolume averaging allows to bring
resolution well into subnanometer
range **1. Alternatively, high-resolution
experimental structures, where they
exist, can be docked computationally
into medium resolution (1 to 2 nm)
tomograms. Also predictive models
as generated by Al methods such as
Alpha-Fold can be used in integra-
tive approaches for ‘upgrading’ the
tomograms.

For realizing the full potential of cryo
ET and for fulfilling the promises of
visual proteomics, i. e. the comprehen-
sive description of cellular proteomes,
populated by myriads of molecular



species further advances on several
frontiers are needed . New optical
devices such as contrast enhancing
phase plates will improve the quality
of the primary data and thereby facil-
itate their interpretation. The biggest
challenge is the identification and
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annotation of all the densities, large
and small in the tomograms. The
physical integration of instruments for
Correlative Light-Electron Microscopy
(CLEM) and cryo-FIB milling along with
automation will accelerate the work-
flow and improve throughput. Machine

learning tools are beginning to revolu-
tionize image processing and help to
extract a maximum of information from
tomograms even when data quality is
compromised 7.l
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Wavefront Shaping the
Future of Electron Microscopy

quantum state of electron waves.

This report presents the progress in bringing electrostatic phase plates
for electrons to reality in the transmission electron microscope (TEM).
We survey potential applications of these devices and demonstrate

the capabilities of our current state-of-the-art 48-element programmable
phase plate for coherent electron waves consisting of chip-based
microscopic electrostatic elements. This brings the highly successful
concept of wavefront shaping from light optics into the realm of electron
optics and provides an essential new degree of freedom to tailor the

Introduction: Bringing adaptive
optics to the electron world

If a wave is the carrier of information,
controlling the waveform is the key to
communication. People talk by creat-
ing and shaping sound waves in forms
that can be mutually understood.
Mobile phones encode data in electro-
magnetic waves by carefully construct-
ing their spectral content.

In 1924, de Broglie introduced the idea
that accelerated particles could also
show wave properties. This discovery
is at the heart of electron microscopes
that can reveal the detailed atomic
structure of materials by encoding
this information in electron waves
while flying through very thin slabs
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of materials before being recorded
on some detector. However, trying
to reveal more information from
ever smaller volumes of the sample
has limits, as the amount of energy
exchanged in the interaction will start
to degrade the material we would like
to observe.

Just as in telecommunication, it
becomes essential to think about the
most efficient or robust way to transmit
the desired information contained in
the sample to the receiver/detector.

The trend in microscopy has been up
till now to maximize the attainable spa-
tial resolution up to the point where we
can routinely reach spatial resolution

24

below the fundamental Bohr radius.
This makes it unlikely that further
improvements will reveal a fundamen-
tally new level of detail (at least in 2D
projection).

However, having the ability to control
the wavefront or phase of the electron
beam freely, creating electron probe
shapes that are unattainable with con-
ventional round apertures could offer
alternative ways to “interrogate” a
sample and make it reveal the informa-
tion we are seeking for.

This idea is commonly applied in, e.g.,
the telecommunications and light
optics field. Indeed, the spatial and
time-dependent control over the phase
of coherent waves has created a break-
through in many research fields rang-
ing from acoustics and telecommu-
nications =1 radar ™, radio and light
astronomy®¢ and many more!™.

Tunable electron optics, in the form
of electron lenses, have been part of
electron microscopy from the first
instrument by Ernst Ruska and collab-
orators in the early 1930s .. Indeed,
the ability to tune the strength of a



lens or stigmator by simply changing
the current is one of the very conven-
ient features of an electron microscope
and forms the basis of all modern
instruments.

Expanding on this idea, a series of
multi-pole lenses have allowed for the
correction of the inevitable lens aber-
rations occurring in round magnetic
lenses under the form of aberration
correctors 11 which is undoubtedly
the most significant breakthrough in
modern electron microscopy. However,
these tunable electromagnetic ele-
ments cannot reproduce entirely what
a spatial light modulator®? can do for
light optics regarding arbitrary wave-
front shapes, speed, drift, versatility,
and automatisation.

Aiming to bridge this gap between light
and electron optics, we have put much
effort into bringing the fast and versa-
tile wavefront shaping capabilities of
a spatial light modulator into the field
of electron beams, arriving at a first
proof of concept in 2018, where we
showed the viability of the implemen-
tation on a 2x2 array of individual elec-
trostatic phase shifters (pixels) **I. This
concept has been recently expanded
into the current state-of-the-art design
with 48 individually programmable
pixels, shown in Figure 1 along the 2x2
version 4,

Electron beam shaping:
Wavefront designer

This device allows us to shift focus
from making the smallest possible
probe to making a series of well-con-
structed, non-trivial probe shapes to
interrogate the sample with the newly
gained degrees of freedom. Figure 2
shows an experimental demonstration
of this concept where the phase plate
was inserted into the sample plane of a
TEM at 200kV, and the far-field diffrac-
tion patterns of various phase-modu-
lated electron waves were recorded.
These patterns form rather complex
phase configurations that can be used
as a basis set to optimize the infor-
mation transfer between the sample
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Figure 1. Implementation of the electrostatic phase plate in the electron microscope.
Our 2018 design has been improved to the current state-of-the-art phase plate (2023),
controlled by a phase controller computer that sends commands to the voltage sources for

each pixel.

and the electron beam intensity at a
specific detector plane. Some poten-
tial applications of exotic beams or
structured illumination have already
been proposed in electron microscopy,
expanding on standard methods such
as electron energy loss spectroscopy
(EELS) 1 ptychography *¢! and ghost
imaging ™,

Adaptive Probe Correction:
User-free optimisation

The fast and hysteresis-free response
of the electrostatic phase plate lends
itself ideally to automating the tedious
tuning process that is still common in
even the most advanced instruments.
One example could be the automatic
improvement of image contrast (or
alternative figure of merit describing
specific features in an image).

The 48 individual phase elements,
in combination with a synchronised
control loop, can be left to solve a par-
ticular “question” we want to get from
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our sample, i.e., maximise contrast, or
enhance a specific edge in a spectrum.
A proof of concept of this optimisation
scheme is shown in Figure 3, where
we set the phase plate inserted in the
C2 aperture plane of a ThermoFisher
Scientific Titan microscope, to auto-
matically sharpen the image of a probe
(Figure 3a) or correct a deliberately
defocused high-angle annular dark
field (HAADF) image (Figure 3b). The
basic optimisation workflow is shown
in Figure 3c.

The applications mentioned above
serve as early proof of concept exam-
ples and are just some of the many
possible measurement schemes we are
currently exploring. Taking inspiration
from its light optics counterpart, we
envision many more opportunities for
programmable phase plates in electron
microscopy (and other fields which
take advantage of coherent electron
beams).
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Figure 2. Experimental realisation of exotic
beams. The left column shows the phase
configuration sent to the device, while

the middle and left columns show the
experimental and simulated image of the
probe, respectively.

Conclusion: Present and Future of
electron wave shaping

We reported the implementation of an
electrostatic phase plate for electrons
in the electron microscope. This opens
up a new “language” to interrogate our
samples, potentially yielding an opti-
mal information transfer.

Furthermore, we show the capability
of the setup to reach fully automated
schemes that can further improve
the experimental versatility, ease of
use, and time to result of the instru-
ment, possibly increasing its adop-
tion outside focused research centers.
Furthermore, the device poses a com-
pact, low-power, stable, and rapidly
switching solution for electron wave-
front shaping.
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Figure 3. Demonstration of the automated correction using an electrostatic phase plate on
the image of the probe (a) and a HAADF image (b). The automated workflow is shown in (c).

Future development includes improve-
ments of hardware and software, as
well as exploration of novel applica-
tions that might emerge.

The experimental work presented in
this text can be traced back to a ple-
nary lecture delivered by JV back in
2011 at the EMC in Lyon. What once
could have been seen as a concep-
tual “day-dreaming” exercise or food
for thought is now starting to become
an experimental reality. Seeing the
amount of effort and time needed
to reach this point is humbling.
Nonetheless, there is still a fascinating
journey ahead of us with many poten-
tial applications to be developed. B
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The IMOD Software Package
for Tomographic Reconstruction

MOD is a package of programs for

creating, visualizing, and analyz-

ing three-dimensional reconstruc-

tions from microscope images
(Kremer et al., 1996). Its primary focus
is on reconstructions for electron
tomography, in which a specimen is
tilted to a series of angles (typically
between +/-60-70° at 1-3° intervals)
and a projection image is acquired at
each angle. Initially, the main uses of
tomography were for studying cellular
structures in thick sections (200-400
nm) of fixed, embedded, stained spec-
imens at a range of scales, from whole
cells through complex systems of
membrane-bounded compartments,
down to large macromolecular com-
plexes. The method was also applied
in materials science. More recently,
the dominant use has been with fro-
zen-hydrated samples, where the
excellent structural preservation gives
the opportunity to align and average
multiple copies of a structure in sub-
tomograms, to obtain high-resolution
molecular structures, down to resolu-
tions of ~3 A (Briggs, 2013).

For tomographic reconstruction,
images are aligned and transformed
so that, ideally, they represent

projections of a rigid structure tilting
around a single axis. This alignment
is done using either features in the
images themselves, or the positions
of gold beads placed on or contained
within the specimen. Although align-
ment and tomogram computation are
the main steps, there are several other
processing steps involved in getting a
useful single-axis reconstruction.

Moreover, it is common to acquire two
series by tilting around orthogonal
axes in the specimen, accomplished by
rotating the specimen by 90° between
the series. When the data are merged
in some fashion to produce a single
dual-axis tomogram, information miss-
ing in a single-axis tomogram is filled
in by the second axis (Mastronarde,
1997; Penczek et al., 1995). Specifically,
features oriented nearly parallel to the
tilt axis are poorly resolved in a single
axis tomogram, whereas features at all
orientations show up well in the dual-
axis tomogram.

IMOD provides a comprehensive set
of tools for all these steps. The goal
has been to make the steps run as
automatically as possible, while still
providing the flexibility for manual
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intervention when automation fails.
Thus, a suite of image processing pro-
grams provides many options for han-
dling a variety of difficulties that can
arise with a particular tilt series. The
running of these programs is managed
by the program Etomo, which presents
a user interface organized to guide
users through the sequence of steps.
Etomo opens in a Basic mode with
only the most important, commonly
used options shown, but it can be
switched to an Advanced mode that
presents additional parameters and
problem-solving features.

One theme in IMOD development has
been the pursuit of large reconstruc-
tions, containing substantial volumes
within a cell with good resolution of
fine details. From the early days, there
was a strong motivation to go beyond
what could be obtained from single
images, especially when tilt series
started to be taken automatically with
CCD cameras, which had a limited
field of view. One method of extend-
ing the volume is to acquire a mon-
tage of overlapping frames at each tilt
angle. One of the major programs in
IMOD can process such montages to
produce a single, seamless image at
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each tilt. The interface in Etomo allows
users to process montaged tilt series
just as easily as single-frame ones.

Such tilt series can be obtained auto-
matically with the data acquisition
program SerialEM, also developed
by me (Mastronarde, 2005). With the
widespread adoption of SerialEM for
tilt series acquisition, processing of
montages became routine. The tomo-
graphic volume can also be extended
in the other direction, by obtaining
tomograms from serial thick sections
and stacking them together. Alignment
programs were adapted, scripts were
developed, and an interface was
added in Etomo to allow straight-
forward alignment and stacking of
tomograms.

Embedded specimens are progres-
sively damaged by the electron beam,
with an initial rapid collapse followed
primarily by more gradual shrinkage
in all three dimensions (Luther et al.,
1988). Even after pre-exposing the
specimen to stabilize it, there will be
changes during the tilt series that need
to be accounted for when aligning for
reconstruction. Moreover, the changes
are usually not uniform over the whole
area. These non-uniformities limit how
well a single alignment model fits the
image positions, and the fit becomes
progressively poorer for larger areas
(consider that a model fitting well to
the center of an area will fit worse the
farther it is extrapolated to peripheral
regions that changed differently.) The
program in IMOD that computes the
alignment solves this problem with
“local alignments”, in which the align-
ment model is fit to a subset of posi-
tions in each local area, and separate
solutions are obtained over a grid of
overlapping areas (Mastronarde, 2007).

The reconstruction program uses the
local alignment information to com-
pute an accurate position within each
tilt series image corresponding to a
particular pixel in the tomogram. The
problems caused by changes in the
specimen between the two axes of a
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dual-axis series are handled in a com-
pletely different way. In IMOD, a sepa-
rate tomogram is computed for each
axis, using the local alignments to cor-
rect for distortions within each series.
Then after getting the two tomograms
approximately into register, 3-D corre-
lations between the two volumes are
done in small patches throughout the
volume. This collection of displace-
ments is used to derive a warping
transformation that can be applied
to one of the volumes to bring it into
subpixel registration with the other.
Information from the two volumes
can then be combined to obtain the
final tomogram, without having mis-
alignments that would blur out the
features.

The pursuit of even larger reconstruc-
tions, containing a substantial fraction
of a mammalian cell, led to further
major developments in IMOD. This
work was done in collaboration with
Brad Marsh’s group at the University
of Queensland. For various reasons, it
becomes impractical to acquire mon-
taged tilt series of areas bigger than
~8 um with a pixel size around 1 nm.
To reconstruct larger areas, “super-
montaging” was developed, in which
an array of overlapping tomograms
(each from a montaged tilt series) is
acquired, computed, and stitched
together (Mastronarde et al., 2008).
Developments in SerialEM were
needed to facilitate acquiring the mul-
tiple dual-axis tilt series with appro-
priate overlap. The additional beam
exposure in multiple areas produces
even more nonlinear distortions that
need to be accommodated. Aligning
these tomograms involves first deter-
mining linear transformations for each
volume that will bring them all into
alignment at the centers of the zones
where they overlap. Then, local corre-
lations in the overlap zones are used
to derive transformations for warp-
ing the volumes so that their overlap
zones are in good registration through-
out, after which it becomes straight-
forward to stitch them into a single
volume (O’'Toole et al., 2018).

28

Although supermontaging is not often
undertaken, two problems in stack-
ing serial sections became acute with
super-montages and led to solutions
that are more widely used. First, dis-
tortions under the beam often make
the section curve or form a dome,
requiring extra slices to hold the entire
curved volume and leaving large gaps
in material when sections are stacked.
Thus, a method was developed to flat-
ten the section within the tomogram
by deriving a 3-D warping transforma-
tion either from lines drawn along the
section surfaces or from the positions
of gold beads on the surfaces, if they
are sufficiently numerous. For many
specimens, the lines can be gener-
ated automatically by a program that
detects the surfaces of the stained
material.

The second problem is that lateral dis-
tortions make it impossible to align
features well between successive sec-
tions. Thus, a general 2-D warping
capability was developed. For align-
ing serial tomograms, images at the
surfaces of adjacent sections are pre-
sented in a visual alignment program
where the images can be shifted into
local alignment at a series of selected
points and the shift recorded at each.
A warping transformation is derived
from these shifts using geometric
methods and is applied right in the
alignment program. This 2-D warp-
ing has also proven quite useful for
aligning serial images from either TEM
of thin sections or scanning EM of a
block face after sections are cut away
or milled away with a focused ion
beam. In this case, automated align-
ment is often possible by doing local
correlations over a complete grid of
positions and using the shifts in the
warping transformation. (Information
for aligning serial tomograms is often
too patchy for automated alignment
because material is lost between sec-
tions (Ladinsky et al., 1999).) Interfaces
in Etomo for stacking tomograms and
aligning serial sections both make it
easy to apply these methods.



As the focus in tomography has
shifted from stained material to
frozen hydrated samples, IMOD has
also incorporated features needed in
cryo-tomography, where much lower
electron dose must be used to avoid
destroying the structures of interest.
The largest component is a program
for measuring the parameters needed
to correct the effects of the microscope
contrast transfer function (CTF). In
cryoEM, images are taken with a defo-
cus that results in zero signal transfer
at a series of spatial frequencies, and
a reversal in the sign of the signal at
each zero point. We developed a pro-
gram to detect defocus with methods
to handle the problems unique to
cryo-tilt series: the small amount of
signal reflecting the CTF in each image,
and the tilt of the specimen, which
makes the defocus vary continuously
across the image (Xiong et al., 2009).
The defocus gradient is compensated
by measuring signal at each frequency
in strips parallel to the tilt axis, so that
each strip has a common defocus. The
frequencies of the signals are scaled to
align zeros between the strips before
summing, so that the oscillations are
reinforced rather than blurred out. The
weak information is enhanced when
necessary by summing over multiple
tilt images.

With the development of cameras
that can record electrons directly in
the chip and detect single electron
events, defocus can now usually be
determined reliably from single tilt
images. More recently, this CTF pro-
gram can determine other parameters
needed for accurate correction of the
sign of the signals, primarily astig-
matism, the variation in defocus with
angle. Astigmatism is measured with a
novel method of summing signals as a
function of angle, estimating the defo-
cus at each angle, and fitting to these
estimates to find the angle and magni-
tude of the astigmatism. Other devel-
opments have enhanced the ability of
the program to be run automatically
and give accurate results with many
kinds of data.
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Other notable developments to sup-
port cryo-tomography include:

« A program for aligning the multiple
frames that can be obtained when
acquiring a single image with direct
detectors and some other cameras.
Alignment of frames eliminates
the loss of image detail from drift
(Brilot et al., 2012). This program
is designed to handle input from
all the images in a tilt series, align
and sum the frames from each,
and produce a file directly usable
for tilt series processing. The basic
alignment module is shared with
SerialEM, where it can be used to
align frames from 5 different kinds of
cameras.

« Adaptation of the program that
automatically finds the gold mark-
ers for aligning tilt series to work
well with tilt series for high-resolu-
tion subtomogram averaging. Such
tilt series have very small pixel sizes
relative to the gold beads and often
have a larger tilt increment than
is used for reconstructing cellular
structures, leading to larger jumps
in bead positions between adjacent
angles.

+ Addition of “dose weighting”, in
which progressively more high fre-
quency information is removed from
images with higher electron dose, to
filter out signal from structures that
have been damaged by the beam
(Grant and Grigorieff, 2015).

« Reconstruction with “super-sam-
pling”, in which a slice of the tomo-
gram is computed with sub-pixel
resolution and then reduced to
the original pixel size. This proce-
dure removes some characteristic
artifacts that appear in the Fourier
transform of the slice, which oth-
erwise produce extra noise in the
tomogram.

IMOD also has a program for fully

automated reconstruction of multiple
tilt series, including all the ancillary
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steps required for a high-quality tomo-
gram (Mastronarde and Held, 2017).
This capability has become increas-
ingly important as microscope hard-
ware and acquisition software have
improved to the point where many
tilt series can be collected efficiently
in one session. The implementation is
highly flexible, allowing different align-
ment and reconstruction methods to
be used and ~250 different parameters
to be set.

To handle this complexity, the user
interface in Etomo provides a Basic
mode with just the essential param-
eters collected onto a single window.
A separate advanced window gives
access to all the available options,
organized by step in the process, and
with the ability to see parameters for
one step or a few steps at a time. This
batch processing is completely com-
patible with processing through the
regular reconstruction interface. One
way of using it is to process all sets
completely and check them after the
fact, handling failures that occurred.
However, it is also possible to run all
sets just to a known trouble spot, open
them in the regular interface to check
them or perform a step manually, and
resume the automatic processing.
Thus, the batch processing provided
in IMOD can be beneficial even for dif-
ficult data where not all steps can be
done automatically. B
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Enlightning electrons

In 2012, one of the authors
received the EMS-FEI prize for
the work we were pursuing for
adecade in the STEM group

in Orsay. This old prize was a
good alibi for the EMS to ask for
a short paper on the subject to
appearin the booklet “25 years
of microscopy progress”

on the occasion of EMS 25t
anniversary. We have happily
agreed on writing an ultra-
short review trying to highlight
the works of few generations
of electron microscopists

and spectroscopists to build
afield we had the chance to
contribute to.

n the 90’s, a new field at the cross-

road of the emerging nanotechnol-

ogies and nanophysics, and the

well-established optical sciences
emerged. The science of nanooptics
was concerned by the physics of opti-
cal phenomena that arise at scales
which are much smaller than the equiv-
alent wavelength of light in vacuum
- say, 600 nm for a yellow light. Such
phenomena typically arose for systems
where some sort of confinement takes
place, should it be classical (surface
plasmons, photonic modes ...) or quan-
tum (quantum confined nanostruc-
tures ...). The optics community strug-
gled with the schizophrenic injunction
to look at phenomena which are much
lower than the diffraction limit of light.
But they found incredibly smart solu-
tions to break this limit, using near-field
techniques (SNOM ...) [ or even far-
field ones (STED ...) ™, the later leading
to the Nobel prize for their inventors.
Along these exciting adventures that
we won't discuss further, they also
invented new physical concepts, such
as the electromagnetic local density
of states (EMLDOS), which have proven
to be particularly useful in the field of
electron spectroscopy.

Interestingly enough, physicists have

been using electrons for a long time
to study optical phenomena at the

31

incredible spatial resolution offered
by fast electrons. For example, cath-
odoluminescence (CL), a technique
that uses the light emitted by a sample
upon electron irradiation was already a
well-established technique in the 80s
and before. It is still used in e. g. geol-
ogy for the identification of materials
and trace elements Bl Also, the rise of
[11-V materials in the 80s-90s pushed
CL to high spatial resolution . EELS,
on the other hand, has been genu-
inely tight to the physics of plasmons
- the first EELS experiments having
been performed on bulk plasmons ¥,
and EELS having been used early on
to study surface plasmons. Also, EELS
has long been used to and extract opti-
cal quantities such as the dielectric
constant.

Finally, before nano-optics was even
a thing, the advent of cluster physics
and nanophysics in the 80s-90s pro-
vided occasions for researchers to per-
form measurements of plasmons in
metallic nanoparticles (notably ) or
nano-objects like carbon nanotubes ™,
However, to sketch it grossly, electron
spectroscopists were having a con-
densed matter view on phenomena
while optician were having an opti-
cal physics view on them; concepts to
bridge both worlds were missing, and
EELS and CL techniques were hardly
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Fig. 1 a. Spectral-imaging of surface plasmons within a silver particle. Left: High Angle
Annular dark field of the particle and Right: energy filtered map of the dipolar surface
plasmon mode of the particle. From. b. Principle of the EELS and CL phenomena,
and comparison with the classical linear extinction and scattering/luminescence
spectroscopies. c. Principle of stimulated EELS and EEGS.

optimized to meet the promises to ben-
efit from the spatial resolution of elec-
trons in studying optical phenomena.

Building on continuous technical and
conceptual advances since the 70s, the
situation changed radically in the first
half of the 2000s. Certainly, a milestone
was buried by Yamamoto, Araya and
de Abajo 1, when they demonstrated
the possibility to map the near-field of
a plasmon dipolar mode of a 140 nm
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diameter metallic sphere using polar-
ized CL. It took our team 6 more years
to demonstrate the spectral-mapping
of surface plasmons modes within a
nanoparticle by EELS (see Figure 1) -
in parallel to the team of M. Bosman 2%
also in EELS, and that of A. Polman
by CL ™ In addition, we showed,
under our co-author Javier Garcia de
Abajo’s lead, that EELS is theoretically
extremely close to the EMLDOS 2]
eventually showing without dispute
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that EELS was a technique of choice
for nanooptics. This series of works
awarded the EMS-FEI 2012 prize.

But of course, the story was just begin-
ning. Indeed, CL was rapidly shown to
also be related to the EMLDOS 3!, More
generally, it was shown that EELS can
be seen as the nanometer counterpart
of extinction spectroscopy, while CL is
the nanometer counterpart of scatter-
ing spectroscopy (for plasmonic and
photonic objects) or luminescence
spectroscopy (for luminescent objects),
as schematized in the Figure 1. EELS
and CL (the last one either in SEM or
STEM) are now strongly established
tools for the nanooptics community,
fuelled by the advent of high efficiency
CL system in SEM and STEMs, and
electron beam monochromation. The
former are now so efficient that they
permit to detect single photon emis-
sion, an hallmark of quantum optics,
and the latter allow to probe nanoop-
tics in the far-infra-red. The amount of
applications is exploding. Also, with
the advent of new generation of detec-
tors with high efficiency and little to no
readout time, exciting new spectrosco-
pies correlating energy-loss, emitted
photons or other physical quantities
will without doubt open new frontiers.

In parallel to the above-mentioned
development, another related field of
electron spectroscopy was nascent
in the late 2000s, and is now a major
field of research. Indeed, after the ini-
tial idea of A. Howie that light injection
and electron microscopy could be mar-
ried to lead to new forms of electron
spectroscopies, the electron energy
gain spectroscopy was proposed . In
this new form of spectroscopy, a laser
is pumping a nanostructure of interest
so that its scattered field can be used to
accelerate an electron (see Figure 1).
The promise of the technique, which
was only realized 13 years later 1%
was to ally the spatial resolution of
electrons to the spectral resolution
of lasers. Rapidly, the team of late H.
Zewail presented the first acceleration
of electrons in a TEM by a laser ¢!, One



of the reasons for the success of the
experiment was the use of fs lasers to
create ultra-short electron and light
pulses. This produced, in addition to
stimulated gain events, stimulated loss
events. This strong, stimulated interac-
tion of the laser with the sample and
electrons is at the basis of the highlight-
ing, in 2015, by the team of C. Ropers
of the possibility to create quantum
coherent states of the electron beam.
Since then, studying the quantum
properties of photonic samples,
intense light fields and pulsed electron
beams has become a field by itself.

To conclude, we feel we have been

lucky to have seen fields almost
orthogonal for tens of years (optics
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and electron spectroscopy) to start
merging in the 2000s, and now being
totally interleaved. The applications
are already numerous for the study of
the optical properties of plasmonic
nanoparticles, quantum confined het-
erostructures or photonic materials, to
name a few. The future is bright, with
the Graal of mixing quantum coherence
of the electron beam and the sample
ahead. ®
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A brief history of Energy-loss
Magnetic Chiral Dichroism (EMCD)

-ray magnetic circular

dichroism (XMCD) is a

well-established method to

study magnetic materials.
It is related to magnetically active elec-
tronic transitions. They cause a pre-
ferred absorption of either left- or right-
handed circularly polarized X-rays in
the material. It is analogous to optical
activity in left- or right-handed organic
molecules in a non-racemic mixture.
Detailed information on the atom-spe-
cific magnetic moments, even distin-
guishing spin and orbital contributions,
can be derived from XMCD spectra.

Before 2000, such magnetic transi-
tions were considered to be undetect-
able with electron probes because
there is no counterpart of photon heli-
cityin EELS.

In other words, EELS seemed to be
unable to measure a left-/right-handed
symmetry breaking (as Friedel’s law
for diffraction in crystals shows, by
the way). This was a pity because an
XMCD-equivalent performed in the
electron microscope could offer a
much better spatial resolution, per-
haps down to the atomic level.
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In about 2000, | attended a talk on
the occasion of an EELS conference.
When the speaker presented an energy
filtered diffraction pattern of some
non-centrosymmetric crystal in which
a usually present mirror symmetry was
broken, | realized that Friedel’s law
does not apply to inelastic scattering,
and I began to wonder if we didn’t over-
look an important aspect in the theory
of EELS.

With my post-doc Cécile Hébert, we
delved into the details of XMCD in
an effort to find a way for measuring
XMCD with electrons instead of pho-
tons. We first focussed on the spin of
the electron beam but this turned out
to be a dead-end. A meeting with an
expert from the European Synchrotron
Facility in Grenoble showed us the
correct approach : There is a formal
equivalence of the EELS cross section
to the X-ray absorption cross section.
The scattering vector in an EELS exper-
iment plays the same role as the polar-
ization vector in X-ray absorption. (This
explains the equivalence of X-ray linear
dichroism with direction-dependent
EELS cross sections, better known as
EELS anisotropy). The counterpart of a
circular polarization vector for photons
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&t ig, is a scattering vector q, & iq, in
EELS. But what is a complex scattering
vector? Sticking to the formal equiva-
lence, it is a coherent superposition of
two inelastic processes with scattering
vectors q, and q, and a relative phase
shift of +1/2 between them, symbol-
ized by the imaginary unit i.

The mechanism can easily be visual-
ized. From Fig. 1a, it is intuitively clear
that the electric field F that acts on
the atom during the close encounter
between atom and probe is parallel
to the scattering vector g. This electric
field oscillates with a frequency v given
by the energy loss E=hv. Two mutually
perpendicular scattering vectors q,, q,
phase shifted by a quarter of an oscilla-
tion period which is of the order of atto-
seconds create a rotating electric field
at the position of the atom (Fig. 1b),
exactly as a circularly polarized photon
does.

One could use a biprism and a phase
shifter to set the experiment up. But
nature provides us with a more con-
venient beam splitter, the very crystal
to be studied. Bragg diffraction, in the
two-beam case, creates two coherent
incident beams (the 0 and the G spot,



say). Cleverly tuning the excitation
error, the two beams can be phase
shifted by + or - m/2. An additional
bonus is the lattice periodicity that
locks the phase shift at each equivalent
lattice site to the same value.

This is the basic idea. It took us some
years to cope with all the problems
that come with a presumably simple
experiment, such as the thickness
dependence, the low signal, the coher-
ence etc. In 2006, we published the
first “XMCD” electron energy loss spec-
trum within the European CHIRALTEM
collaboration . We decided to name
the method Energy Loss Magnetic
Chiral Dichroism (EMCD). The acro-
nym should stress the similarity with
XMCD by the fortunate choice of Chiral
because it is the chirality of a transition
that is measured rather than a circular
polarisation that does not exist in EELS.
Interestingly, users tended to retrans-
late the acronym as “Electron Circular
Magnetic Dichroism”.

The following years saw progress in
spectral quality and in spatial resolu-
tion, reaching 2 nmin 2008 !, EMCD of
single atomic rows in an antiferromag-
net in 2012 and of individual atomic
layers in a perovskite oxide in 20181,
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Fig.1. a) The electric field F of a rapid probe electron on an atom (blue cloud) at closest
approach is parallel to the scattering vector q. The field components perpendicular to

F before and after the closest approach cancel. b) two coherent plane waves interact
with the atom. They are oriented such that the detector defines perpendicular scattering
vectors g, and g,. When the incident waves are phase shifted by /2, the superposition of
the corresponding electric fields F, and F, rotates clockwise. c) First EMCD spectrum on a
10 nm thick Fe sample. a) experiment, b) simulation?.

Fig.2: EMCD with a vortex filter on a 70 nm thick Fe sample. Radial profiles of the m=+1 vortices (shown in the insert) compared with
simulations. Left: Fe Ls-edge using a slit of 10 eV. Right: Same for the L2 edge °\.
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For a good EMCD signal, it is impor-
tant to optimize the collection angle
and the specimen thickness. Similar
to the thickness fringes in Bragg scat-
tering (Pendellésung), the EMCD signal
oscillates, going to almost zero for
unfortunate choices of the specimen
thickness. The theory to get all param-
eters right was fully established in
2007 1. Many interesting findings on
magnetic phase transitions, EMCD on
multilayers, nanoparticles, and ferrim-
agnets were obtained. For details on
EMCD seel™.

In an idealized XMCD experiment,
the magnetic quantum number of
the target electron changes by +1
, because it absorbs a left- or -right
circularly polarized photon. In EMCD,
the probe electron exchanges a virtual

References

left- or right- circularly polarized
photon with the target. By conser-
vation laws it follows that the elec-
tron must have changed its angular
momentum by F1. Essentially, it
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Optical sectioning in the scanning
transmission electron microscope

he development of aberra-
tion correction has allowed
for much larger numerical
apertures in electron micros-
copy than those that were previously
limited by spherical aberration. In the
scanning transmission electron micro-
scope (STEM), probe semi-angle of con-
vergences of 30 mrad are routine and

larger angles have been demonstrated.
Prior to aberration-correction, images
in the conventional transmission elec-
tron microscope (CTEM) and the STEM
were generally regarded as being pro-
jections of the sample. The depth of
field in imaging is, however, dependent
on the inverse square of the numeri-
cal aperture and so in an aberration

Figure 1. (left) A cross-section of the intensity in a focused STEM probe and (right) an
intensity line profile along the optic axis (z) at the centre of the probe. Beam energy
100 keV with semi-angle of convergence of 30 mrad. Reprinted from Reference® under

a Creative Commons CC-BY license.

37

corrected microscope the depth of field
can drop to a value smaller than the
thickness of the sample. This creates
the opportunity to retrieve three-di-
mensional information by selectively
focusing at various depths in a sample
- a process referred to as optical sec-
tioning. In this short summary, we
explain how the reduced depth of focus
manifests itself in CTEM, STEM and also
in the emerging area of 4D-STEM and in
particular ptychography.

Defocus is referred to as the distance
that the lens object plane is from the
sample. From a wave optical point
of view, it can be incorporated into a
mathematical model of the microscope
simply by adding a phase shift into
either the back-focal plane (for CTEM)
or the front focal-plane (for STEM) that
depends on the square of the scat-
tering angle. This phase shift is also
sometimes referred to as the Fresnel
propagator. In the CTEM configura-
tion, for example if we are considering
high-resolution TEM, diffracted beams
at a specific angle repeatedly come
into phase with the direct beam as
the focus is changed, and images can
appear to come repeatedly into focus.
This process does not provide effec-
tive optical sectioning. An alternative
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Figure 2. Experimental and (inset) simulated ADF image of a dissociated dislocation lying
perpendicular to the electron beam. The screw displacements associated with each of the
partial dislocations can be observed, as indicated by the overlaid solid and dashed lines
following the closer-to-focus stronger-intensity peaks and further-from-focus weaker-
intensity peaks, respectively. Reprinted from Reference” under a Creative Commons CC-BY license.

way of visualizing this is through the
concept of the 3D transfer function. In
the case of the CTEM, the 3D transfer
function is actually a part of the Ewald
sphere. Because it is thin in the z-direc-
tion, it does not offer good transfer in
the third-dimension. For the remainder
of this discussion, we therefore concen-
trate on STEM - both 2D and 4D.

Moving now to the STEM, we start
with a discussion of optical sectioning
in annular dark-field (ADF) imaging.
Because ADF STEM is an incoherent
imaging mode, the three-dimensional

point-spread function is simply the
intensity of the illuminating beam
(Figure 1). Aline plot of the intensity of
the probe along the optic axis shows a
clear central maximum, which allows
for optical sectioning. The full-width at
half-maximum of this central maximum
offers a measure of depth resolution,
which is given by:

A
Az =177 —
a

where A is the wavelength of the
electrons and a is the semi-angle of
convergence for the probe-forming
optics™. For a 200 kV microscope with
a convergence angle of 25 mrad, the
depth resolution is 5 nm. As discussed
in more detail in?, the optical section-
ing effect is more accurately character-
ized using the 3D optical transfer func-
tion, which is essentially the 3D Fourier
transform of the probe intensity. In
cross-section, the transfer function
has a “propeller”-like shape. The width
of the transfer function in reciprocal
space but parallel to the optic axis gives
a measure of the depth resolution.
At low lateral spatial frequencies, the
depth resolution is poor, but improves
at higher lateral spatial frequencies. An
equivalent statement is that it is hard to
detector when large, diffuse objects are
defocused, but much easier for smaller
objects. Using this approach, Figure 2
shows how the displacements associ-
ated with a screw dislocation lying in
the plane of a sample of GaN can be
imaging by focusing close to the plane
of the dislocation. The nature of the
dislocation dissociation can be directly
determined .

The poor resolution of larger and more
diffuse objects can be overcome by
using a confocal arrangement which
is possible in instruments that are
fitted with both probe forming and
post-sample aberration correctors. This

Figure 3. Reconstructed ptychography phase image using the indicated defocus value in the reconstruction process. All these images
were reconstructed from a single scan at one physical focus value. Note how different features appear and disappear at the different

reconstruction focus values. Reprinted from Reference under a Creative Commons CC-BY license.
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approach can fill the missing cone in
the transfer function, but only for scat-
tering which is inherently incoherent
such as energy-loss events. An applica-
tion of energy-filtered scanning confo-
cal electron microscopy is discussed in
Reference ™.

The emergence of 4D-STEM has also
created opportunities for optical sec-
tioning. The term, 4D-STEM, refers to
the use of fast-pixelated detectors,
usually direct electron detectors, that
allow for the fully detector plane in
STEM to be recorded for each probe
position. The four dimensions asso-
ciated with 4D-STEM are therefore
the two real-space dimensions asso-
ciated with the probe position and
the two reciprocal space coordinates
in the diffraction pattern. Using tech-
niques such as electron ptychography
or integrated Centre of Mass (iCOM),
phase images not unlike HRTEM
can be formed. Unlike HRTEM, how-
ever, they do show optical sectioning

1998 - 2024 | EUROPEAN MICROSCOPY SOCIETY 25™ ANNIVERSARY @

capabilities with bounds of three-di-
mensional transfer that are similar to
those for ADF STEM . In the case of
ptychography, the optical sectioning
process can take place in post-acqui-
sition data processing — only a single
scan at one physical focus value is
required. Figure 3 shows how carbon
nanotubes at different heights can be
selectively images using this approach
and more recently work has shown
that the depth sectioning approach
can be used for more strongly scatter-
ing samples.

In conclusion, a perhaps unexpected
outcome of aberration correction is
the ability to optically section samples.
Although the depth resolution is not
nearly as high as the lateral resolution,
and cannot achieve atomic resolution,
the depth resolution is often a smaller
distance than the thickness of the
sample and can therefore be a useful
way to provide information at specific
depths from the sample .
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The Coming Data Age of
Electron Diffraction

An emergent trend in electron microscopy is to collect large datasets

of diffraction intensities for diffraction imaging using data mining.

In this case, the microscope is used more like a diffractometer for the
collection of diffraction data. A major advantage of this type of data-
driven electron microscopy is being able to form direct images of crystal
structural properties by decoding the diffraction signals and thus
solves the perennial problem of image interpretation in transmission
electron microscopy. This review captures this new development within
the perspective of historical developments in electron diffraction and
highlights the revolutionary potential of electron diffractive imaging.

Historical Background

Transmission electron diffraction
using a focused beam has long been
recognized as a powerful probe of
crystal structure. The focused-beam
mode produces so-called “conver-
gent-beam” electron diffraction (CBED)
patterns, as first demonstrated by
Mollenstedt . CBED led to the study
of electron dynamical diffraction
effects? and the development of the
most sensitive methods for crystal
symmetry determination and accu-
rate structure factor measurement.
Throughout the late 1970s and early
eighties, Cowley together with Spence
in Arizona were developing the coher-
ent CBED method using subnanom-
eter probes . Remarkable CBED pat-
terns using the Vacuum Generators
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HB5 instrument were produced from
regions of crystal smaller than the unit
cell™. Similar work on nanodiffraction,
including the use of imaging energy
filters and novel detectors, was later
developed by Brown and co-workers
in Cambridge, U.K. Both groups subse-
quently developed techniques for the
study of defects in crystals and small
nanoparticles using sub-nanometer
probes!!,

The recent developments of elec-
tron diffraction are entwined with the
development of electron microscope
technologies. They are further helped
with the development of computer
algorithms for data analysis. The
development of field emission guns
(FEG) in the 70’s and their adoption
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in conventional and scanning trans-
mission electron microscopes (S/
TEM) brought high source brightness,
smaller probe size and improved
coherence to electron diffraction.
Electron energy filters, such as the
in-column Q-energy-filter, allow the
inelastic background from plasmon,
or higher electron energy losses, to be
removed from recorded diffraction pat-
terns with an energy resolution of a few
eV. The development of array detec-
tors, such as CCD cameras, enables
parallel recording of diffraction pat-
terns and quantification of diffraction
intensities over a large dynamic range,
and thus overcoming a major limiting
factor in the early efforts in electron dif-
fraction. The move from the film age to
digital age led to the development of
quantitative CBED®l,

Four-dimensional STEM

and large data

With recent developments in fast elec-
tron detectors and efficient computer
algorithms, it now becomes possible
to collect unprecedently large data-
sets of diffraction patterns (DPs) and
process DPs to extract crystallographic
information to form direct images or
tomograms based on crystal structural
properties, giving rise to data-driven
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Figure 1. Electron probe size, convergence angle and types of diffraction patterns

recorded using a coherent illumination.

electron microscopy. Diffraction pat-
terns are collected in a STEM for every
probe position in analogous to STEM
imaging, but rather than integrating
diffraction signals using prefabricated
detectors, the whole diffraction pattern
is recorded in the form of I(S, x, y), with
I for diffraction intensity, x and y for
the detector coordinates, and S for the
sampling points.

In a rectilinear STEM scan, the data
is four-dimensional (4D) with the
S=(p,, b,) for probe position. For this

reason, this approach is popularly
known as 4D-STEM. The type of dif-
fraction and the information collected
changes the probe size. The same
probe used for high-resolution STEM
imaging produces coherent CBED
patterns, or ronchigrams, that were
explored by Cowley and Spence in
the late 1970s and early 1980s. With a
nm-sized probe, nanodiffraction pat-
terns are recorded using the scanning
electron nanodiffraction (SEND) ", and
scanning precession electron diffrac-
tion (SPED) techniques®l. In between,

Figure 2. Experimental CBED patterns obtained from centrosymmetric (left column)
and noncentrosymmetric (right column) crystals using the SCBED method. Provided by

Yu-Tsun Shao.
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scanning convergent beam electron
diffraction (SCBED) ™ are used to col-
lect rocking curve information (Fig. 1).

The amount of collected data is easily
in the range of gigabytes or more. For
example, with a readout speed of 10°
frames per second, 256x256 pixels per
frame, 16 bits in dynamical range and a
256x256 pixel scan, the data size comes
to 17 gigabytes, acquired in above a
minute. The amount data is more than
1074 than typical electron images or
diffraction patterns captured in a single
exposure. The data size will increase as
the detector size and readout speed
increase.

Data mining for structural
information

Using diffraction patterns, the structure
of materials can be interrogated at mul-
tiple levels. At A scale, ptychography
using coherent CBED achieves the spa-
tial resolution beyond the diffraction
information limit 2%, At nm to micron
scales, orientation, phase and strain
mapping provides critical information
about microstructure, including lattice
rotation and deformation in the pres-
ence of defects and interfaces. Electron
diffuse scattering recorded in DPs also
provides information about local disor-
der, from short-range order (SRO) to the
presence of dislocations and stacking
faults 2. Ultimately, grain boundary
and orientation imaging at mesoscopic
scale can be combined with atomic
and nanoscopic structural information
for a complete determination of materi-
als” atomic structure.

For data mining, a variety of meth-
ods can be brought to bear for the
extraction of crystallographic infor-
mation and for the integration of cur-
rent knowledge with advancements
in data science and machine learning
(ML). Dynamical inversion provides the
utmost solution for crystals*?l. Electron
diffraction simulations using kinemati-
cal and dynamical theories developed
over past decades play a critical role in
building databases for ML 241,
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Figure 3. Strain mapping of a complex dislocation defect in SiGe. (a) AHADDF image of the defect. (b) and (c) Strain maps measured
experimentally using GPA and SEND. Here, x is along [1-10] and y along [001], and the scale baris 4 nm.

Impact on Materials Research
Mapping local crystal symmetry
Scanning CBED combines the most
sensitive probe for determining crystal
point and space group symmetry 5
81 with STEM. Local crystal symme-
try and polarization nanodomains,
for example, can be determined this
way 2 By comparing a diffraction
pair or diffraction pairs, the symmetry
of the CBED patterns can be quantified
for symmetry mapping. CBED patterns
from regions of high symmetry can be
averaged to determine local symme-
try. Figure shows examples using the
symmetry quantification algorithm
for CBED patterns obtained from two
sets of centrosymmetric and noncen-
trosymmetric crystals, Si, GaSb, SrTiOs,
and BaTiO; (regions outside the disks
being quantified in the CBED pattern
are being masked off). The observed
symmetry and the measured y values
are marked on the CBED patterns.

Determination of Lattice Strain
Fields

Lattice strain broadly affects the prop-
erties of materials and there is a long
history in imaging strain field using
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diffraction contrast in TEM based on
the effects of strain on diffraction
intensities. The lattice strain is meas-
ured in 2D projection using SEND with
a nm-sized probe. By measuring the
well-separated Bragg peaks in the
recorded DPs %, the 2D strain tensor
can be calculated. This approach over-
comes a major difficulty of electron
diffraction contrast imaging, namely,
the strain field can be imaged by not
measured quantitatively. The preci-
sion of strain mapping is determined
by the measurement precision of the
position of diffraction disks, which is
generally higher than the image-based
methods?3,

Figure 3 shows the strain field around
misfit dislocations at the interface of
two SiGe layers of different compo-
sition. The atomic resolution HAADF
image reveals a stacking fault bounded
by two 30° partial dislocations and a
perfect dislocation b, found near b,
The measured strain fields feature
dipole-like features in €,, and rotation
components, while complex features
in €,,and €,, are observed. Compared
with GPA based image analysis, the
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experimental strain maps demon-
strates the good precision, sensitiv-
ity, and resolution of the SEND-based
strain mapping technique that can be
extended for general study of atomic
defects.

Imaging molecular
microstructure

Low-dose electron diffraction is gener-
ally required for the study of molecular
crystals. In electron diffraction imaging,
a weak beam or multiple weak beams
can be selected from the recorded
DPs and by integrating the intensity
of the selected beams for each pixel, a
weak-beam diffraction image (WBDI) is
formed. By recording DPs directly and
processing them digitally, WBDI avoids
the usual setup involved in diffraction
contrast imaging and allows the use of
virtual objective apertures of different
shapes and sizes, as well as possibility
to remove the background intensity,
which is simply not possible with direct
imagingin a TEM.

A recent example of WBDI is the
observation of defect nanodomains
in defect-engineered metal-organic



frameworks (MOFs) of UiO-66(Hf) exhib-
iting a blocky lamellar morphology 24
(Fig. 4). The structure of MOFs is typi-
cally characterized by their periodic
structure without information about
defects and microstructure. The work
by Johnstone et al. 2* demonstrated
that defect analysis in MOFs can be car-
ried out at nm resolution.

Fluctuations in diffuse scattering
and Patterson function of
distortive potential

Elastic diffuse scattering is formed
from structural and chemical imper-
fections that can be explored for imag-
ing. The nature of diffuse scattering
depends sensitively on its origin [,
For this reason, the study of diffuse
scattering is used to determine crystal
imperfections by traditional methods.
However, the interpretation of diffuse
scattering is a challenging problem
in both X-ray and electron diffrac-
tion 121, Another issue is that electron
diffuse scattering is weak, their detec-
tion requires a detector with a large
dynamic range and good sensitivity to
low electron signals. The advance of
direct electron detection technology
now opens the possibility to map elec-
tron diffuse scattering intensities and
measure their fluctuations at nm spa-
tial resolution.

In a nanodiffraction pattern obtained
using a coherent electron beam, the
diffuse scattering is more like laser
speckles. The speckle patterns can
be analyzed ¢ using the difference
Cepstrum (de)

a6, = |FT{tog 2255

20

where Iavg(ﬁ) represents intensity in
the area averaged pattern, while I(k)
is the intensity in a single pattern from
DPs collected over a region of inter-
est (ROI). The interpretation of dC, for
electron diffraction can be made based
on the separation of the fluctuating
part of the scattering potential (U,)
from the average scattering potential
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(U, where U, varies with the electron
probe position. Shao et al. show that
dC, approximately corresponds to the
autocorrelation function, or Patterson
function, of the distortive part of scat-

tering potential (U,) in a thin sample.

The sensitivity of dC, to the distortive
part of potential is demonstrated in
Figure, in which the dislocation core
imaged in Fig. 3a is analyzed. Four
areas (1-4) are identified in the disloca-
tion core. Each of these four areas gives

Figure 4. Electron diffraction imaging analysis of a 6(Hf):5(BDC) UiO-66(Hf) particle with
high defect density, containing a grain boundary. (a) ADF-STEM image indicating two
marked regions, containing two different phases, where area averaged electron diffraction
patterns (b, c) were obtained. The two phases differ by the presence of superlattice
reflections. The two DPs also reveal a change in orientation between the left- and right-
hand side of the particle. (d) Composite dark-field image formed using strong reflections.
(e) Composite VDF image formed using weak superlattice reflections, greenin b and red in
¢, revealing defect domains. (Figure taken from Ref. %))
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Figure 5. Differential cepstral patterns from 4 areas of dislocation core in (Fig. 4a) and comparison with corresponding atomic resolution

HAADF-STEM images

distinct dC, pattern, which can be cor-
related directly with lattice distortions
detected at the dislocation by atomic
resolution HAADF image. Since diffuse
scattering can be measured without
the strict zone-axis condition require-
ment for atomic resolution imaging,
the dCp method can be used to detect
lattice change in the highly distorted
regions or in high-index zone axis ori-
entations for automatic detection of
defects.

Outlook

Since the first TEM was demonstrated
by Max Knoll and Ernst Ruska in
1931, the field of electron microcopy
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Annick De Backer, Sara Bals, Sandra Van Aert

A decade of atom-counting in scanning
transmission electron microscopy

In this contribution, we provide a concise overview of the atom-
counting methodologies and their applications over the past decade.
Counting the number of atoms and retrieving the 3D atomic structure
of nanoparticles plays an important role to understand the structure-
property relation of materials. Therefore, materials characterisation
resulting in precise structural information is a crucial point to study

nanomaterials at the atomic scale.

n the field of atomic resolution

electron microscopy, annular

dark field scanning transmission

electron microscopy (ADF STEM)
is extensively exploited due to its Z-
and thickness contrast. Many efforts
have been made to push atomic res-
olution ADF STEM toward precise
measurements of unknown structure
parameters.

To reach this goal, statistical parame-
ter estimation theory was introduced.
This approach enables quantifying
atomic column positions and the
total intensity of scattered electrons
for each atomic column. The latter
is the so-called scattering cross-sec-
tion which is robust to defocus,
source size, magnification, and small
sample mistilt 2, Furthermore, these
scattering cross-sections increase
monotonically with thickness and
the atomic number Z. When further
analysing the distribution of the scat-
tering cross-sections with advanced

D
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quantification procedures, the
number and/or type of atoms can be
measured.

Statistical parameter estimation
theory

Using statistical parameter estimation
theory, the experimental observations
are considered as a data plane from
which the unknown structure parame-
ters are estimated. The key to the suc-
cessful application of this approach is
the availability of a parametric model
which describes the pixel values in the
ADF STEM image. Since the intensity
is often sharply peaked at the atomic
column positions, atom resolution (S)
TEM images are modelled as a super-
position as Gaussian peaks. The loca-
tions of the Gaussian peaks corre-
spond to the atomic column positions
and the volume under the Gaussian
peaks equals the scattering cross-sec-
tion. The parametric model consisting
of a superposition of Gaussian peaks
is fitted to the experimental ADF STEM

46

image using the uniformly weighted
least squares criterion. This criterion
quantifies the similarity between the
experimental data and the model. An
efficient implementation of this algo-
rithm is available in the StatSTEM soft-
ware package®l.

Atom-counting in homogeneous
nanoparticles

To count the number of atoms in each
atomic column of homogeneous nan-
oparticles, different methods were
introduced in the past years. Here, the
statistics-based atom-counting pro-
cedure is illustrated for a Pt nano-
particle illustrated in Fig. 1. Based on
the estimated parameters, the scatter-
ing cross-sections are determined for
each atomic column. The distribution
of the scattering cross-sections can
be represented in a histogram. Ideally,
the histogram of scattering cross-sec-
tions would consist of isolated com-
ponents where each component cor-
responds to a set of atomic columns
having the same number of atoms in it
(in Fig. 1 the columns containing, e.g.,
7 atoms are coloured orange). In prac-
tice, however, the components are
smeared out due to a combination of
experimental detection noise and the
environment. Therefore, the results
cannot be interpreted directly in terms
of the number of atoms in a column.
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Figure 1. Procedure to count the number of atoms in a homogeneous crystalline nanoparticle.

To retrieve the number of components
and their locations, a combination of a
so-called Gaussian mixture model and
an order selection criterion is used.
The order selection criterion indicates
the number of statistically relevant
components in the underlying scat-
tering cross-section measures. The
number of components corresponds
to aminimum in the evaluation of this
criterion as a function of the number
of components. For the Pt nanoparti-
clein Fig. 1, 10 components are pres-
ent, suggesting that the number of
atoms varies from 1 up to 10 atoms.
The Gaussian mixture model analysis
defines the positions, the width, and
the proportion of each Gaussian com-
ponent. The scattering cross-section
of each atomic column can then be
assigned to the component having the
largest probability for this scattering
cross-section, leading to a map reflect-
ing the number of atoms for each
atomic column.

From homogeneous to
heterogeneous

Fig. 1 discussed atom-counting for
nanoparticles consisting of a single
type of element. However, many rel-
evant materials consist of more than

one chemical element tailoring spe-
cific electronic, optical, or catalytical
properties. For this purpose, HAADF
STEM imaging can be combined
with energy dispersive X-ray spec-
troscopy ™. In addition to the HAADF
STEM image, at each probe position
the resultant X-ray emission spec-
trum is recorded. These spectra can
be used to construct elemental maps
from which EDX scattering cross-sec-
tions can be estimated. A simple
linear scaling between the STEM and
EDX scattering cross-sections can be
assumed, which has been confirmed

theoretically and experimentally.
The monotonic increase of both EDX
scattering cross-sections and HAADF
STEM scattering cross-sections can
be used to count the number of
atoms. For this purpose, the meas-
ured scattering cross-sections are
matched to simulated library values,
while estimating two scaling parame-
ters for the EDX scattering cross-sec-
tions of the two types of elements. In
this manner, the number of Ag and Au
atoms in a Au@Ag core-shell nano-
particle was determined as illustrated
in Fig. 2.

Figure 2. Counting the number of Ag and Au atoms in a Au@Ag core-shell nanoparticle by

combing HAADF and EDX STEM.
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Figure 3. Reliable 3D atomic models are obtained based on the atom-counting results using he Baysesian genetic algorithm.

From 2D to 3D

Using the atom-counting results, it is
furthermore possible to retrieve a 3D
atomic model from a single projection.
For this purpose, the atom-counting
results are used to create an initial 3D
atomic model. Next an energy minimi-
sation procedure can then be applied
to obtain a relaxed 3D reconstruction
of the nanoparticle. The traditional
energy minimisation schemes, i.e.
Monte Carlo approach or full molec-
ular dynamics simulation to relax the
nanoparticle’s structure, often show
some limitations. Either the finite

Figure 4. Refaceting of a Pt nanoparticle
under the flow of different gases.
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atom-counting precision is ignored,
or the final reconstruction ends up in
a global energy minimum while the
nanoparticle’s structure deviates from
a ground state configuration. To over-
come these limitations, a Bayesian
genetic algorithm© (Fig. 3) was devel-
oped. Bayesian methods are pow-
erful tools to rationally combine a
priori information with observed data
and genetic algorithms are typically
used for solving large optimization
problems.

Our method enables to minimize
the nanoparticle’s energy while uti-
lizing a priori information about the
finite precision of the atom-counting
results and neighbour-mass relations.
A significant improvement is observed
when including more relevant prior
knowledge, especially at lower doses.
Therefore, the method is very promis-
ing for obtaining reliable reconstruc-
tions of beam-sensitive nanoparticles
during dynamical processes from
images acquired with lower incident
electron doses, or where the acquisi-
tion of a tilt series is impossible. One
of the applications of a 3D atomic
reconstruction based on atom-count-
ing results is the quantification of the
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refaceting of Pt nanoparticles with
atomic resolution during various oxi-
dation-reduction cycles!™ (Fig. 4).

The methodologies for atom-counting
and 3D atomic modelling, showcased
in this contribution, have successfully
been applied to a variety of nanopar-
ticles over the past decadel®. Such
results are essential to obtain a deeper
understanding in the structure-prop-
erty relationship of materials and will
assist the design of materials with
interesting properties which are pre-
dictable and producible. B
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Electron Holography - in short

n 1924, Louis de Broglie showed

that particles hence electrons

are waves. His ideas were so

mind-blowing that, at first, his PhD-
dissertation was rejected by the Physics
Faculty at Sorbonne University - yet
accepted after intervention of Albert
Einstein - but finally, in 1929 he was
awarded the Nobel Prize in Physics.
Since then, electron optics was increas-
ingly developed as wave optics, in par-
ticular in those realms approaching
high performance. For example, in TEM
particle optics did not allow under-
standing electron diffraction or the sub-
tleties of image contrast such as Fresnel
fringes detected by Boersch™, or CBED
developed by Kossel and Mollenstedt?,
As a visionary about seeing atoms, in
1949 Scherzer B! showed that wave
opticsis indispensable for TEM: He con-
sidered atoms as phase objects bend-
ing the object wave and initiated wave
optical transfer theory of information.
He derived that atoms will be visible
optimally at Scherzer Focus, because
then the wave aberration of the objec-
tive lens approaches as closely as pos-
sible a Zernike phase plate for optimum
phase contrast.

Wave optics seems more demanding,
because waves need at least two quan-
tities for a comprehensive description,
i.e., local distribution of amplitude a
and phase ¢, as

Y(r) = a(r) exp [ip(F)]

After passage through an object, an
initially plane wave is modulated both
in amplitude and phase forming the
object exit wave. Amplitude modu-
lation comes about, e.g., by loss of
electrons due to scattering into angles
larger than the acceptance angle of
the objective lens, and by inelastic
interaction, which ejects the respec-
tive electrons from the inherent wave
into a different one. Phase modula-
tion arises from local variations of the
index of refraction, i.e., electric poten-
tials and magnetic fields originating
from the object, which are indispensa-
ble for understanding properties and
function.

The image recorded by a detector
shows the intensity distribution of the
wave given by

I(F) = (@) (7)

where the asterisk denotes the complex
conjugate wave. Evidently, the intensity
depicts only the squared amplitude &2,
whereas the phase ¢ is lost. This loss
of phase information means a consid-
erable loss of object information. By
means of the wave equation, this loss
relates to the famous Phase Problem
of Diffraction found at first with X-ray
diffraction; it says that the real space
structure of an object can only be
determined from its far-field diffraction
pattern, if the phases of all reflections
are known ¥, With his work, Wolfke
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stimulated a row of efforts for a solu-
tion, which is finally achieved in general
by holography.

Electron Holography

In face of the early results of Scherzer
showing that aberrations cannot be
avoided with the usual round electron
lenses, Dennis Gabor brooded about a
solution by lens-less imaging: No lens,
no aberrations. Of course, Gabor was
aware of the fact that a wave propa-
gates in space according to the wave
equation; therefore, one can deter-
mine the wave everywhere, if one
knows it completely by amplitude and
phase on an - ideally closed - surface;
the solution is the Kirchhoff-Diffraction
Integral mathematically represent-
ing Huygens-principle. As well-estab-
lished in light optics, phases are best
recorded by interference of the object
wave with a known reference wave.

However, it is extremely cumbersome
to determine a phase distribution over
an extended area at a density of sam-
pling points sufficient for obtaining
a good lateral resolution. It was the
ingenious mind of Gabor to under-
stand and utilize an interference pat-
tern as a highly complex diffraction
grating, where contrast and position of
the interference fringes encode ampli-
tude a and phase ¢, respectively. In
his pioneering paper®l at the exam-
ple of light waves, he showed that one
of the waves, resulting from diffrac-
tion of a copy of the reference wave
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Figure 1. Electron Biprism Interferometry. By means of the electron biprism, in the image plane an unmodulated part is superimposed
off-axis on the object wave in the bright green area. In the interferogram recorded on the detector, the deflection of the interference fringes
shows the object-related phase shift @, which is evaluated by means of a ruler. Usually, the fringe contrast variations exhibiting the object

amplitude modulations are not considered.

at a hologram, is the desirable object
wave reconstructed; the other one is
the “twin-image”, i.e., the conjugate
object wave. After all, the original wave
is revived for further handling and
evaluation.

In this sense, every interference pat-
tern is a hologram. In principle, it does
not matter, where in the path of rays it
is recorded, because, by means of the
wave equation, the reconstructed wave
may be propagated to any plane of
interest, e.g., to the object exit face or
to Fourier space.

However, since in contrast to a LASER,
the coherence of electrons is severely
limited, optimum results in terms
of resolution and field of view of the
reconstructed wave are achieved only,
if the hologram is recorded close to the
object orits image plane.

Another restriction comes about
because of the twin image overlap-
ping with the object wave. Rather than

W
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under in-line superposition of reference
wave to the object wave as proposed
by Gabor, only in the case of an off-axis
scheme superimposing the two at an
angle, the twin images are separable
because they are propagating in differ-
ent directions; consequently, they can
be separated in Fourier space. At the
end, of the many thinkable realizations
of holography, the most successful one
for electrons is Image Plane Off-Axis
Holography pioneered by Moéllenstedt
and Wahl.

Electron interferometry - the
precursor of image plane off-axis
electron holography

In order to record the phases of elec-
tron waves, Mollenstedt and Duker ™!
developed electron biprism interferom-
etry (fig.1).

The biprism divides a plane wave
front into two coherent partial waves,
one of them propagates through
the object resulting as object wave

Y=aexplig]
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The other one remains a plane refer-
ence wave r=1. Then the interference
pattern reads as

Lu=(Y+r)(Y+1)* =
1+a*+2|ula cos(2 mkBx + @)

with wavenumber k=1/4, angle of
superposition 8, and degree of coher-
ence 0 <|ul <1. The cosine-term
allows determining the amplitude a
from local contrast and the phase ¢
from local position of the interference
fringes. The phase is given by the elec-
tric and magnetic properties of the
object as

e e
P0Y) = —Vproj(%,y) = =®(x,y)
with “projected electric potential”

Vproj(x!y) = f V(X,y, Z)dZ

integrated through the object, and the
magnetic flux

O(r,y) = $A(x,y,2)ds



embraced by the two superimposed
waves; v is the electron velocity.
Evidently, an interferogram represents
all data needed for determining the
object wave. Alas, people were not yet
aware about the fact that these inter-
ferograms indeed are image plane off-
axis holograms.

Electron holography - further
development

The first electron holograms were
Fresnel in-line holograms recorded
in 1952 by Haine and Mulvey ®l.
Essentially, these were Fresnel diffrac-
tion patterns, i.e., defocused images of
the very coherently illuminated object,
showing high-contrast Fresnel inter-
ference phenomena. The holographic
principle was proven for electrons,
but the reconstructed light wave was
heavily disturbed by the twin-image.
In 1968, Tonomura et al.® published
experiments in Fraunhofer-in-line
holography hoping to avoid the twin
image problem.

They recorded the hologram in the
far-field of the object, because then
the mutual axial distance of the recon-
structed wave from its twin image is
so large that the latter contributes
only an unstructured background.
Unfortunately, to meet the Fraunhofer
condition, the object must be very
small and a poor lateral resolution
results.

Following the idea of Leith and
Upatnieks ™ also in 1968, Méllenstedt
and Wahl ™I for the first time recorded
Fresnel Off-axis electron holograms
using an electron biprism, they showed
that the off-axis technique is the final
solution of the twin-image problem.
Stimulated by these findings aiming
at atomic resolution, Wahl found out
that the holograms have to be taken
as image plane off-axis holograms, i.e.,
in the image plane of the object; only
then the coherence limits of electrons
would not restrict lateral resolution. In
profound investigations, both exper-
imental and theoretical, he laid the
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Figure 2. Electron off-axis image plane holography. From the interferogram in fig.1
considered as a hologram, the object wave is reconstructed as follows: The waves
diffracted at the hologram are determined by Fourier Transform FT. There are three waves,
i.e., from left to right, object wave, zero beam plus autocorrelation, and conjugate object
wave (twin image). After masking out the object wave, by inverse FT one finds the object
wave, i.e., amplitude and phase distribution, in real space. Here, the scheme developed
by Wahl for light-optical reconstruction on an optical bench, is performed numerically by

image processing.

foundation for the so far most success-
ful method of electron holography still
to date 2,

Image plane off-axis electron
holography

For his pioneering works in the early
1970s, Wahl had at his disposal only
comparably old-fashioned equipment,
namely an Elmiskop I, operated with
not very stable electronics with elec-
tronic valves for currents and voltages;
for higher brightness, he equipped it
with a tipped thermionic emitter.

Despite all the technical insufficien-
cies, he developed the physics and
showed the holographic potential:
applying light optical reconstruction
and evaluation of the reconstructed
light wave, for example by Zernike
phase contrast and holographic inter-
ferometry. Interestingly, he already
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proved the possibility of aberration
correction in that he reconstructed
a light optical focal series from one
hologram.

The subsequent development to high
performance concerns first of all the
improvement of the holograms accord-
ing to the criteria field of view, lateral
resolution (fringe spacing) and signal
resolution (fringe contrast and defi-
niteness). Signal resolution describes
the discernibility of tiny phase differ-
ences between adjacent pixels; the
phase shift of a single Oxygen atom
of 2 /50 may serve as an orientation
value. Finally, atomic resolution was
achieved 3 Interestingly, all three
above criteria together form a figure
of merit, which we call Holographic
Information Content. It is determined
by quality factors such as brightness
of electron beam, stability of lenses
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and deflectors, MTF and DQE of the
detector, strength of AC-stray fields and
mechanical disturbances of the envi-
ronment of the TEM - as well as skill
and patience of the operator4,

Nowadays, the electron wave is recon-
structed numerically by image pro-
cessing using the procedures devel-
oped by Wahl. An example is shown in
fig. 2. The advantages of numerical vs.
light-optical reconstruction are over-
whelming: Once the hologram is fed
into the computer, all thinkable pro-
cessing steps are possible; they are pre-
cise, reproducible, and most flexible,
e.g., for taking measures for correction
of arbitrary aberrations, and finally, all
data are given in terms of amplitude
and phase quantitatively.

Today, after 50 years of development,
the quality of holographical amplitude
and phase images matches the one
of highest performance TEM images;
these conventional images, however,
- in particular at aberration correction
- do not reveal the phases. By holog-
raphy, electric and magnetic fields in
and around objects are accessible in
the range between several pum down to
fractions of nm (figs. 3 and 4). Atomic
resolution is reached with electric
fields, in particular after fine-tuning of
aberrations (fig. 5). Since atomic phase
shift depends on the atomic number,
it allows discriminating the different
atom species, for example in GaAs.
Alas, atomic details of magnetism
cannot yet be analyzed, because their
phase shifting effects, by orders of mag-
nitude, are smaller than the today best
reachable phase resolution of 2r/300
under atomic lateral resolution.

The object wave in real space allows
determining the complex Fourier spec-
trum, again complete with amplitudes
and phases. Therefore, all imagina-
ble variants of Small Area Diffraction
are possible for structure determina-
tion; the other way around, one can
extract arbitrarily selected areas in
Fourier space for determining their
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Figure 3. Reconstructed amplitude and phase image. The slightly tilted MgO-cube is seen
in the amplitude like a wire-frame structure, in the phase image under large-area phase
contrast (ideal Zernike phase contrast) in its projected potential. The quantitative phase
distribution allows measuring the Mean Inner Potential V,from the known thickness
distribution t(x,y) where o=e/ hv with v electron velocity.

Figure 4. Magnetic phase shift around a Ni-rod embedded in a Nanotube. The contrast
reversal bright to dark describes phase jumps from 277 to 0. Note that the magnetic phase
increases from left to right on both sides of the rod, instead of increasing on one side and
decreasing on the other one, as found for electrostatic phase shift. The curling in the phase
line stems from small electrostatic contributions by the granular carrier foil. Example from a
cooperation of Paul Simon and Andreas Graf.
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Figure 5. Atomic resolution holography of a (110)-oriented Gold crystal **.. Top: Wave
reconstructed from a hologram recorded in an aberration-corrected TEM. Violation

of symmetry in the atomic structures visible in the inserts suggest effects of residual
aberrations. Middle: Wave reconstructed after holographic fine-tuning of aberrations during
reconstruction. Now the symmetry and the atoms appearance in both amplitude and phase
are perfect. At the edge to the hole at top right, single gold atoms are clearly seen producing
a phase peak of 27z/12 . Bottom: Phase plate used for fine-tuning of aberrations on the

reconstructed Fourier spectrum.

contributions to the real space struc-
ture. Since all the acquired data stem
from the very same hologram, they
jointly represent exactly the same
object state and hence are mutually
relatable. This is not possible with
any of the other methods such as
focal series restoration, etc., probably
recording different object states.

These amazing results show todays
possibilities of holography for unprec-
edented comprehensive analysis of
materials structure, properties and
fields. Interestingly, combination of
hardware correction aberration and
holography gives most benefits to
both sides in that aberration correction
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improves hologram quality, and holog-
raphy allows analyzing the phase infor-
mation from the object.

This state of the art of electron holog-
raphy is the achievement of many.
Unfortunately, in such a short report,
one cannot retrace the diverse, entan-
gled paths of development and attrib-
ute the merits to the deserving per-
sons. Therefore, at least, reference is
given to review articles authored by the
contributors (262,

Novel developments in image
plane off-axis holography

Because of the reached high perfor-
mance, there is increasingly more room
for further development. The final goal
is the comprehensive analysis of all
details in situ and even in operando.
Some of these are on the way:

Holographic Tomography

One problem stems from the fact
that the reconstructed phase shows
three-dimensional electric potentials
and magnetic fields only in 2D pro-
jected along the electron trajectory z
and hence their distribution in zis lost
for evaluation. For solution, hologra-
phy is combined with tomography: For
each tilt of a tilt series a 2D-hologram
is recorded; all the reconstructed
2D-phase images are combined in a
3D-phase volume by specific algo-
rithms. Slicing through the 3D-volume
allows determining the phase distribu-
tion across arbitrary areas or along any
path through the object 22 For scalar
fields such as potentials, one tilt series
is enough, however, vector fields such
as magnetic fields need two series
about independent axes 23, As an
example, fig. 6 shows the 3D-structure
of Skyrmions.

Time resolved holography

The exposure time averages the time
variations of object structures hence
gives the achievable time resolution
of several seconds. Consequently, in a
dynamically operated object system,
the switching behavior in electric
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devices cannot be analyzed appro-
priately. For this purpose, Lehmann
et al. have developed the method of
Interference Gating 2. Switching the
contrast synchronously in a pump-
probe scheme, e.g., pumping an
applied potential and probing by
gating interference with some delay,
they create holographic time series of
processes allowing time resolution as
good 5ns.

Inelastic holography

As mentioned above, inelastically
scattered electrons are ejected from
their inherent wave forming the elastic
image, where their loss dampens the
amplitude. Of course the inelastic elec-
trons are still in the beam, but now in a
wave newborn by the inelastic process.
The question arises, how these elec-
trons contribute to a detected image or
an EELS-spectrum. For understanding,
most decisive are the coherence prop-
erties both inside the newborn wave
and with respect to the elastic ones,
for the manifold excitations occurring.
Examples are found in 2%, more novel
insights and new results are under
preparation. l
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Figure 6. Holographic Tomography. 3D magnetic induction of Skyrmions in a FeGe sample
(courtesy of Daniel Wolf). Left: Color-coded components B, and B, with arrow plots show
the direction and magnitude of the magnetic field. Right: Extracted single Skyrmion tubes
with arrow plots at a top, middle and bottom plane.

1. H.Boersch (1940), Naturwissenschaften 28,
709

2. W.Kossel and G. Méllenstedt (1939), Annalen
der Physik 428(2), 113-140

3. 0. Scherzer (1949), J. Appl. Phys 20,20

4. M. Wolfke (1920), Physikalische Zeitschrift,
21,495-7

5. 0. Scherzer, (1936) Z. Physik, 101, 593-603

6. D.Gabor (1948), Nature 161, 563-4

7. G.Mollenstedt and H. Diiker (1956), Z. Phys.
145377-97

8. M.E.Haine and T. Mulvey (1952) J. Opt. Soc.
Am. 42 763

9. A.Tonomura, A. Fukuhara, H. Watanabe and
T. Komoda (1968), Jpn J Appl. Phys. 7,295

10. E.H. Leith and J. Upatnieks (1962), J. Opt. Soc.
Am. 52 1123-30

11. G. Mollenstedt and H. Wahl (1968)
Naturwissenschaften 55 340-1

W

998 ANNIVERSARY

12

14.

15.

17.

18.

. H.Wahl (1975), Bildebenenholographie mit
Elektronen, Thesis, University of Tlibingen

. H. Lichte (1991) Adv. Opt. Electron. Microsc.

1225-91

H. Lichte and M. Lehmann (2008), Annu. Rev.

Modern Physics 71, 016102

M. Linck, B. Freitag, S. Kujawa, M. Lehmann

and T. Niermann (2012), Ultramicroscopy

116,13-23

. A. Tonomura (1999), Electron Holography,

Series in Optical Sciences, Springer, Berlin,

Heidelberg

M. Beleggia, G. Pozzi, A. Tonomura (2010),

Ultramicroscopy, 110 (11), 1428-1433.

Dunin-Borkowski RE, Kovacs A, Kasama T,

McCartney MR, Smith DJ (2019), Electron

holography. Chapter 16 in 2nd edition of

“Springer Handbook of Microscopy”, pp. 767-

818, edited by P W Hawkes and J C H Spence.

54

22.

23.

24.

. K. Harada (2021), Microscopy 70, 3 - 16.

. M.R. McCartney, R. E. Dunin-Borkowski,
David J. Smith (2019), Ultramicroscopy 203,
105-118

. H. Lichte and M. Lehmann (2016), chapters

7and 8 in Transmission Electron Microscopy,

C. Barry Carter and David B. Williams eds,

Springer ISBN 978-3-319-26649-7

D. Wolf, A. Lubk, F. Réder, H. Lichte (2013),

Current Opinion in Solid State and Materials

Science 17 (2013) 126-134

D. Wolf et al. (2022), Nat. Nanotechnol.. 17,

250

T. Wagner, T. Niermann, F. Urban, M.

Lehmann (2019), Ultramicroscopy 206,

112824.

. F.Roeder, H. Lichte (2011), Eur. Phys. J. Appl.
Phys. 110, 33504.




1998 - 2024 | EUROPEAN MICROSCOPY SOCIETY 25™ ANNIVERSARY @

Joachim Frank

Department of Biochemistry and Molecular Biophysics and Department of Biological Sciences,

Columbia University, New York, USA

SINGLE-PARTICLE CRYO-EM
My lab's contributions
to the revolution of structural
biology In the past 25 years

would like to start these remi-

niscences by recalling that in my

lab, starting as early as 1981 with

the first demonstration of 2D sin-
gle-particle averaging (Frank et al,,
1981), we adopted the ribosome as the
“poster molecule” with which we tried
out every new technique of data pro-
cessing -- but at the time without much
appreciation for the ribosome’s pivotal
role in all life processes. Its large size,
high contrast and stability was just what
we needed to get started. It became
of course much more than that: new
knowledge emerged as we obtained
the first 3D images that could not have
been obtained by any other technique
of visualization.

Twenty-five years brings us back to
the time when single-particle cryo-EM
was just past its Kinderkrankheiten, its
childhood diseases, and thought to be
a nice technique of visualization, adding
some dearly needed information of
motion to the static pictures created
by protein X-ray crystallography -- but
without a chance of ever being able to

compete with the latter in spatial reso-
lution. Just three years before that, the
E. coli ribosome had emerged for the
first time in beautiful clarity in three
dimensions (Frank et al., 1995) but at a
resolution (25 A) still far away from the
level required to discern and under-
stand its actions. From that time on,
my lab was on a double-track: the con-
tinued development of single-particle
cryo-EM on the one hand, and the pur-
suit of research on the structural basis of
protein synthesis on the other. Rajendra
Agrawal, one of my postdocs at the
time, helped me set up a wetlab spe-
cialized in ribosome biochemistry after |
became a full HHMI investigator in 1998.

| remember 1998-2000 as the exciting
time when we (Rajendra Agrawal and
I) discovered the ratchet-like inter-sub-
unit rotation of the ribosome (Agrawal
et al., 1999; Frank and Agrawal, 2000)
-- a gigantic motion on the molecular
scale, where every Angstrom counts. We
discovered it by comparing the 3D maps
obtained from two E. coli ribosome
samples, one with and one without
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EF-G in the presence of a nonhydrolyz-
able GTP analog. The existence of this
motion was later confirmed in real time
by bulk FRET (Ermolenko et al., 2007)
and smFRET (Cornish et al., 2008; Fei
et al.,, 2008), and was recognized as a
motion instrumental for MRNA-tRNA
translocation during each cycle of pro-
tein elongation (Horan et al., 2007).
| recently had occasion to point out
(Frank, 2021), in a tribute to Alexander
Spirin, that he had the early insight to
attribute ribosome function during the
polypeptide elongation cycle to the
action of a thermally-driven ratchet
(Spirin, 2002; 2009).

As we found ourselves unable to com-
pete in the race for the first atomic-res-
olution structure of the ribosome - or,
for that matter, of any molecule lacking
symmetry, it was nevertheless gratify-
ing to see that we were able to make
an important contribution toward
the phasing of the X-ray structure of
the large ribosomal subunit (Ban et al.,
1998; Penczek et al., 1999; Ban et al.,
2000).
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(The pursuit of research on structure
and function of the ribosome is difficult
to cover in a short essay as it became
ever more multi-faceted as the reso-
lution advanced, so | will confine this
account to our continued work on
cryo-EM methodology.)

The view that emerged at that time
was that the marriage of the two tech-
niques — one contributing high-resolu-
tion structural information of a macro-
molecule, the other providing crucial
information on its domain motions
- was the best way to leverage the
power of cryo-EM. Consequently, the
methods development in our lab, as
in the work of others, concentrated on
techniques for interpreting cryo-EM
maps in terms of existing atomic
structures: by rigid-body fitting (real-
space refinement; Gao et al., 2003;
Gao and Frank, 2005) or flexible fitting
(normal mode analysis, Tama et al,,
2003; molecular dynamics flexible fit-
ting (MDFF), Trabuco et al., 2008) for
several years. In this way, functionally
important domain motions could be
precisely described and traced back
to their presumptive structural origins.
At this point I should acknowledge our
collaborations with specialists of algo-
rithm developments, whose experience
was pivotal in carrying out this work:
Michael Chapman, Charles Brooks Il
and the late Klaus Schulten, respec-
tively. Obviously, these techniques
have become less important after the
introduction of electron detecting cam-
eras in 2012, but they are still in use.

A unique opportunity offered by
cryo-EM is the extraction of homoge-
neous subpopulations from a hetero-
geneous mixture of molecules present
in the electron micrograph - “Story in a
Sample” was the catchword | coined at
the time (Frank, 2013). Initially, this was
accomplished by supervised classifica-
tion via template matching; an example
for its application was the discovery of
the twisted, deformed conformation
that tRNA assumes in the A/P state
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during the tRNA section process (Valle
et al., 2002; Yarus et al., 2003). Later
much superior maximum likelihood
algorithms were introduced (Scheres et
al., 2007; Scheres, 2012) which offered
a quantitative basis for 3D classifica-
tion, foregoing the need for templates.
In this latter development my lab had
a relatively minor role, in supplying a
large dataset of ribosome images pre-
viously sorted by supervised classifi-
cation (Scheres et al., 2007). Today, of
course, a number of packages offer an
abundance of choices to analyze and
sort molecule projections into classes,
among them neural network-based
approaches showing great promise.

In the years after the “resolution rev-
olution,” following the introduction
of direct electron detecting cameras
around 2012, methods for the collec-
tion and processing of data matured
and spatial resolutions approached 1A,
and it became quite clear that under-
standing life processes or drug discov-
ery would not likely be advanced by
further improvements in resolution.
| found that instead, two new direc-
tions of cryo-EM development would
be worth pursuing: (1) time-resolved
cryo-EM, to follow reactions in real
time, and (2) the analysis of large data
sets from molecules in thermal equilib-
rium, toward characterization of occu-
pancies in a continuum of states.

Let me briefly elaborate on these two
new directions. Given the long (> 5s)
duration of the sample preparation
-- from pipetting of a sample to the
procurement of the EM grid with the
sample in vitrified ice — it is impossible
to follow biomolecular reactions in real
time with normal methods of cryo-EM.
Time-resolved methods, in contrast,
make use of microfluidic chips to start a
reaction of two components, by mixing
them, letting them react, and deposit-
ing the reaction product onto the EM
grid. We have used this technique in
several recent studies to determine
intermediate states during translation
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(Fu et al., 2016; Fu et al., 2019;
Kaledhonkar et al., 2019; Bhattacharjee
etal., 2023).

The second direction of development
has been the result of a close col-
laboration with Abbas Ourmazd and
Peter Schwander, at the University
of Wisconsin at Milwaukee. Methods
of geometric machine learning are
applied to massive amounts of cryo-EM
data in efforts to map the continuum of
states of a biomolecule in the thermal
equilibrium (Dashti et al., 2014; Frank
and Ourmazd, 2016; Seitz et al., 2022).
To date, we have applied this method
to the ribosome (Dashti et al., 2014),
Ryanodine receptor (Dashti et al., 2020)
and SARS Cov2 spike protein (Sztain et
al., 2021). In each case, the energy land-
scape of the molecule was retrieved,
revealing the rationale for its functional
behavior.

In conclusion, the past 25 years have
demonstrated the surprising power of
single-particle cryo-EM to yield data far
exceeding the visualization of single,
static states but going to the heart of
functional information, answering the
question of “What makes a biological
molecule tick?” Il
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Prof. Yuichi Ikuhara & Prof. Naoya Shibata

(Institute of Engineering Innovation, The University of Tokyo)

Japan Academy Prize (2023)

Development of State-of-the-Art
Electron Microscopy and Contribution
to Nano Interface Technology

rof. Yuichi Ikuhara has been

a leading figure in the field of

advanced electron micros-

copy and nanomaterial sci-
ence in the 21st century. He has made
numerous world-leading contributions,
and has ascended to an international
leadership role in the field. Specifically,
he has pioneered the state-of-the-art
development of transmission electron
microscopy for more than a quarter
of a century. Consequently, he has
established innovative methods for
the quantitative characterization and
analysis of local atomic structures, ele-
mental distributions, and local elec-
tronic states at nanointerfaces and lat-
tice defects, both experimentally and
computationally.

One of his specific research achieve-
ments is the direct observation of
atoms related to material functions,
such as dopants and impurities at the
material interface, using ultra-high res-
olution scanning transmission elec-
tron microscopy (STEM). This study
has facilitated a major breakthrough
in the field of material science. He was
the first in Japan to introduce spher-
ical aberration-corrected STEM for
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analyzing material interfaces. In addi-
tion, he proposed a method that com-
bined electron energy loss spectros-
copy (EELS) at the atomic-resolution
level with first-principles calculations,
and established a quantitative analy-
sis method for atomic structures and
electronic states, such as interfaces and
dislocations.

In 2017, Prof.lkuhara collaborated with
with JEOL Ltd. to achieve a spatial
resolution of 40.5 pm for STEM, thus
setting a world record for the highest
performance of a STEM at that time.
They also proposed and developed a
new annular bright-field (ABF)-STEM
technique that facilitated selective cap-
ture of electrons transmitted and/or
scattered at low angles. This method
enabled the first direct observation of
lithium atoms in lithium-ion battery
materials and hydrogen atom columns
in hydrogen storage materials, which
have attracted attention as energy and
environmental materials. This research
led to the worldwide diffusion of this
method as a new analytical technique
that originated from Japan, which
is now routinely used as a general
method in overseas research institutes.
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Prof. Naoya Shibata has led the world in
the advancement of atomic-resolution
STEM and its application to the study
of material interfaces. Specifically, he
has pioneered the development of
a method for the direct visualization
of electromagnetic field distribution
at an atomic scale, which has been
extensively used as a new electron
microscopy technique in the field of
materials and devices. He has reported
numerous research results that have
contributed to the true and deeper
understanding of the mechanisms of
interface-originated properties in vari-
ous materials.

A specific example of Prof. Shibata’s
research is the development of seg-
mented STEM detector for atomic-res-
olution imaging. This detector has
been used to observe the electric field
at the interface of a semiconductor
p-n junction and the magnetic field
inside a magnetic skyrmion using the
differential phase contrast method.
Furthermore, he modified this method
to precisely measure the slight deflec-
tion of the electron beam caused by
the existing electric field between the
positively charged atomic nucleus and



negatively charged electron cloud.
Due to his novel discovery the elec-
tric field distribution inside an atom
can be directly observed in real space
for the first time in the world. This is
an innovative achievement that is
expected to facilitate the use of elec-
tron microscopes for real-space obser-
vation of intra- and interatomic struc-
tures, rather than only observe atomic
arrangements.

In 2019, in collaboration with JEOL Ltd.,
Prof. Shibata successfully developed
a new objective lens that realized the
atomic-resolution observation while
maintaining a sample in magnet-
ic-field-free conditions, which had been
a relatively unexplored area of electron
microscopy. For the first time, a spatial
resolution of less than 1 angstrom was
achieved in a magnetic field-free envi-
ronment, thus rendering the observa-
tion of the atomic structure of magnetic
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materials possible. Furthermore, using
this electron microscope, he also real-
ized real-space visualization of the
intrinsic magnetic field of an antiferro-
magnet for the first time in 2022. These
achievements are considered ground-
breaking breakthroughs in the field of
electron microscopy and have received
high international acclaim.

Prof. Ikuhara and Prof. Shibata have
been conducting research to eluci-
date various material phenomena
that have been previously considered
black boxes through the appropriate
development of state-of-the-art elec-
tron microscopy techniques developed
in a complementary and collabora-
tive manner. Their studies have been
focused on the correlation between
interfacial atomic and electronic struc-
tures and functional properties; iden-
tification of atomic positions of light
elements in inorganic materials and

their relationship to physical proper-
ties; clarification of dislocation cores
and lattice defect structures; under-
standing material deformation and
fracture mechanism via in situ observa-
tion; revealing segregation mechanism
at ceramic grain boundaries; studying
heterogeneous catalytic interface struc-
tures; and discovery of one-dimen-
sional ordered crystals formed at the
grain boundary triple point. Based on
the results of such studies, they have
designed and created new materials
that utilize the functions of interfaces
and lattice defects. These results have
been published in more than 900 orig-
inal papers in international journals,
and have received extensive appreci-
ation worldwide. Thus, these achieve-
ments demonstrate the significant con-
tributions made by them to the fields
of advanced electron microscopy and
nanomaterial science. @
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Electron Microscopy of Crystal
Growth In Liquid and Ultra High
Vacuum Environments

ver since the first electron

microscopes were con-

structed, microscopists have

dreamed of recording not
just static images but movies: viewing
dynamic processes as they take place
with good spatial and temporal reso-
lution. The last few decades have seen
dramatic progress in this field of in situ
microscopy. It has become clear that
placing a sample in a well-controlled
environment - gas at a range of pres-
sures, water or other liquids - presents
rich opportunities. Such experiments
extend the range of scientific prob-
lems that can be addressed by TEM to
include, for example, phenomena of
nanostructure growth and dynamic
structure-property relationships in cat-
alysts and energy storage materials.
Advances in instrumentation and data
handling have driven rapid develop-
ment of environmental experiments
that enable us to achieve ever greater
precision in understanding materials
behavior. | find that the extreme ends
of the environment spectrum provide
particularly exciting insights: electron
microscopy of samples in liquids and
in ultra high vacuum illuminate basic
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physics while also being deeply rele-
vant to real-world applications such as
batteries and catalysts.

Liquid-mediated processes under-
lie key phenomena in electrochem-
istry, crystal growth, catalysis and
biological functions. Imaging liquid
samples appears incompatible with
the vacuum requirements of the micro-
scope column: water would evaporate
instantly. The liquid must therefore be
encapsulated between membranes
that are mechanically robust yet rea-
sonably transparent to the electron
beam. This ‘closed liquid cell’ strategy
was proposed in electron microscopy
literature but was impractical until the
advent of modern microfabrication
methods that enable controlled forma-
tion of thin silicon nitride membranes.
Confining a liquid in this way enables
imaging with good time resolution and
reasonable spatial resolution, a unique
combination that is not offered by
scanning probe or light microscopy 2.

Our interest in liquid cell electron

microscopy was motivated by the
importance of electrochemical
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deposition of the copper intercon-
nects during microelectronics fabri-
cation 1. Our liquid cells were con-
structed by fabricating silicon window
chips and gluing them face to face by
hand. Liquid was added using a syringe
through ports on one chip and lids
were glued over the ports. The initial
chips were filled with acidified CuSO,
electrolyte and contained one Au
electrode extending over the window
on one chip, with other electrodes
formed by gluing thin Cu and Au wires
into the ports. Only one in 20 of these
early cells yielded results (mostly due
to leaks in the glue layers) - but when
data emerged it was rich (Figure 1).
Copper nucleation sites, temporal and
spatial correlations, diffusion-limited
growth, dissolution, island faceting,
growth front instability and dendrite
formation could be correlated with
current and voltage recorded simulta-
neously. Cyclic voltammetry, potenti-
ostatic and galvanostatic Cu deposi-
tion yielded information on diffusion
processes and additive effects %1 The
electron beam affected the result, and
modelling efforts helped to link this to
phenomena already understood by



radiation chemists®l. The liquid cell
technique has been extended to crystal
growth, corrosion, batteries, biological
materials in their native environment,
and non-aqueous systems, imaging by
both STEM and TEM, including ana-
lytical techniques 2. Commercial
equipment with sophisticated designs,
advances in the liquid enclosure (par-
ticularly the use of graphene as the
window material), liquid flow, heating,
control of liquid thickness, low-dose
techniques, sensitive detectors, and
optimized imaging modes now create a
smoother experience for users™®? even
though liquid cell microscopy is never
completely straightforward. Liquid cell
microscopy smoothly adopts modern
imaging and data handling innovations
and continues to provide a unique view
of otherwise inaccessible phenomena.

At the other end of the pressure spec-
trum, the importance of clean surfaces
for growth and materials reactions has
long been recognized by surface sci-
entists, since uncontrolled contamina-
tion on the surface or in the gas envi-
ronment alters the results of almost
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Figure 1. Electrochemical crystal growth imaged using liquid cell TEM. (a) Cyclic
voltammogram and images from a bright field movie recorded simultaneously during
deposition and stripping of copper (dark islands) on a polycrystalline Au electrode (grey
background) from an electrolyte containing 0.1M CuSO, + 0.18M H,SO,. The colors

indicate the times of the images shown. Adapted from!.. (b) Movie frames recorded

during galvanostatic deposition of copper on a polycrystalline Pt electrode from the same
electrolyte asin (a). The average current density of 290A/m? results in a local average growth
rate of 70nm/s. The growth front becomes dendritic after several seconds. Adapted from,

Figure 2. Vapor phase crystal growth imaged using UHVTEM. (a) Nucleation, growth and coarsening via Ostwald ripening of Ge islands
during deposition of Ge on Si(001) at 650 °C from 2x107 Torr Ge,H¢. From ., (b) Silicon nanowires imaged during growth at 550 °C from
1x107° Torr Si,He. The droplets (dark semicircles) and faceted nanowire surfaces are visible. From'.. (c) Deposition of Au on Ti on graphene,
comparing UHV conditions (left image), where growth is fully epitaxial, to conditions that included exposure to oxygen between Ti and Au
deposition (right image), where Au grows as islands without epitaxy on the oxidized Ti surface. Unpublished.
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every process. In the electron micros-
copy community, interest in achieving
an ultra high vacuum environment
around the sample has motivated
instrument designs in which increased
pumping speed and bakeable com-
ponents allow the sample to sit in a
vacuum of around 10*° Torr, rather
than the 107 Torr found in conventional
microscope columns ™. The impor-
tance of reaching this vacuum level
is evident if we think about the arrival
rate of gas molecules from the vacuum.
At 10° Torr, it takes several hours for a
full monolayer to impinge and adsorb
on the surface; at 107 Torr the surface
may be covered after only a few min-
utes, affecting any experiment that
attempts to probe surface processes on
reactive samples.

Our interest in ultra high vacuum
transmission electron microscopy was
motivated by the fascinating epitax-
ial growth of Ge and SiGe alloys on Si.
Growth of these materials by chemical
vapor deposition underlies microe-
lectronics device fabrication and is a
model system for understanding the
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phenomena that control strained layer
epitaxy. Chemical vapor deposition can
be carried out by flowing the precursor
gases in the UHVTEM and yields obser-
vations used to develop models for
self-assembled island formation and
coarsening and dislocation dynam-
ics® (Figure 2a). Many related growth
processes are also feasible in situ, par-
ticularly the self-assembly of nanow-
ires via chemical vapor deposition in
the presence of catalytic droplets [®
(Figure 2b). The experiments visualize
the especially rich physics that governs
nanowire growth, interface formation
and metastability of catalyst phases.
UHVTEM experiments can also probe
crystal growth phenomena that con-
trol the deposition of conventional
(3 dimensional) materials on two-di-
mensional van der Waals materials %!
(Figure 2c). The chemical mismatch
and weak bonds at the 3D / 2D inter-
face determine the growth morphology
and epitaxy and lead to phenomena
such as moiré pattern formation. 3D
materials grown on 2D substrates also
provide a versatile platform for probing
surface processes such as oxidation

and for examining strain relief during
deposition of multilayers, with rele-
vance for design of nanostructured
functional materials.

The ability to carry out practical TEM
observations in the ‘extreme’ envi-
ronments of ultra high vacuum and
atmospheric pressure liquids, while
also applying stimuli such as voltage,
current flow, temperature and gas
composition changes, provides great
power to TEM as a technique for solv-
ing materials problems. Challenges in
these experiments include the complex
equipment, the time required for setup,
calibration, execution and analysis, and
the need to understand artifacts such
as beam-sample interactions. Modern
techniques of data analysis and auto-
mation are helping to mitigate these
issues and democratize the experi-
ments. Ultra high vacuum and liquid
cell microscopy have become a key
part of the microscopy community’s
toolbox, and we anticipate amazing
future outcomes. @
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Quantitative analytical microscopy
at atomic resolution

he first aberration corrected
electron microscopes, prin-
cipally correcting spherical
aberration, became availa-
ble more than twenty-five years ago.
However, contrast mismatches, often
by a factor as large as three to five,
persisted when comparing atomic

resolution images between experiment
and simulation in conventional trans-
mission electron microscopy (CTEM).

A similar phenomenon was observed
in scanning transmission electron
microscopy (STEM) in the Z-contrast or
high-angle annular dark field (HAADF)

imaging mode. Despite much specu-
lation as to the reason for these dis-
crepancies, they remained unresolved
for many years. The first major step
towards absolute-scale, quantitative
agreement between experiment and
theory was made in 2008 for STEM
HAADF imaging ™M (see Fig.1). The

Figure 1. (a) Experimental Z-contrast image
of SrTi03 along <100> . (b) Simulation in
quantum excitation of phonons model .
(c) Bloch wave simulation.

Figure 2. Z-contrast image of a gold foil compared with simulations to give the number of

atoms in each column!®,

63

W5

1993 ANNIVERSARY



@ 1998 - 2024 | EUROPEAN MICROSCOPY SOCIETY 25™ ANNIVERSARY

experimental issues that need to be
addressed to achieve such agreement
were elucidated in Ref.™. Shortly there-
after, substantial progress was also
made in reconciling experiment and
simulation in CTEM imaging !,

This ability to be quantitative greatly
increased the utility of atomic-reso-
lution aberration corrected micros-
copy. For example, in STEM it enabled
the counting of atoms ¥ (see Fig. 2)
and the three-dimensional imaging of
individual dopant atoms within small
clusters®l,

In CTEM, it facilitated the determina-
tion of the 3D shape of a nanocrystal
with atomic resolution from a single
image!®. A review of quantitative annu-
lar dark-field imaging, paying attention
to the methods of image quantification
and the application of quantitative
data to relate the properties of nano-
materials to atomic-level structure,
was published recently "l A review of
a statistics-based approach to atom
counting that complements the abso-
lute-scale approach and can reduce
(and sometimes even eliminate) the
need for both a well-characterised
instrument and for comparison simula-
tions is given in Ref. 8.

In STEM spectroscopic imaging,
absolute-scale comparison between
experiment and simulation has been
achieved in core-loss electron energy
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Figure 3. Absolute-scale comparison of experimental and simulated EDX maps fora 17.6 nm
thick specimen of SrTiO3. A 200 keV probe with a convergence angle of 19.5 mrad was used.
An incoherent effective source was modelled using a Gaussian with 1.05 A full-width-half-
maximum. Line profiles are averaged across a 1.6 A wide strip, e.g., that indicated by the

white rectangle for the Sr K edge.

loss spectroscopy ® and energy disper-
sive x-ray spectroscopy % (see Fig.3),
enabling element-specific counting of
atoms.

Understanding of the physics of both
the elastic and inelastic scattering of
the probing fast electrons in a speci-
men 412 js an essential component of
quantitative microscopy. l
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From the acquisition of early EELS
spectra to undreamt recent achievements
In the exploration of the nanoworld

Introduction

Electron energy loss spectroscopy
(EELS) has now been recognized as an
essential complementary accessory to
the well-established transmission elec-
tron microscope. Its first demonstration
as an analytical technique providing
local chemical and electronic informa-
tion dates back from the sixties and
early seventies, its superb potential as
a powerful machine providing 2D ele-
mental maps with atomic resolution
was accepted as a routine tool in the
early nineties for solving issues in mate-
rials science. As equipped with a paral-
lel detector recording full EELS spectra
for each probe position in a Scanning
Transmission Electron Microscope
(STEM), a “spectrum-image”, it has
demonstrated its unique capabilities
in many cases of nanosciences, such
as the atomic-level structure of sin-
glewall-C, multiwall-C, mixed- (C-BN)
nanotubes.

The ultimate goal of single atom
identification as suggested in the
mid of the seventies independently
in Chicago ™ and in a collaboration
Orsay-Cambridge 2, has finally been
demonstrated in a paper published
in Science . In this later paper, it was
shown that the sensitivity and spa-
tial resolution of the used STEM-EELS
machine were sufficiently powerful to

identify single Gd atoms attached to
Cgo molecules encapsulated in a single
walled carbon nanotube.

Developments

in instrumentation

This was however only the begin-
ning of a period very rich in innovative
developments opening brand new
fields of research in nanosciences.
Breakthroughs were realized in
advanced instrumentation, data acqui-
sition and processing in multi-dimen-
sional spaces, in opening multisignal
information and specific coupling with
the photonic domain.

Concerning the global field of spatial
resolution accessible in the electron
microscope, the success in the correc-
tion of the spherical aberration real-
ized in parallel by a German ™ and a
British ¥ team has been decisive. The
introduction of aberration correctors
following the design proposed by these
researchers has created an explosion
of elemental and electronic mapping
with an attainable spatial resolution
of 50 pm at 200 kV and a current up
to 1 nAin a probe of 150 pm. This suc-
cess was officially reacognized very
recently with the attribution of the
2020 Kavli prize to the two teams (Max
Haider, Harald Rose and Knut Urban on
one side, and Ondre] Krivanek on the
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other). As for the spectacular advances
in spectral (or energy-loss) resolution,
the introduction of a monochroma-
tor at the exit of the electron source,
bringing it from the natural width of
about 0.25 eV for a beam delivered by
a FEG (field emission gun), down to the
range of 10 meV and below. Different
systems of electrostatic, of magnetic or
of mixed type, have been developed
and tested. The device developed by
the Nion company, made of an alpha-
shaped magnetic monochromator, has
produced a 30-meV wide, atom-sized
electron probe, giving access to vibra-
tional spectroscopy in the electron
microscope. The development over the
years, of more and more performing
detection units, measuring the flux of
electrons in the dispersion plane of the
spectrometer and transferring it to the
digital acquisition and processing unit,
constitutes a key component responsi-
ble for the success of these machines.
Parallel EELS detection using an indi-
rect electron-photon-electron conver-
sion scheme has reached a high level
of performance and has produced most
of the spectral-images acquired over
the past years. Recently, the progress in
the realization and use of semiconduc-
tor devices has generated the produc-
tion of CMOS multipixel detectors over
1 Mégapixels of small lateral size typi-
cally 5-10 um detecting and counting
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individual electrons. Rates higher than
10° spectra per second are achieved
opening the way to “Fast spim” modes.
These major instrumental progress in
STEM-EELS techniques over the past
decades, generated improvements in
both spatial and energy resolution,
which are illustrated in the following
scheme:

The original information produced
by this new generation of
instruments

What do we learn from the EELS spec-
tra? They reflect the spectrum of excita-
tions created by the fast electron of
the electron microscope transferred
through the specimen, and one of its
extreme richness is that it covers a very
broad spectral range from a few meV up
to a few keV, in optical terms from the IR
to the X-Ray domain. In its high energy
part, typically from 50 eV up to a few kV,
the fine structures on the characteristic
edges are generated by the excitation of
the core shell electrons of the individual
atoms. They constitute a rich source of
information beyond the atom identity
(elemental maps) and on its imme-
diate environment, its bonding, ionic
state, and its crystalline environment
(chemical and electronic maps). These

2D atomically resolved maps have
become a common approach to solve
condensed matter issues ® following
the first demonstration of their impact
about fifteen years ago .

As the low energy loss domain (from 1
to 50 eV), it constitutes the major part
of an EELS spectrum acquired across
a thin foil or at glancing incidence
on a surface or interface, the contri-
butions to this spectral domain have
been extensively studied from the ear-
lier times, see the two reference books
due to Raether® and to Egerton . The
collective response of the free or qua-
si-free electron gas of the specimen,
the plasmons, are made of longitudinal
oscillations of the electrons, and the
associated energy loss function is fully
described in terms of its dielectric func-
tion € (w,q) where w is the frequency
and g the wave vector of the excitation.
Over the past twenty years, two specific
aspects have been more specifically
developed : (i) individual transitions
from unoccupied states to occupied
ones and band gap measurements
through a detailed study of the imag-
inary part of g, €, ; (ii) collective excita-
tions at surfaces and interfaces asso-
ciated to the zero value of the real part

of the dielectric function e, With the
progress in instrumentation in spatial
as in energy resolution, it has become
possible to monitor ultrafine changes
in EELS spectra recorded when scan-
ning the probe at the apex of surfaces or
interfaces, and in general around speci-
mens in the field of nanostructures: sili-
con nanospheres in SiO, matrix, carbon
nanotubes, metallic nanowires.

The strong correlation between the
movement of charges and the gen-
eration of electromagnetic fields has
generated the growth of abundant
experimental and theoretical studies.
Boundary conditions such as surfaces
or interfaces between metallic and die-
lectric materials, generate localized or
propagating surface charge oscillations,
surface plasmons (SP) associated with
electric fields. Their mapping at unrav-
eled sub-nm spatial, together with the
parallel rapid progress of theoretical
and numerical tools has become a field
of intensive research giving rise to the
emergence and rapid development of
“nanoplasmonics”.

The recent easy access, with an
energy resolution of 10 meV and
nm- spatial resolution offered by the

Figure 1. Illustration of the majorinstrumental progress generating improvements in both spatial and energy resolution in STEM/EELS
techniques over the past decades, giving thus access to new domains of research
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Figure 2. The energy filtered images of a thin triangular Ag nanoplatelet show clearly at
different energy loss values the localized tip and edge surface plasmon modes in agreement

with their numerical simulation ™,

monochromators Y has opened the
way to the recording and study of
new types of excitations of very low
energy, surface phonons 2, vibrational
stretching modes in molecules [*3,
Considering only the exploration of
the basic physics of condensed matter
over the whole spectral I-to-IR range,
this new generation of STEM-EELS has
definitely contributed to our knowl-
edge of the excitation spectrum in con-
densed matter.

Towards a multi-signal strategy

A complementary channel of infor-
mation is carried in the desexcitation
processes of the energy collected by
the specimen in the primary event
which has been responsible of the
energy loss. In particular, this energy
can be radiated back into the far-
field. If it happens in the IR/Vis/UV
range, the detection and analysis of
the emitted photons is realized by a
Cathodoluminescence (CL) system

directly facing the surface of the spec-
imen. For the X-ray range, a specific
X-ray detector offers broader and
broader angles of capture for the emit-
ted photons.

The simultaneous acquisition and
recording of the photons emitted in
the desexcitation processes together
with the relevant energy-loss consti-
tutes a first example of the multi-signal
strategy for collecting the maximum of
information from the interaction of a
single incident electron of high voltage
kinetic energy Illustration of a with a
thin sample 4,

The recent impact of the recording and
interpretation of these associated sig-
nals has been enormous, in particular
when mapping at nanometer scale the
field configurations around a diversity
of nanostructures produced by the
most recently developed techniques
of nanofabrication: multilayers, wires,
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cubes, spheres, fractals, and simulta-
neously imaged and analyzed. This has
become known as “nanoplasmonics”
and “nanophotonics”.

There are many other aspects of STEM/
EELS techniques in rapid and impor-
tant development. The generation
and use of new sources of electrons
stimulated by laser impact has opened
the way to ultrafast electron micros-
copy (UEM) by the group of Zewail at
Caltech™. Timed single-electron pack-
ets produced by the impact of laser
pulses on the electron source of micro-
scope can overlap with the evanescent
electromagnetic field generated by
an intense femtosecond pulse of light
around a nanostructure. Practically the
laser fs pulses are split into two arms,
one generating the incident electron
pulses, the second one creating the
nanostructure excitation. The time
delay can be controlled and opens
access to time-dependent studies with
ns time-resolution. As an interesting
application, this set-up has produced
spectra with both EELossSpectra and
EEGainSpectra exhibiting lines sym-
metrically with respect to the zero
line*8!, The detailed ratio between Loss
and Gain lines has been used recently
to measure the temperature 29 11

To be fully exhaustive, this brief report
of the STEM-EELS history should also
mention the development of “nanolab-
oratories” with the installation around
the specimen of variable environment
setups (variable temperature, variable
pressure, illumination by an external
laser, friction device), the use of shaped
electron beam such as the vortex-type
one developed by Verbeeck 2% which
gives access to an angular momentum
information...

As a conclusion, when “photons and
electrons team up” as mentioned by
Garcia de Abajo 2! there is still for sure
arich field of experimental and theoret-
ical science to be explored. As an exam-
ple, the field of energy gains has only
been observed now, after fifty years of
work on energy gains!!
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Figure 3. Illustration of a multi-signal acquisition scheme on a most recent STEM instrument, simultaneously delivering an HADF dark field
image, an EELS signal, and two different routes to carry out the emission of photons depending on the concerned wavelength : (i) an EDX
detector collects the emitted EDX photon image complementary with the EELS core-loss image, with atomic resolution, as demonstrated by
Suenaga™; (ii) a CL mirror transferring the photons in the broad visible-UV range towards an optical system (spectrometer, polarizer, filter,

interferometer), see Kociak and Zagonel for a review ¢,

POST-SCRIPTUM

As a most recent contribution to the
progress in our understanding of the
pathway between the energy loss and
the photon emission process, the paper
“Cathodoluminescence excitation spec-
troscopy: Nanoscale imaging of excita-
tion pathways, Science Advances 8,
eabq4947, 2022. https://www.science. References
org/doi/10.1126/sciadv.abq4947 by 1.
Nadezda Varkentina®, Yves Auad”, Steffi

On the 13 September 2023 during the
25th anniversary of the EMS, the recog-
nition of the importance of a coincidence
technique between both spectrosco-
ples that confirms that there is a bright
future for the STEM-EELS association.
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Advances in atomic-resolution STEM,
SEI and ultra-high energy resolution EELS

ABSTRACT

it with practical examples.

We highlight three major advances made in scanning transmission
electron microscopy (STEM) since EMS’s founding 25 years ago: working
aberration correctors that have improved STEM spatial resolution to 1 A
and better at beam energies as low as 20 keV; atomic-resolution secondary
electron imaging (SEI) that allows single atoms to be imaged on surfaces,
and newly developed monochromators and spectrometers that have
opened up the study of atomic and molecular vibrations at the atomic
scale as well as other investigations. We review the progress and illustrate

icroscopy has often been

called “the eyes of sci-

ence”. EMS’s core mis-

sion has been to make
the eyes sharper, more sensitive and
more versatile, and to promote their
use. In this brief review, we summarize
advances contributed to this effort by
Nion and its collaborators.

The electron microscope (EM) was
invented in 1931 ™ and it would not
have been surprising if by 1998, the
year of EMS’s founding, EM technology
had matured so much that only incre-
mental improvements would have
been left to do. In reality, however, a
lot of fundamental progress has taken
place, as described below. The spatial
resolution improved greatly when aber-
ration correctors managed to null the
principal aberrations of electron lenses,

and at the same time to make parasitic
aberrations and instabilities as small as
needed for the improved resolution.

Three generations of correctors led to
the present, highly perfected state 23
i) proof-of-principle correctors, which
showed that the electron-optical prin-
ciples used by the correctors were
sound, but did not manage to improve
the resolution, ii) correctors which
improved the resolution by correct-
ing third-order spherical aberration as
well as parasitic aberrations up to third
order, and iii) more advanced correc-
tors that corrected all geometric aber-
rations up to fifth order, and optionally
also chromatic aberration.

Fig. 1. shows an image of graphene

obtained at 20 keV using a fifth-order
aberration corrector developed by
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Nion 4. Chromatic aberration limits
the attainable spatial resolution at
20 keV primary energy even when using
a cold field emission gun with 0.3 eV
energy spread, as was done here, and
this can be overcome by monochro-
mating the energy spread of the beam
to about 0.1 eV. The resultant high
angle annular dark field (HAADF) image
has captured spacings down to 1.07
A as shown by its FFT.

Carbon atoms bonded to 3 neigh-
bors in graphene are typically not dis-
placed at beam energies of 60 keV and
lower® but atoms at graphene edges
and defects can be displaced at ener-
gies as low as 40 keV. Being able to
resolve such structures without damag-
ing them at 20 or 30 keV should prove
invaluable.

Atomic-resolution secondary electron
imaging (SEI) was first demonstrated
in 2009, at 200 keV beam energy ™.
It is greatly improved at lower keV
operation and in UHV sample environ-
ment, available in Nion microscopes.
Fig. 2. illustrates the possibilities
opened up by the SE detector which
we have developed ®l, and by sensi-
tive electron energy loss spectroscopy
(EELS) that is also available in Nion
MICroscopes.
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The figure shows three different types
of images of graphene with B and N
atomic substitutions: a) high angle
dark field (HAADF) image optimized
for light atom imaging ®!, b) sec-
ondary electron image (SEl), and c)
elemental map obtained by atomic-
resolution EELS spectrum-imaging ..
All the images detect the single-atom
substitutions, and provide further
information. The HAADF image essen-
tially “weighs” the atomic nuclei, the
SE image allows atomic resolution to
be reached on the surfaces of thick
and even bulk samples, and the EELS
maps demonstrate that the chemical
species of individual atoms can be
readily identified by using their energy
loss signal.

Major advances have also been made
in 4D STEM™ such as deep sub-A res-
olution via ptychography *? and live
processing of 4D STEM data *3l. This
brief review unfortunately does not
provide enough room to cover them.

Turning now to spectroscopy, vibra-
tional EELS in the electron micro-
scope, introduced in 2014 4 %1 has
progressed remarkably. In the form
pioneered by Nion, it was made pos-
sible by two separate advances: the
development of a high-performance
monochromator placed at ground
potential, i.e. monochromating the
full-energy electron beam &8 and

Figure 1. HAADF image of monolayer graphene with low-pass filtered inset, Fourier transform
(FFT) of the image, showing 1.07 A contrast in 3 directions and line profile that shows the
absolute contrast along the line marked in the filtered inset. E,=20 keV, monochromated to
S8E=100 meV, probe half-angle= 55 mrad. Resolution/electron wavelength A = 12.5.

the development of an ultra-stable
electron energy loss spectrometer 91,
A key step in the progress was the
realization that there are two types of
vibrational signals available in the elec-
tron microscope 2% dipole scattering,
which occurs at scattering angles of
the order of microradians (for 100 keV
electrons), and probes materials in a
delocalized way, and impact scattering,
which occurs at scattering angles of
the order of tens of milliradians, and is
able to analyze vibrations with atomic
resolution.

Fig. 3. shows work carried out at the
Daresbury SuperSTEM laboratory,
which demonstrates that vibrational
spectroscopy performed with a STEM
can analyze the vibrations of a single
atom 24, Dark field EELS, in which only
electrons that have been scattered
outside the bright field cone and thus
carry high spatial resolution informa-
tion, was used for the analysis. Spectra
were collected with a 60 keV elec-
tron probe of about 1 A in diameter,
placed at various locations relative to
a dopant Si atom in graphene, and the

Figure 2. a) HAADF image, b) secondary electron image (Gaussian filtered), c) EELS elemental maps of the same area of graphene with B and

N substitutions. E, = 60 keV.

W

998 ANNIVERSARY

70



1998 - 2024 | EUROPEAN MICROSCOPY SOCIETY 25™ ANNIVERSARY @

Figure 3. a) schematic of dark field EELS acquisition: only the scattered (blue) beam was admitted into the EELS aperture, b) HAADF image
of a Si impurity atom in graphene, c) experimental spectra from sample points marked in d), e) theoretical simulations showing the spectra

at different sites in black and the graphene spectrum in grey. Courtesy £.S. Hage et al., and Science.

experimental results were compared
to theoretical simulations. When the
probe was on the Si atom, the dom-
inant vibrational mode shifted to a
lower energy, as expected for a heavier
atom. When the probe was on the third
nearest neighbor of the Si atom, the
spectrum became essentially identi-
cal to spectra of perfect graphene. The
experiment showed that STEM is now

Figure 4. a) vibrational EELS of amorphous
ice prepared in H,0 humidifying atmosphere,
b) EELS of ice prepared in D,0 atmosphere.

able to probe the vibrations in solid
materials at atomic resolution, and
the simulation indicated that when the
experimental energy resolution (about
20 meV in this work) is improved fur-
ther, detailed new information should
become available.

The Daresbury advance stimulated
further work probing the influence of
individual defects and grain bound-
aries on phonon energies and prop-
agation 2239 |n g remarkable recent
achievement, Yan et al. combined
polarization sensitivity demonstrated
earlier® with high spatial and energy
resolution EELS imaging to analyze the
vibration modes of the three atomic
species in SrTiO3, and to show that O
atoms vibrate in different directions as
a function of energy 2,

Another new capability introduced by
vibrational EELS is that it can detect
and map isotopic substitution in
materials ?% 33351 This is illustrated in
Fig. 4, which shows vibrational spec-
tra obtained from frozen hydrated
samples of apoferritin embedded in
amorphous D,0 (heavy water) ice. The
embedding ice gives rise to two dom-
inant spectral peaks, one at 424 meV,
from H-O stretch vibration, and one at
314 meV, from D-O stretch. Similar to
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FTIR optical spectroscopy ¢, a distinct
peak due to HDO was not detected in
the 300-450 meV energy region that
covers ice stretch vibrations.

Sample preparation started with a
solution of apoferritin in water, which
was diluted 10:1 with heavy water, i.e.
about 90% of the water’s vibrations
were expected to come from D,0. The
ice-covered sample grids were pre-
pared in a ThermoFisher Vitrobot in
two different ways: a) with H,0 as the
humidity-maintaining atmosphere,
and b) with D,0 as the atmosphere.
The resultant spectra showed that
when the humidifying atmosphere
was regular H,0, the sample’s ice con-
tained >90% H,0, even though the
initial sample (prior to blotting) was
~90% D,0. But when the humidify-
ing atmosphere was D,0, the sample
contained about 50% D,0 bonds. This
demonstrates that a vigorous molecu-
lar exchange takes place between the
humidifying atmosphere and the water
on the grid, in the few seconds needed
for blotting the grid before plunging it
into liquid ethane, and that the major-
ity of the water molecules in the frozen
sample come from the humidifying
atmosphere rather than from the initial
water layer spread on the grid. The fact
that preparing the sample in the D,0
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atmosphere did not give the expected
90% D,0 ice composition may be due
to regular ice being picked up during
the cryotransfer process from the
Vitrobot to the EM.

Detecting and mapping isotopic sub-
stitution is useful for tracing the pro-
gress of atomic migration in inorganic
samples and of metabolic pathways in
biological specimens. We expect that
the technique will become a versatile
tool in the microscopy toolkit.

The delocalization of the dipole vibra-
tional signal extends over tens to hun-
dreds of nanometers, and this allows
the vibrations of biological samples to
be analyzed with the electron beam
parked a few tens of nm outside the
sample, thereby avoiding radiation
damage B™. In an alternate approach
called “leapfrog scanning’, the probe
is advanced in discrete steps of tens
of nm on a beam-sensitive sample,

levels than if the probe was scanned
continuously. These techniques
worsen the spatial resolution to about
30-100 nm, but being able to analyze
biological samples in the electron
microscope without substantial radia-
tion damage seems very promising.

The improved energy resolution has
made possible a broad range of other
fundamental developments. Key
advances include:

mapping surface and bulk vibra-
tional modes, including surface
phonon polaritons, of nano-ob-
jects in simple projection % and in
3 dimensions

ii. analyzing plasmons with reso-

nant energies as low as 157 meV in
perovskites ™,

iii. enhancing the vibrational response

of materials by placing them in the
plasmon-induced electric field of
metallic nano-objects ],

Vi

and led to a detailed elucidation
of the photonic response of the
material 31

determining the sample tem-
perature with a precision of a
few degrees K, by comparing the
strength of energy gains to corre-
sponding energy losses 441 at tem-
peratures as low as 125 K461,
analyzing phonon dispersion in
h-BN at temperatures up to 1300 K,
and finding important discrepan-
cies relative to standard theoretical
treatments 7,

For more comprehensive compilations,
see reviews by Yan et al. ¥l and Lagos
etal.[*l,

In

summary, there have been many

revolutionary developments in elec-
tron microscopy and spectroscopy in
the last 25 years, whose full impact is
now being felt. It is an exiting time to be
working in these fields, and the pros-

whereupon it drills a hole at each new  iv. comparing EELS with cathodolumi-  pects for further major advances seem

location B8 The radiation damage is nesce (CL) in WS, enclosed in h-BN  very bright indeed. l

greatly reduced once the hole is drilled, in a way that reached similar energy

and this allows much larger exposure resolution for the two techniques
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Aberration corrected optics
and atomic-resolution imaging in
transmission electron microscopy

he conventional transmis-
sion electron microscope
(CTEM) was invented by Knoll
and Ruska in 1931, and the
scanning transmission electron micro-
scope (STEM) was first described by
von Ardenne in 1937. In both cases
one was able to draw on studies on
the lens properties of rotationally sym-
metric magnetic fields carried out by
Busch in the nineteen-twenties. First
estimates of the theoretically achiev-
able resolving power of the electron
microscope, made by Knoll and Ruska
already in 1932, led them to atomic
dimensions I, They commented:
“Whether this high resolving power can
also be used to visualize structures of
this or similar size cannot be decided at
the present stage of the investigations
and is left to a further development of
the methodology, which must include
an enhancement of the intensity of
the electron source in addition to the
detailed study of imaging errors’.

This cautious restraint proved
more than appropriate, as we know
today. It took nearly forty more
years until 1970, when Crewe and

his collaborators became the first
to actually image individual gold
and uranium atoms in molecules in
a STEM equipped with a field emis-
sion source 23 Crewe’s microscope
had a resolution of 2.5 angstroms,
which was a world record at the time.
Nevertheless, it was not possible to
see all the atoms of a molecule. Only
the particularly heavy and therefore
strongly scattering atoms could be
imaged. In contrast, in materials sci-
ence one is interested in imaging
individual atoms in solids, regardless
of their chemical nature. This is espe-
cially true for investigations of crystal
defects and internal interfaces. Here,
in projection, atomic distances of
fractions of an angstrom occur. To be
able to measure these, a much higher
resolving power is required.

The finer the object details to be
imaged, the larger the diffraction angle
of the electrons and thus the angle at
which they enter the objective lens.
And this is where the lens aberrations
come into play. The aberrations of
electromagnetic lenses had been theo-
retically described by Glaser ™, Briiche
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and Scherzer ¥ as early as 1933, and
Scherzer had shown in 1936 that for
round lenses, it is basically impossible
to avoid the two most important aber-
rations, chromatic and spherical aber-
ration®. When an electron source with
a low energy spread (e.g. a field emis-
sion source) is employed, the optical
resolution is limited by the spherical
aberration. As already described by
Scherzer and Glaser in the 1940s, there
are two strategies to reduce spherical
aberration.

The first is to use higher accelerating
voltages. The shorter electron wave-
lengths that can be achieved in this
way lead to smaller diffraction angles
for a given size of the object details
to be imaged. This path led to the
construction of the high-voltage elec-
tron microscopes, the “dinosaurs” of
electron optics, which used electron
accelerating voltages of up to 3 mil-
lion volts ™.

The second strategy was to exploit the
special property of the bell-shaped
magnetic field distribution of electron
lenses that the coefficient of spherical
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aberration is proportional to the focal
length 81, By the early 1980s, it was
clear that both strategies yielded inad-
equate results; in particular, the goal of
imaging at single-atom resolution in
solids remained out of reach. In addi-
tion to the special technical and elec-
tron-optical problems of high-voltage
electron microscopy, the specimens
were quickly destroyed by atom-dis-
placement damage at the high elec-
tron energies. The way to reduce the
spherical aberration by shortening the
focal length was limited by the fact
that the magnetic pole piece dimen-
sions had to achieve very small values.
This meant that there was no longer
space at the specimen location for a
double-axis goniometer with which
the specimens could be appropriately
tilted and crystallographically aligned
with respect to the electron beam.

To construct aberration-corrected elec-
tromagnetic lens systems by combin-
ing a converging lens with a suitably
calculated diverging lens, as Abbe did
] for light microscopy in the second half
Figure 1. of the nineteenth century, is forbidden
by Laplace’s equation, which does not
allow to construct diverging lenses.
However, as already shown in the fun-
damental theoretical work of Scherzer
in 1947, this restriction applies only
to rotationally symmetric lenses, i.e.
not to magnetic multipole lenses I,
Although the work for an experimen-
tal and technical realization of the
elimination of spherical aberration by
systems of magnetic multipole lenses
started early % it was to take another
fifty years until it was possible in 1997
to realize the first aberration-corrected
transmission electron microscope,
whose resolving power was substan-
tially increased, in fact doubled, com-
pared to the uncorrected instrument
(Haider et al.[*%2)) Thus, the atomic
resolution Knoll and Ruska had hoped
for was finally achieved. However,
there is a fundamental difference
between the first attempts to correct
the spherical aberration as proposed
by Scherzer® and the later successful
Figure 2. aberration correction by employing
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hexapole-fields. Scherzer proposed
an astigmatic ray path with line-foci
generated with the help of quadrupole
fields, where the spherical aberration
for a section can be compensated
directly by an octupole field. Within the
hexapole-corrector concept there are
no strong quadrupole-fields needed.

The long development time was due,
among other things, to the fact that the
divergent action, which is independent
of the azimuthal angle and analogous
to the effect of a round diverging lens,
is a second-order effect superimposed
by the much stronger primary aber-
ration of a multipole, a massive dis-
tortion of the electron beam. To com-
pensate this distortion by a second
multipole is technically very complex.
The first successful aberration-cor-
rected objective lens system, which is
still by far the most widely used system
in CTEM and STEM today **, is based
on a double-hexapole arrangement.
The correction system theoretically
calculated by Rose ™I after preceding
work by Hawkes **1 Beck ¢l and others
uses a highly symmetrical arrange-
ment of the elements, which facilitates
the technical compensation or minimi-
zation of the unwanted aberrations of
the double hexapole system. Another
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development is that of the quadru-
pole-octupole corrector for STEM by
Krivanek et al.*"! which was success-
ful in 2001 by demonstrating for the
aberration-corrected microscope a
substantial improvement of the reso-
lution compared to the uncorrected
instrument.

Modern materials research now ben-
efits from electron microscopes that
offer quasiroutine atomic resolution
with Rayleigh resolution of better than
50 pm and a precision of the order of
1 pm in CTEM and STEM. Structural
studies at true atomic resolution,
atom by atom, are now standard in
CTEM 18191 gnd STEM 2028 |n CTEM
(Fig. 1) the standard imaging mode is
NCSI 22 Atomic resolution studies by
EELS of electron states for chemical
identification and for the investigation
of low-energy electronic and vibronic
excitations as pioneered by Krivanek
et al. 2>l have dramatically increased
the interest in STEM. In fact about 80%
of all aberration corrected transmis-
sion electron microscopes installed
today are STEMs. These also allow the
use of many new STEM investigation
techniques that have been developed
in recent years to be used in addi-
tion to the standard HAADF imaging

technique 21, This includes annular
brightfield (ABF) technique, which
allows imaging of both the strongly
and weakly scattering atoms ¢! (Fig.
2).

Although the vast majority of atom-
ic-resolution electron microscopes
have only spherical aberration correc-
tion, there are also a few instruments,
CTEMs, that have chromatic aberra-
tion correction in addition to spherical
aberration correction. In addition to
quadrupole-octupole elements, com-
bined electrostatic-magnetic quad-
rupole correction elements are also
necessary for this purpose 2739, This
has allowed a new field of transmis-
sion electron microscopy to develop,
low-energy electron microscopy,
which operates at electron energies
between 15 and 80 keV (Suenaga
et al. B Kaiser et al. B2, Finally, we
would like to mention that in recent
years aberration-corrected electron
microscopes, which were, after all,
originally developed for applications in
materials science, are also finding their
way into biological electron micros-
copy at atomic resolution 31, Il

1. M. Knoll, E. Ruska, Z. f. Physik 78,318 (1932).

2. A Crewe, J. Wall, J. Langmore, Science 168,
1338 (1970).

3. M.S. Isaacson, Ultramicroscopy 123, 3 (2012).

4. W.Glaser, Z. . Physik 81, 649 (1933).

5. E.Briiche, O. Scherzer, Geometrische
Elektronenoptik, Springer, Berlin (1934).

6. 0. Scherzer, Z. f. Physik 101, 593 (1936).

7. G.Thomas, M.J. Goringe, Transmission
Electron Microscopy of Materials, Wiley&Sons
(1979).

8. W.Glaser, Z.f. Physik 117, 285 (1941).

9. 0. Scherzer, Optik 2, 114 (1947).

10. R. Seeliger, Optik 8,311 (1951).

11. M. Haider, S. Uhlemann, E. Schwan, H. Rose,
B. Kabius, K. Urban, Nature 392, 768 (1998).

12. M. Haider, H. Rose, S. Uhlemann, E. Schwan,
B. Kabius, K. Urban, Ultramicroscopy 75, 53
(1998).

13. In the literature, the acronyms CTEM and
STEM are used for both the instruments and
the mode of operation of these. For the sake
of simplicity, we also follow this practice
here.

14. H. Rose, Optik 85, 19 (1990).

15. PW. Hawkes, Phil. Trans. R. Soc. A, 257,479 &
523 (1965).

16. V.D. Beck, Optik 53, 241 (1979).

17. N. Dellby, O.L. Krivanek, P.D. Nellist, P.E.
Batson, A.R. Lupini, J. Electron. Microsc. 50,
177 (2001).

18. K. Urban, Science 321, 506 (2008).

19. KW. Urban et al., Prog. Mat. Sci. 133, 101037
(2023).

20. P.E. Batson, N. Dellby, O.L. Krivanek, Nature
418 (2002).

21. S.J. Pennycook, P.D. Nellist (Eds.) Scanning
Transmission Electron Microscopy, Springer
(2011).

75

22. C.-L. Jia, M. Lentzen, K. Urban, Science 299,
870 (2003).

23. D.A. Muller et al., Science 319, 1073 (2008).

24. O.L. Krivanek et al., Nature 464, 571 (2010).

25. O.L. Krivanek et al., Nature 514, 209 (2014).

26. S.D. Findlay, R. Huang, R. Ishikawa, N.
Shibata, Y. Ikuhara, Microscopy 66, 3 (2017).

27. H. Rose, Optik 26, 289 (1967)

28. M. Haider, P. Hartel, H. Miller, S. Uhlemann,
J. Zach, Microsc. Microanal. 16, 393 (2010).

29. U. Dahmen et. al., Phil. Trans. Roy. Soc. A 367,
3795 (2009).

30. L. Jin, J. Barthel, C.-L. Jia, KW. Urban,
Ultramicroscopy 176, 99 (2017).

31. T.Sasaki, H. Sawada, F. Hosikawa, Y. Sato, K.
Suenaga, Ultramicroscopy 145, 50 (2014).

32. M.Lincketal.,, Phys. Rev. Lett. 117,076101
(2016).

33. KM.Yip, N. Fisher, E. Paknia, A. Chari, H.
Stark, Nature 587, 157 (2020).

W5

98 ANNIVERSARY



@ 1998 - 2024 | EUROPEAN MICROSCOPY SOCIETY 25™ ANNIVERSARY

David A. Muller

School of Applied and Engineering Physics, Cornell University, Ithaca NY, USA

Imaging beyond the diffraction limit
with electron ptychography

Electron microscopes use electrons with wavelengths of a few picometers, and are potentially capable
ofimaging individual atoms in solids at a resolution ultimately set by the intrinsic size of an atom. Until

very recently, the best resolution was more than an order magnitude worse than this limit. This was

caused by two things - first the intrinsic aberrations in electron lenses are much worse than for optical
lenses - comparable to using a beer bottle as a magnifying glass. Second, electrons are multiply-scattered
inside the sample - a process described by Hans Bethe over 90 years ago. It’s been a limitation for electron
microscopists ever since, but the recent advances described here for detector technology and reconstruction
algorithms, the resolution of the electron microscope is now limited only by the dose to the sample, and
thermal vibrations of the atoms themselves.

icroscopists obsess over

resolution. This one

number has become the

shorthand that describes
the performance of a new instrument,
even when it is only a proxy for the
desired benefit, such as enhanced
contrast or signal. Figure 1 shows the
improvement in diffraction-limited
resolution over the past two centuries:
optical microscopy reached its far-field
diffraction limit a little over a century
ago. Electron lenses are limited by
intrinsic aberrations to relatively small
numerical aperture, so electron micro-
scope resolution initially improved by
increasing the beam voltage in order
to reduce the electron wavelength.
Unfortunately, higher energy electron
beams are also able to knock atoms
around more effectively, so by the late
1980’s that strategy had mostly been
exhausted. Ways to correct lens aber-
rations in principle had been known
since 1948. It was not until the 1990’s
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that computer control of the micro-
scope and the machining had devel-
oped to a point that these correction
strategies became practical. From
1996 to 2008, aberration correctors
saw rapid improvements in resolution,
reaching 0.5 Angstrom resolution in
2008, with only incremental improve-
ments since then as the complexity of
correcting and stabilizing geometric
and chromatic aberrations at higher
angles increased.

In July 2018, we reported what was
then the highest resolution image ever
obtained using an electron micro-
scopel™. The images were obtained,
not at the highest possible beam volt-
age, but rather at 80 keV, and with a
point-to-point resolution, two-and-a-
half times beyond the diffraction limit
for those microscope conditions. This
improvement in imaging conditions
was made possible by a new detector
design and a long history of algorithm
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development, and marked the first
time ptychography, or any diffractive
imaging method, had surpassed the
resolution obtained by the best elec-
tron lenses. By 2021, we had further
improved resolution by developing
an approach to account for the multi-
ple scattering in thicker samples, and
demonstrated images where the instru-
mental blur was now reduced below 20
pm, and the thermal blur of individual
atom columns became visible for the
first time.

Coherent Diffractive Imaging

There is a long history to diffractive
electron imaging, in which image-form-
ing optics are replaced or supple-
mented by an inverse calculation using
scattered intensity data that is in princi-
ple limited only by the highest scatter-
ing angle at which useful data can be
collected. Starting with Dennis Gabor’s
invention of holography in 1948 as an
approach to overcome the aberrations



of the electron lens, is the recognition
that phase information can be encoded
in the amplitude of a wave, and also
recovered to form an image!?. Coherent
diffractive imaging from objects of lim-
ited size again exploit this concept.

Originally conceived by Walter Hoppe
as a way to solve the phase prob-
lem in crystallography®!, ptychogra-
phy exploits the phase information
encoded in the diffraction pattern from
a localized electron beam. By focus-
ing the beam to a spot of width Ax,
the diffraction spots will blur out into
disks of width Ak. When Ax is made
smaller than the atomic lattice spacing,
then the diffraction disks become wide
enough to overlap, and the interference
between the wave functions from two
adjacent scattered disks is captured in
the overlap region. Moving the probe
in real space, causes a phase shift in
diffraction space, leading to a contrast
change in the overlap. Ptychography (or
“folded writing” from the German trans-
lation of convolutional imaging) seeks
to recover the phase shifts, and by step-
ping out from disk to disk can build up
the phase relationship between all the
scattered beams, thus solving the crys-
tal structure. John Rodenburg devel-
oped the theory to apply to general,
non-crystalline objects, recognizing
this was also a way to extend the reso-
lution of the electron microscope well
beyond the limits of the lens. With his
then student Peter Nellist, they demon-
strated a proof of concept for a thin sili-
con sample almost 25 years ago, reach-
ing a line resolution of 3.3 A8 At the
time, electron detector technology was
really too primitive to do much more,
and the arrival of aberration correctors
provided a powerful alternative for high
resolution imaging.

Instead, the x-ray community, which
also had its own challenges with pro-
ducing high-resolution lenses adopted
these ideas. The weaker interactions
of the x-ray beam with the sample,
and the less severe drift requirements
at much lower resolutions of syn-
chrotrons made it a more tractable
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Figure 1. Minimum Resolvable Feature Size vs Time.

implementation, and it is widely used
there today. The rebirth of electron
ptychography has benefited from both
the new generation of detectors, and
also the ideal test samples in the form
of 2D materials systems. Even with a
limited dynamic range detector, ptych-
ography shows promise for low-dose
and light element sensitivity, and in the
past few years interest had picked up
again.

Measuring Every Electron

The past three decades have seen the
rapid development and maturation of
aberration-corrected electron lenses.
To match their improved resolution,
manufacturers also had to improve the
stability of microscope columns. It now
made sense to also improve the quality
of the measured signals. Direct electron
detectors, with their better sensitiv-
ity and speed compared to the older
generation of scintillators-coupled
CCD or CMOS cameras have already
revolutionized biological cryo-elec-
tron microscopy. These detectors were
designed for recording images with
very many pixels, but very few elec-
trons per pixel - perfect for low-dose

7

biological imaging, but very poorly
suited to materials applications where
larger doses are used and needed.
Further, much materials work today in
STEM mode with the detector is placed
in the diffraction plane, where the
usable scattered signal varies in inten-
sity by about 6 orders of magnitude.

For over a decade, Sol Gruner and | had
worked together on building, optimiz-
ing, and utilizing pixel array detectors
for scanning transmission electron
microscopy to overcome this prob-
lem.[®" Qur first electron detector!®
adopted from a direct x-ray detector
was promising - it had the speed and
sensitivity, but lacked the dynamic
range necessary for quantitative work.
Learning from this, we developed a
series of electron microscope pixel
array detectors (EMPADs) that can col-
lect every electron in the diffraction
pattern (including those in the central
beam) as the electron beam is rap-
idly scanned over the sample. " The
resulting 4D dataset records the full
position and momentum distribu-
tion of the transmitted electrons, from
which any elastic imaging mode can
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Figure 2. (left) AHigh-Angle annular dark field (HAADF) image of an AA-stacked MoTe,-
WSe, bilayer. (right) Electron ptychography of a similar region showing the misregistration
between the two layers due to their lattice mismatch.

be reconstructed, including magnetic
imaging and strain mapping. The pre-
cision of both these imaging modes
depends most strongly on the dose,
so being able to handle large currents
meant sub-picometer (<0.3 pm) pre-
cision lattice and strain(< 0.2%) maps
could be made from data sets recorded
in about 1 minute!®. A 2" generation
device, completed in 2020, framed
almost 20x faster, with a 100x increase
in saturation current, and commensu-
rate improvements in performance®.,

By 2016, we had mounted the detector
on an aberration-corrected tool and
were ready to revisit using ptychogra-
phy to improve the resolution of the

microscope. Electron beams can be
quite damaging, especially at higher
energies, so much of the imaging of
2D materials is done at lower beam
voltages, where the resolution is also
considerably lower and also severely
limited by chromatic aberrations.
Here is where the combination of the
new high-dynamic range detector and
ptychography came into play. By col-
lecting the momentum distribution
out to scattering angles well beyond
the numerical aperture of the lens - i.e
outside the central disk -and using iter-
ative ptychography ™ we were able to
recover more phase information than
from the lens alone.™™ In effect, creat-
ing a virtual aperture that is larger than

what could be achieved with the lens.
Provided sufficient signal can be col-
lected, the resolution can be increased
commensurately. As a practical matter,
this boosted resolution about 2.5x
over what the lens alone could do, and
at 0.39 A was even beyond the high-
est-resolution, highest-voltage, aberra-
tion-corrected tools. ™

Testing resolution in real space is a
challenge - there are no bond lengths
below 0.5 A. Surprisingly, 2D mate-
rials provided a perfect test sample
- a twisted bilayer of two monolayer
sheets of transition metal dichalco-
genides stacked on top of each other,
with the two sheets rotated a few
degrees apart from each other. The
resulting incommensurate moire pat-
tern when viewed in project provides
a range of atomic distance from a full
bond length apart, to directly over-
lapping, with all possible spacings in
between!¥. Following the patterns as
the atoms shift in and out of registry
reveals when pairs of atoms are no
longer resolvable determined the reso-
lution (Figure 2).

Multiple Scattering, Thick
Samples and Depth-Sectioning
Electron imaging of thicker samples is
severely hampered by multiple scat-
tering that changes the probe shape
and causes dechannelling effects

Figure 3. Improved resolution by electron ptychography. Left is a state-of-the-art HAADF STEM image of PrSc03 showing 0.5A resolution.
Right is the same region by ptychography at 0.16A resolution. The elongation of the oxygen nuclei is from increased thermal vibration
perpendicular to the Sc-O bonds, with reduced vibration along the bonds.
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between neighboring atomic columns
which reduces the interpretable reso-
lution. Multiple scattering also leads to
a complicated image contrast that is
nonlinearly or even nonmonotonically
dependent on the sample thickness,
especially for phase-contrast imaging
methods. Attempts at phase retrieval
from both multi-slice electron ptych-
ography and Bloch wave based scat-
tering matrix approaches had been
reported. However none of these early
experimental demonstrations have
been widely adopted due to limited
resolution or image quality. By 2021 we
had identified the numerical instability
in the multi-slice approach and then
demonstrated a robust experimental
realization of inversion of the multiple
scattering using a regularized imple-
mentation of multislice electron ptych-
ography™. This approach provides
ultra-high-resolution reconstructions
for samples hundreds of Angstroms
thick. More importantly, the contrast
maintains a linear dependence on
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thickness over a wide thickness range.
The linear phase-contrast can also
greatly widen the applicable sample
thickness and makes it possible to
obtain three-dimensional structural
information including the locations of
single dopant and interstitial atoms.

Experimentally, the multislice recon-
struction was demonstrated on a
210-A thick PrScO, sample, showing
an isotropic lateral information trans-
fer down to 23 pm, with a depth reso-
lution of 3.5 nm. Quantitative analysis
of the atomic column width showed
that the blurring from the instrument
was smaller than 20 pm, which is also
smaller than the intrinsic broadening
from thermal fluctuations!**. In other
words, the resolution of the image
was limited not by the instrument, but
instead by the thermal vibration of the
atoms, and closer examination showed
the anisotropy of the vibrational blur
of the oxygen atoms, along and per-
pendicular to their bonds. The method

also allows for direct measurements
of Debye-Waller factors of atoms near
defects or interfaces.

The detectors have performed well in
other areas, showing high sensitivity
forimaging magnetic Skyrmions*# and
ferroelectrics, including polarization
vortices** The high-precision strain
mapping in radiation-sensitive mate-
rials has already found application for
solving 2D materials problems.*s Even
for imaging biological samples, early
results show a better signal-to-noise
ratio than energy-filtered TEM in thick
samples.'s While there is still much
work to be done, ptychography and
4D-STEM are already fulfilling their ear-
lier and hoped-for promises. We have
entered a new era of electron micros-
copy in which new detectors, in com-
bination with ptychography, makes it
possible to achieve deep sub-Angstrém
resolution, and also enabling new
imaging modes for measuring func-
tional properties of materials. H
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The Ernst Ruska-Centre -

celebrating its 20" anniversary

n January of 2004, Forschungs-
zentrum Jilich and RWTH Aachen
University signed a cooperation
contract for the foundation of the
Ernst Ruska-Centre for Microscopy and
Spectroscopy with Electrons (ER-C).
Since its establishment, the ER-C has
been operated as a national user centre
and has become one of the internation-
ally leading centres in ultra-high-res-
olution transmission electron micros-
copy. The present infrastructure at the
ER-C consists of twelve transmission
electron microscopes (TEMs) and
comprises seven aberration corrected
state-of-the-art instruments as well as
three cryo-TEMs. The centre, which is
named after the Nobel laureate Ernst
Ruska, has recently been expanded
by adding groups active in life science
and soft matter applications. The Ernst
Ruska-Centre serves users in solid
state physics and chemistry, materials
science, soft matter and life science
by providing them with access to the
newest generation of instruments and
by developing new methods and appli-
cations which are at the forefront of the
international activities in the field.

The basis for its foundation was pio-
neering work on the correction of elec-
tron-optical lenses. After the transmis-
sion electron microscope was invented
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in the early 1930s by Knoll and Ruska,
attempts to visualize atoms remained
unsuccessful for decades as a result of
lens imperfections, or aberrations, that
could not be corrected. In an optical
microscope, divergent lenses can be
used to compensate for the aberra-
tions of convergent lenses. However,
divergent lenses cannot be built for
electrons using rotationally sym-
metric magnetic fields. In the 1990s,
Harald Rose from the Technische
Universitat Darmstadt, Max Haider
from the European Molecular Biology
Laboratory (EMBL) in Heidelberg, and
Knut Urban from Forschungszentrum
Jilich found a solution to this dilemma.
They developed a corrector that could
eliminate the effects of “spherical aber-
ration” for electrons. Since none of the
established funding sources prom-
ised support, it was the Volkswagen
Foundation which finally committed to
fund the development.

The world’s first aberration corrected
transmission electron microscope
demonstrated its functionality and the
achievable advancement in resolution
in 1998. Thus we are also celebrating
25 years of aberration correction and
the anniversary was also celebrated
at the conference PICO 2023, which
was supported by the EMS as an EMS

80

extension. The prototype instrument
is still on display at the Ernst Ruska-
Centre (see Figure 1).

Since 2004, transmission electron
microscopes that are equipped with
spherical aberration correctors have
been available commercially, with
all leading electron optics manufac-
turers now offering this capability. In

Figure 1. The first aberration-corrected
transmission electron microscope at the
Research Center Jiilich
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Figure 2. Inauguration of the Ernst Ruska Centrum (ER-C) in 2006: (front row) Irmela Ruska, Ernst Ruska’s widow, Knut Urban, the initiator
and former ER-C director, and Joachim Mayer, director of the ER-C; (back row) Jiirgen Ruska, Ernst Ruska’s son, Burkhart Rauhut, Rector of
RWTH Aachen University, Ulrich-Ernst Ruska, Ernst Ruska’s son, and Joachim Treusch, Chairman of the Board of Directors, FZ Jiilich

2006, two TITAN 80-300™ microscopes
from the Dutch-US company FEI were
installed at the ER-C. They are able to
visualize atomic structures with a reso-
lution of 80 picometres. With the instal-
lation of these two Titan instruments,
the inauguration ceremony of the ER-C
took place and it was our pleasure to
host three members of the Ruska family
(Figure 2).

As a next step in the development,
in 2011 the ER-C took delivery of the
PICO transmission electron micro-
scope, which is one of only few high
resolution electron microscopes in the
world that can correct for an additional
lens aberration - chromatic aberra-
tion (Figure 3). Out of these, PICO is
equipped with the most advanced
Cc-corrector and apart from improving
the resolution down to 50 picometres,
the ability to correct for chromatic
aberration also increases the precision
with which atomic distances and dis-
placements in materials can be meas-
ured, from 5 picometres to below 1
picometre.

With the PICO microscope, both scien-
tists at the ER-C and external users can
approach a performance level closer
to the physical limit of electron optics
for observations at the nanoscale.
Picometre precision measurements are
essential to be able to control and opti-
mize components in nanoelectronics
and nanotechnology. Scientists need
insight into the world of atoms and the
processes that take place on this scale
to develop new materials for areas
such as information technology and
energy materials.

The next level of expansion was envis-
aged when, in the beginning of 2016,
FZ Jilich together with its university
partners RWTH Aachen University and
Heinrich Heine University Disseldorf
have filed a major project proposal
for consideration within the frame-
work of the BMBF National Research
Infrastructure Roadmap, which has
been highly rated in the scientific
review. In the proposal named ER-C
2.0, five innovative, next-generation
devices of unprecedent capabilities
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Figure 3. The chromatic aberration

corrected PICO instrument at the Ernst

Ruska-Centre
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were outlined, which in a coordinated
manner of operation will cover clas-
sical solids, nano-materials and soft
matter right up to biomolecules and
cell structures.

In support of this initiative, in 2017 the
ER-C has been upgraded into the level
of a separate institute at FZJ, including
a new structural biology division from
the life sciences, to further improve the
performance of electron microscopy
across the entire scientific spectrum
in order to establish a top position
worldwide.

After a long and painful waiting time, in
fall of 2019 funding has been granted
for Phase | of the expansion in which
two of the unique instruments will be
supported. In Phase Il of the realisation
of ER-C 2.0, three additional unique
instruments will be installed, which will

W
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further extend the experimental portfo-
lio of the Ernst Ruska-Center. With the
ER-C 2.0 instruments, ultimate spatial,
spectroscopic and temporal resolu-
tion will be achieved by combining
novel electron optical components
and detectors in an unprecedented
manner. A new building with specifi-
cally designed microscope rooms will
host the new instruments.

The new instruments will incorporate
spherical and chromatic aberration
correctors developed in Germany and
will be equipped with novel capabili-
ties, such as improved ultra-high-vac-
uum technology and helium cooling of
the specimen chamber. Unique aspects
of the microscopes will include capa-
bilities for simultaneous atom probe
tomography and electron microscopy,
ultra-high-energy- resolution spectros-
copy and the use of pulsed coherent
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electron sources for ultrafast exper-
iments. The complementary nature
of the new instrumentation will allow
users from different research fields -
reaching from physical sciences and
materials science to life science - to
access a broad spectrum of techniques
and applications.

The ER-C will continue to be oper-
ated as a German user facility and all
EMS members are cordially invited to
submit a user proposal to the ER-C,
details can be found at www.er-c.org.
For academic users and users from
public research centres the use of
instruments is free of charge. l
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The next 25 years
Of MICroscopy?’

hen you have read this

booklet until this page,

you could look back to

the last 25 years of evo-
lution in microscopy. Wouldn’t you be
interested to know, how microscopy
will proceed over the next 25 years?
Well, I am not the kind of visionary
who could tell you - but these days
we permanently hear of the power
of artificial intelligence (Al). While
in general Al can be used to mingle
well-established knowledge to create
successfully summaries, full texts
and even images into something that
looks convincingly new and origi-
nal, one rarely finds attempts to ask
Al about future developments. | did
so, asking ChatGPT about the future
of electron microscopy, specifically
what an electron microscope would
look like in 25 years from now. Since
ChatGPT is a text-based Al software,
| did not get an image, but a textual
description, which | do not want to
withhold from you...

Figure 1a. Al-generated images of "future"
microscopes, resembling mostly standard
light microscopes. Al also seems to

adopt the (pre-feministic) habit of many
manufacturers of having a young lady
working on the machines in their sales
brochures. All images generated by [Bing] -
https://www.bing.com/images/create/
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"Title: "Quantum Vision: Electron
Microscope 2049"

Description: In the year 2049, the elec-
tron microscope has undergone a
remarkable transformation, merging
cutting-edge advancements in nano-
technology, quantum computing, and
artificial intelligence. The traditional
bulky design has evolved into a sleek,
minimalist structure that exudes
sophistication and technological
prowess.

At the core of this futuristic electron
microscope is a quantum processor,
capable of handling vast amounts of
data with unprecedented speed and
precision. The microscope's inter-
face resembles a holographic display,
allowing researchers to interact with
virtual models of the microscopic world
with intuitive gestures.



The electron source is now powered
by miniature quantum emitters, pro-
ducing electron beams of unparalleled
coherence and intensity. This enhance-
ment enables imaging at the atomic
scale with astonishing clarity and
detail, revealing intricate structures
and phenomena previously hidden
from view.

The sample chamber is enclosed
within a transparent nanocomposite
shell, providing a controlled environ-
ment for studying delicate specimens
without interference from external fac-
tors. Advanced robotic systems handle
sample manipulation with unpar-
alleled accuracy, allowing for auto-
mated high-throughput imaging and
analysis.

Artificial intelligence algorithms work
in tandem with human operators, opti-
mizing imaging parameters in real-
time to adapt to the unique character-
istics of each sample. The microscope's
capabilities extend beyond imaging,
enabling precise manipulation and
control of individual atoms for nanos-
cale engineering and fabrication.

As researchers peer through the lens of
this quantum-powered electron micro-
scope, they unlock new frontiers in sci-
ence and technology, unraveling the
mysteries of the quantum realm and
shaping the future of innovation."

Figure 1b. Al-generated images of "future"
microscopes, resembling mostly standard
light microscopes. Al also seems to

adopt the (pre-feministic) habit of many
manufacturers of having a young lady
working on the machines in their sales
brochures. All images generated by [Bing] -
https://www.bing.com/images/create/
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| will leave it to the reader to judge
on the content of this text and its rel-
evance. To me, it sounds a bit like a
politician’s speech about something
he wants to be realized, enhanced
with fashionable buzzwords, but with-
out knowing exactly how it could be
achieved precisely. In the next step, |
wanted to see what an electron micro-
scope would look like in 25 years,
and | asked the image generating Al
of "Bing" (https://www.bing.com/
images/create/) to produce an image
of an "artists view of a future electron
microscope" in various styles.

| received a large number of pictures;
many of them, however, came up with
a defamiliarized image of a regular
light microscope with some added

e N5

Figure 2a. Al-generated images of
"future" microscopes with very technical
appearance. Some seem extremely
condensed, while others appear gigantic.
All images generated by https://www.bing.
com/images/create/



Figure 2b. Al-generated
images of "future"
microscopes with very
technical appearance.
Some seem extremely
condensed, while others
appear gigantic. All
images generated by
https://www.bing.com/
images/create/

87

periphery - | will show some of them
in Figures 1 a) and b), as | found them
quite entertaining.

Furtherimages can be coarsely sorted
into three categories, a pronounced
technically-looking design (Figures
2a and b), designs which are purely
abstract (Figure 3) or even comic-
strip-like (Figure 4) and designs,
where the underlying art style can be
easily recognized (Figure 5).

e N5
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For the last category, it is interest-
ing to note that the underlying style,
dictated by my request to create the
image in the painting technique of
a certain epoch or even artist, often
leads to a mixture of environments
(including the persons) that belong
to the style demanded by me, but the
microscopes themselves - although
also painted in the "historic" style -
seem much more futuristic in their
appearance. They all have in common
that the mere dimensions of the
microscopes seem to have grown to
easily fill huge halls - quite in contrast
to the "sleek, minimalist structure"
predicted by ChatGPT.

Figure 3. Examples of abstract "future
microscopes".

N5 — 88 —
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Figure 4. Examples of comic-strip-like
"future microscopes".

All these Al-generated images may
simply serve as oddities, they can
also be considered to be some visu-
alized "science fiction" which may (or
not) stimulate your imagination as
to what possible aspects of the given
"predictions" might show up in real-
ity and if one would like this reality
to come true or not. Will the future
of microscopy be heavy mechanical
work, as shown in Figure 6? Or will
the future be extremely leisurely -
thanks to Al (Figure 7)? Will we oper-
ate our machines by gestures, using
a pointed stick instead of a mouse
(Figure 8)? And finally: will we gain
complete insight into complex organ-
isms or self-assembled structures like
nobody ever saw before (Figure 9) ?
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Figure 5. Al-generated
images of "future"
microscopes in various
artistic styles. Most of the
microscopes have a clear
tendency to be quite huge
machines, embedded in
environments belonging to
the artist’s epoch. All images
generated by https://www.
bing.com/images/create/

While | hope that you may find these
images entertaining, and also as quite
interesting pieces of "work" by Al, | am
sure that the real microscope of the
future will be designed by real micros-
copists and engineers who understand
what scientists need. | fully appreciate
the benefits that come from Al when
it comes to the fast scanning of huge
datasets in search for certain features.
| even recognize the possibility of
what may be considered as "creativ-
ity" when Al "raises a flag" upon the
appearance of features which cannot
be assigned to known categories und
as such have a probability to be some-
thing entirely new, detected for the
first time by an Al search.
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<« Figures 6 & 7. This future microscope
model seems to imply hard work to
operate... while the model below suggests
very leisurely working conditions.
\4

< Figures 8 & 9. Will the operation of
microscopes be done using a stick instead
of a mouse? Will we gain insight into the
true interaction inside an organism?

At this moment, however, | still have
my doubts that any entity other than
a well-educated scientific spirit will
have the ability to - after a long lasting
effort - understand what any newly
found feature does exactly, why it is
necessary in the environment found
and how it interacts with other already
known structures. Further, | believe
it will be the task of the beforemen-
tioned scientists to speculate about its
possible usefulness for our society, and
how or if it should be exploited - | may
be wrong though, but future will show!

Josef Zweck (University of
Regensburg, Germany)
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