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experiment. (c) TEM image of the [100] oriented crystal after cooling back to R{l) ®\ED

patterns taken at different temperatures (the areas witkofilstr superlattice peaks are outlined in
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Pnmaimages shwn in the middle were derived by Fourier processing. The insets demonstrate the
accurate peak positioning of the Atomap algorithrithe difference images at the bottom were
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AULNOTEEE. e et ent et e e b e e e teenrae e reeannnrae s 57

Figure 17.(a) Virtual ABF image, createdylintegrating the diffraction patterns from a 400x400
probe positions 4D STEM scan over an annular mask with-iamer outer radius of 10 and 20.4
mrad. (b) Virtual lowangle annular darkeld (LAADF) image, created by integrating the
diffraction patters over an annular mask with an innend outer radius of 30 and 81 mrad. (c) SSB
ptychographic phase reconstruction showing high contrast for both light and heavy elements.
Reprinted under the terms of a &Y license.© 2025 The authot&. .............c..cccceeeveeiienee, 58

Figure 18. (a) STEM HAADF images, »ay diffraction, andin-situ RHEED patterns, of two
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interface for the (a) [210] and (b) [010] zone axes and the LARHT0Q interface for the (c) [210]

and (d) [010] zone axes. While the HAADF STEM images show strong contrast primarily for the
heavy elements Pd, Co, and La, the ABF images clearly reveal the O and Al atoms. The insets in the
ABF images show an overlay with tisructural models of the substrates and thin films with
unmatched atomic contrast at the interface within the substrates. Adopted under the terms of a CC
BY license.© 2025 The AQULNOFE. .........co.uiiiiiiiie et veeme et 69
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with transparent blue. Gsubstituted Alsi t es ar e highlighted as OHi gt
depending on theic-axis position. The interface binding energy is calculated as the difference
between the total energy of the (optimized) interface and that tefdtconstituents. (c) Differences
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Figure 22. Simulated (SIM) and experimental (EXP) PACBEDs for the [010] orientations of
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Figure 24.(a) SSB ptychographic phase reconstruction from a 4D STEM dataset witB@d®@be
positions acquired across the PdG@D,0s interface. Repeating features in the substrate surface
are indicated by white ticks. (b) Highagnification SSB phase reconstruction of the interface
revealing the presence of subdomains, indicated by black boxes, with two opposing octahedral
orientatons of the CoO phase. (c) SSB phase reconstruction from a 4D STEM dataset witB@00

probe positions acquired across the Pd&IofAIOs interface. The insets reveal subdomains with

XVI



two opposing octahedral orientations of the CoO phase. Adopted underrise of a CEBY
license© 2025 The AQUINOFE..........c.ociiieiie e emeer et e s enmnnes 77

Figure 25. Orientation relationship between the (a}®d, (b) LaAlGs, and (c) SrTi@ substrates

and the PdCo&xhin film with a 30° rotated growth of the film on the substrate. Lattice parameters
are given for the indicated solid unit cells. Adopted under the terms ofBYC{Eense.© 2025

TRE QUENOIES. ... .ottt e et e e st e e s be e e benms s nte e saeeesneeeteeanee e, 78

Figure 26. Phase lockn latticemodulation analysis from SSB phase reconstructions along the
[210] orientation of PdCo®on (a) AbOs and (b) LaAlQ. Extracted modulation amplitude and
phase from the fast Fourimansformed image reveal the presence of defeth® iimterfacial phase.
Adopted under the terms of a BY license.© 2025 The authof®. ...........ccccccveeieeevieemnnnnn, 79

Figure 27. HAADF STEM image of a decomposed PdGd@in film grown on a (111) SrTi®
substrate. The blue inset highlights an area without decomposition, revealing a,PdiGdiim
grown with 60° rotation instead of 30° rotation on the substrate in the invertedl ABF) image.
The green frame shows the film orientation relative to the (111) eLikstrate for stable growth
and the blue frame shows the actually observed orientation alomggattie of the film. Adopted

Figure 28.SSB ptychographic phase reconstruction from a 4D STEM dataset acquired across the
PdCoQ/Al Oz interface of a PLD grown thin film algrthe [010] film orientation. The black arrows
indicate the physical interface between the substrate and film. The insets show structural model
overlays with the film and substrate models and the interfacial phase along the respective [010] zone
axes. Adoped under the terms of a &Y license.© 2025 The authof®..........ccccccceveeeeeveenne 83

Figure 29.SSB ptychographic phase reconstruction from a 4D STEM dataset acquired across the
PdCdD./Al Oz interface of a PLD grown thin film along the [210] film orientation. The black arrows
indicate the physical interface between the substrate and film. The insets show structural model
overlays with the film and substrate models and the interfacial prasgthke respective [210] zone

axes. Adopted under the terms of a-B license.© 2025 The authof®’...............cccceeeeveene 83

Figure 30. Low-magnification HAADF STEM imagesin-situ RHEED patterns, and -Xay
diffraction data of (a) CuCrfAl,O3 and (b) CuFe&@AlO; along different zone axes of the films.

For CuCrQ, twin domains are observed in the [010] zone axis image, as indicated by the ticks in
the magnified inset, whereas a simglomain is present for CuFeMinor surface damage from
sample preparation is visible on the Cuke@mple. Asterisks{ in the Xray diffraction patterns
denote substrate reflections. Adopted under the terms ofBYCiieense.© 2025 The authofé..
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Abstract

Complex functional oxides exhibit a wide range of emergent electronic and strychpatties,

arising from the intrinsic competition between charge, spin, lattice, and orbital degrees of freedom.
The interplay between these interactions continuously leads to the discoveries of novel functional
oxides, deepening the understanding of elated materials and expanding their potential
applications in electronic and quantum devices. This thesis highlights the critical role of (scanning)
transmission electron microscopy ((S)TEM) in exploring such interatomic strymiperty

correlations iroxides and oxide heterostructures.

Before diving into their practical application, the introductory chapter provides an overview of key
methodologies within the broad spectrum of TEM techniques relevant to this work, with particular
emphasis on foudimensional STEM (4D STEM). Electron ptychographic phase reconstructions
play a central role in the third and fourth chapters of this thesis, enablingesigiation imaging

with strong contrast not only for heavy elements, but also for light ones, espexigign, which

is understandably a crucial capability for studying oxide materials.

The second chapter of this thesis underscores the capabilities of TEM in observing rare phenomena
in 4d transition metal compounds, exemplified by the atescimle investigtion of an
unconventional structural transition in the mixedence ruthenate, NaRd, at elevated
temperatures. While retaining metallicity, the material undergoes an atypical-Bgiertgansition

with emergent charge order at a transition temperatd approximately 535 Klin-situ TEM
diffraction and STEM imaging, combined with atomic displacement analysis, provide direct
microscopic evidence of the reversible Peigyfse transition, characterized by a pronounced
dimerization of the quasinedimensional ruthenium chains along the crystallografhaxis. As

the coexistence of metallic conductivity, dimerization, and charge ordering is highly unusual,
investigating such transitions in detail is essential for developing robust phenomenological model
and deepening our understanding of correlated electron systems, which is a necessary step toward

harnessing their exceptional properties in functional oxide devices.

The third and fourth chapters of this thesis demonstrate how STEM can contributeatdytistages

of translating a material system with unique properties into functional oxide heterostructure devices
by applying its techniques to investigate stable growth phenomena of fun&BDatelafossites

on various substrates. The successful naiggn of these materials into devices depends on
achieving highkquality thin films, yet their unique lattice geometry poses significant challenges,
often resulting in inconsistent growth behavior of different delafossites even when using the same

substrag. While lattice mismatch alone does not fully account for these variations, unidentified
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stabilization mechanisms appear to facilitate epitaxial growth in certain cases, and it is a central

objective of this work to investigate these on the atomic scale.

The work presented in the third chapter of this thesis employs advanced STEM teéhniques
especially 4D STEM electron ptychography (ritamative phase reconstructions), combined with
spectroscopy and conventional imagingo identify a secondary interfaciphase that stabilizes
PdCoQ delafossite films growrvia molecular beam epitaxy (MBE) on &% and LaAlQ
substrates. The discovery of this secondary phase provides novel insights into the interfacial
stabilization mechanism of PdCg@hich significantlydiffers from conventionally observed strain

relief mechanisms in oxide heterostructures. Understanding these stabilization mechanisms
represents a major step toward the reliable integration of delafossite thin films into functional
electronic devices withmproved growth strategies.

Building on these findings, the fourth chapter examines the interfacial reconstruction of delafossites
with different A and B cations on the same A); substrates to investigate whether the
unconventional film stabilization mbeanism previously identified for Poased delafossites is a
materiatspecific phenomenon or represents a general stabilization mechanism for delafossite thin
films. Here, the combination of 4D STEM electron ptychography (iterative phase reconstructions),
spectroscopy, and conventional imaging reveals that a misfit dislocation network at the
CuCrQy/Al0; and the CuFegAl0s interface, along with monolayeleep chemical intermixing,

plays a crucial role in strain relaxation. This mechanism differs signilfjceam the one observed

in the Pdbased delafossites of the third chapter, as the stabilization involves a reconstruction of the

film itself, rather than the formation of a secondary phase at the interface.

These materiaspecific interfacial stabilizadn mechanisms, highlight the critical role of the
interface structure in the stabilization of delafossite thin films. They must be carefully considered
when designing oxide heterastructures for electronic applications, as it is reasonable to assume that

they will influence the functional properties of the film during device operation.
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Zusammenfassung

Komplexe funktionelle Oxide weisen ein breites Spektrum an elektronischen und strukturellen
Eigenschaften auf, die aus dem intrinsischen Austamaiéchen Ladungs Spin, Gitter und
orbitalen Freiheitsgraden entstehen. Das komplexe Zusammenspiel dieser Wechselwirkungen fuhrt
zur kontinuierlichen Entdeckung neuartiger funktioneller Oxide, vertieft das Verstandnis Uber
korrelierte Materialien und weitert deren Anwendungsmdglichkeiten in elektronischen und
guantenmechanischen Bauelementen. Die entscheidende Rolle, welche die -)(Raster
Transmissionselektronenmikroskopie ((R)TEM) bei der Erforschung der Stftikteinschafts
Korrelationen auf atomarétbene in Oxiden und OxiHeterostrukturen einnimmt, wird in dieser

Arbeit dargestellt.

Bevor auf deren praktische Anwendung eingegangen wird, gibt das einleitende Kapitel dieser Arbeit
einen Uberblick Gber die wichtigsten, im Rahmen dieser Arbeit relewanethoden innerhalb des
breiten Spektrums der TEWechniken, mit besonderem Fokus auf die vierdimensionale RTEM
(4D RTEM). Insbesondere die elektronenptychographischen Phasenrekonstruktionen spielen im
dritten und vierten Kapitel dieser Arbeit eine bedede Rolle, da durch sie eine hochauflésende
Bildgebung mit starkem Kontrast nicht nur fir schwere Elemente ermdglicht wird, sondern auch fir
leichted insbesondere fir Sauerstffvas nachvollziehbare Vorteile fur die Untersuchung von

Oxidmaterialien bietet

Das zweite Kapitel dieser Arbeit unterstreicht die Méglichkeiten der TEM zur Beobachtung seltener
Phanomene auf atomarer Ebenedrdbergangsmetalloxiden, beispielhaft dargestellt anhand eines
unkonventionellen Phaseniibergangs, der bei Etbitzung von gemischialentem NaRiDs
Ruthenat auftritt. Ohne seine metallische Leitfahigkeit zu verlieren, durchlauft dieses Material bei
einer Ubergangstemperatur von etwa 535 K eine untypische Phasenumwandlung, die einer Peierls
Umwandlung mit Ladungsdnung ahneltin-situ TEM-Beugung und RTEMBildgebung, in
Kombination mit der Analyse der atomaren Verschiebungen, liefern direkte mikroskopische
Nachweise zu dieser reversiblen Umwandlung, der eine ausgepragte Dimerisierung der quasi
eindimensionalen Rheniumketten entlang der kristallographisclieichse zu eigen ist. Da die
Koexistenz von metallischer Leitfahigkeit, Dimerisierung und Ladungsordnung auferst
ungewohnlich ist, ist die detaillierte Untersuchung solcher Ubergdnge essenziell, um fundierte
phanomenologische Modelle zu entwickeln und unser Verstandnis korrelierter Elektronensysteme
zu vertiefe® ein notwendiger Schritt, um die aul3ergewdhnlichen Eigenschaften dieser Materialien

in Bauteilen aus funktionalen Oxiden nutzbar zu machen.

Das dritte mnd vierte Kapitel dieser Arbeit veranschaulichen, wie RTEM zum Verstandnis beitragen

kann, wie ein Materialsystem mit einzigartigen Eigenschaften in funktionellekterostrukturen
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uberfihrt werden kann, indem mit ihr das Auftreten von stabilem Wachabanfunktionalen
ABO:-Delafossiten auf verschiedenen Substraten untersucht wird. Die erfolgreiche Integration
dieser Materialien in elektronische Bauelemente ist auf die Herstellung qualitativ hochwertiger
Dinnschichten angewiesen. Die einzigartige Gjtemetrie der Delafossite stellt allerdings eine
grolRe Herausforderung dar, da diese oft zu uneinheitichem Wachstumsverhalten verschiedener
Delafossite selbst auf dem gleichen Substrat fihrt. Wahrend das Missverhéaltnis zwischen den
Gitterkonstanten von ®strat und Filmen allein dieses Verhalten nicht vollstandig erklaren kann,
scheinen bisher unbekannte Stabilisierungsmechanismen das epitaktische Wachstum in bestimmten
Féllen zu erméglichen, und ein zentrales Ziel dieser Arbeit ist es, diese Mechanisatmerer

Ebene zu untersuchen.

Konkret werden fiir die Untersuchungen des dritten Kapitels fortschrittliche Ridnike®
insbesondere die 4D RTEHMIektronenptychographie (nichtiterative Phasenrekonstruktionen) in
Kombination mit Spektroskopie und kamtioneller Bildgebung eingesetzt, um eine sekundare
Grenzflachenphase zu identifizieren, die die Pd&bElafossitfilme stabilisiert, welche mittels
Molekularstrahlepitaxie auf ADs- und LaAlGs-Substraten gewachsen wurden. Die Entdeckung
dieser sekundanePhase liefert neue Einblicke in den GrenzflaeB&bilisierungsmechanismus

von PdCoQ® der sich deutlich von den konventionell beobachteten Mechanismen zur
Spannungsrelaxation in  Oxldeterostrukturen unterscheidet. Das Verstdndnis dieser
Stabilisierungmechanismen stellt einen entscheidenden Schritt fiir die zuverlassige Integration von
Delafossitdinnfilmen in funktionale elektronische Bauelemente und die Entwicklung verbesserter

Synthesestrategien dar.

Aufbauend auf diesen Ergebnissen wird im viertepitéh die Grenzflachenrekonstruktion von
Delafossiten mit anderefs und B-Kationen auf den gleichen ADs-Substraten untersucht, um zu
ermitteln, ob es sich bei dem  vorherig identifizierten unkonventionellen
Stabilisierungsmechanismus um ein material$§igehies Phanomen oder um einen allgemeinen
Mechanismus fir die Stabilisierung von Delafossitdinnfilmen handelt. Hier offenbart die
Kombination von 4D RTEMEIlektronenptychographie (iterative Phasenrekonstruktionen),
Spektroskopie und konventioneller Bildgely, dass die Verknipfung eines Versetzungsnetzwerks

an der CuCr@Al;,Os und der CuFe@Al,Os-Grenzflache mit einer monomolekularen
Ver mi schungsschicht (Amonol ayer i ntermi xi nghf)
Spannungsrelaxation spielt. Dieser Mechanismnterscheidet sich deutlich von dem, der in den

auf Pdbasierenden Delafossiten des dritten Kapitels beobachtet wird, da hier die Stabilisierung tber
eine Rekonstruktion des Films selbst erfolgt und nicht Gber die Ausbildung einer sekundéren Phase

an de Grenzflache.
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Die im dritten und vierten Kapitel identifizierten materialspezifischen Stabilisierungsmechanismen,
unterstreichen die entscheidende Rolle der Grenzflachenstruktur bei der Stabilisierung von
Delafossitdinnfilmen. Sie miussen bei der Entwiogluon OxidHeterostrukturen fur elektronische
Anwendungen sorgfaltig beriicksichtigt werden, da anzunehmen ist, dass sie die funktionalen

Eigenschaften der Filme im Bauelement beeinflussen kénnen.
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1 Introduction

1.1 Transmission electron microscopy

1.1.1 Fundamentals and limitations

Since the first transmission electron microscope (TEM) was constructed in 1931 by Max Knoll and
Ernst Ruska, it has become a@ssential instrument for the structural and compositional
characterization of materials across length scales ranging from the micrometer to the angstrom
level. Advancements in sample preparation, aberration correction, detector performance, and
computational capabilities have opened the door to a wide range of imaging and analytical
techniques that are continuously optimized and improvédbwadays, many natural sciences like
physics, chemistry, and biology benefit daily from contribution by TEM and it plays aypatyc

crucial role in advancing research areas like nanotechnology, renewable energy, and thedicine

Electron microscopy was originally developed to address the resolution limits of light microscopes,
which are constrained by the wavelength of visible light (approximately7580nm). According
to the Rayleigh riterion for light microscopy, the shortest resolvable distanaan be estimated

as follows:

' TS aE @)
Here,_ is the wavelengtiof the light used¢ denotes the refractive index of the medium between
the lens and the specimen, and the semcollection angle of the magnifying lens. The te&rm
OE|l is commonly referred to as the numerical aperture of the syskfith an electron
wavelength of 2.5079 pm for a 2RY electron beam, a transmission electron microsoape in
theory, achieve a magnification of 200,000 times better than a perfect light microscope, easily
reaching atomic oeven sukatomic resolution. Thus, in principle, TEMs are capable of resolving
structures at the picometer scale due to the extremely sniaitbdie wavelength of electrons. In
practice, howevetthis high level of resolutiors unattainableand the aclkivable resolutionvas
limited to approximatel®.2 nm for a long time, depending on the acceleration voltage and on the
manner in which electrons are manipulated and guided through the microscope, as explained in the

following section&®.

In principle, TEMs consist of the same basic components as light microscopes, namely an
illumination source, a condenser system before and an objective system after the investigated
sample, plus variouspartures and filters to alter the characteristics of the beam to improve the

resulting signal in oneds favor, only that al



of photon$'® In a conventional TEM, electrons are emitted from éhectron source through
thermionic, Schottky, or field emission. The electron beam must be coherent, stable, and bright,
with a narrow energy spread to enable precise imaging and spectroscopic ‘@nalysimionic
emissioninvolves heating a metal filament, usually tungsten, to release electrons, whichnare the
accelerated by an electric field. This method is relatively simple, affordable, and stable, but
produces a rather broad energy distribution with lower brightness and coherence compared to other
source¥. Field emissionon the other hand, employs a strong electric field to pull electrons from

a sharp metal tip. Since this emission depends on Fi&Nadetheim tunneling of the electrons, the
resulting beam is highly coherent with a narrovergy spread. This makes it ideal for high
resolution applications, however, it is a rather expensive and sensitive teé¢hiiiopadly, Schottky
emissionis a hybrid method between the former two, which enhances thermionic emission by
applying a voltage to reduce the work function of the emitter, thereby allowing for improved
brightness and stability compared to pure thermionicce®ir'>. The combinatin of source and
emission field is generally called an electron gun, and regardless of the method chosen for the
emission, once the electrons exit the gun system, a linear accelerator is used to speed them up to
their final energy, after which a systemaoindenser lenses and apertures allows the manipulation

of the highenergy beam to result in the desired kind of illumination of the sampl€.area

This manipulation of the electron beam is achieved through two physical effects. First, the
interaction between electrons and a magnetic field causes the electrons to experience a Lorentz
force, thus, electromagnets cangisely control the electron trajectéfyAdditionally, electrostatic

fields can deflect electrons at a constant angle. By coupling two deflections in opposite directions
with a small intermediate gap, a shift in the beam path can be created, facilitating beam shifting.
Unlike glass lenses, tHecusing power of magnetic lenses can easily be adjusted by varying the
electric current in their coils. Unfortunately, also unlike (modern) glass lenses, electromagnetic
lenses are far from perfect due to intrinsic lens aberrations. The primary lindtitay is the
spherical aberratigrwhich is caused by lens fields acting inhomogeneously eaxigfrays. This
results in a probe that deviates from the ideal Airy disk, which is the 2D Fourier transform of the
illuminated aperture in the back focal pla@nsequently, even though electron wavelengths at
high voltages can theoretically provide atore@ale resolution, aberrations prevent uncorrected

microscopes from achieving such lim#&:17
1.1.2 Lens aberrations and aberration correction

The primary factors limiting a TEM's resolution include spherical aberration, chromatic aberration,
and astigmatism of the electromagnetic letfs@sSpherical aberration occurs when the lens field
behaves unevenly for eéixis rays, meaning that the farther an electron deviates from the optical

axis, the more strongly it is bent toward the center asssgsathrough the lens. For the first
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operation principle of a TEM, in higlesolution TEM (HRTEM), spherical aberration is
particularly problematic in the objective lens, as it limits the level of detail that can be resolved in
images, with all subsequetgnses amplifying any introduced error. Similarly, in the second
operation mode, scanning TEM (STEM), spherical aberration is detrimental in the condenser lenses,
which are responsible for forming the smallest and high@sent beam probe on the sample.

The deviation from the ideal trajectory, caused by spherical aberratighsm@ifests in the phase
of the electron wave. To limit the angular range of aberration effects, apertures &&Ysed
Mathematically, the electron wave passing through the lens and the aperture system is described as

a compex function called the aperture functi¢ L 152%23

oL YL QoL 2

with the wave amplitud&Y L representing the aperture in the focal plane of the probe forming

lens in terms of a tepat function:
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Thus, for reciprocaspace vectorK, which are not allowed to pass through the aperture, the
amplitude of the wave function is zera.L describes the geometrical aberration functi@n,the
phase of the electron wave affected by lens imperfeétiohse brethrough for the construction
of Cs correctors, with the purpose of compensating for spherical aberration in magnetic lenses,
occurred with the introduction of neound lenses, a concept first proposed by Scherzer irf1947
These multipole lerss are capable of generating a negative value of spherical aberrations,
effectively canceling the positive spherical aberrations induced by the round lenses. Aberration
correction is nowadays achieved through a complex, compargrolled system of
quadryoles/octupoles or hexapadté$?> Currently, there are two main approaches: the CEOS
system, developed by Rose and colleagues in Germany, used for both STEM probe correction and
TEM image correction, and the system developed by Krivahek, used in Nion STEMs and
retrofitted to VG STEM€?". The CEOS systenmsounted in the transmission electron microscopes
at the Stuttgart Center for Electron Microscopy, used for the experiments in this thesis (JEOL
ARMZ200F microscope with a CETCORCs corrector for HRTEM and a JEOL ARM200F
microscope with a DCORCs correcbr for STEM), are advanced hexaptype G correctors. The

correctors have proven to be capable of improving the resolution up to <%&.pm

In addition to spherical aberration, other fadiomscluding chromatic aberration, axial coma,
astigmatism, and defoodiscontribute to image degradation in TEM and STEM. Chromatic

aberration originates from the finite energyread of the electron source. Electrons with slightly
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different kinetic energies are focused at different planes along the optical axis.-elgngy
electrons exhibit longer focal lengths in comparison to electrons with lower kinetic eefgies

For high acceleration voltages and microscopes equipped with field emission sources, resulting in
a narrow energy spread of the beam, chromatic aberrationtlgeriohiting factor compared to the
effects of spherical aberratiboiHowever, the implementation of additional chromatic aberration

corrector (G corrector) can improve spatial resolufidtt.

Astigmatism occurs when the electron lens Bithi different focal lengths along orthogonal
azimuthal directions, commonly 90°, leading to elliptically shaped beam profiles rather than
circular ones. Astigmatism arises due dsymmetries in the electromagnetic lens fiélds
specifically, when the lensogs not produce a perfectly rotationally symmetric magnetic field due

to imperfections in the lens design, mechanical misalignments, material inhomogeneities in the pole
pieces.etc Astigmatism is routinely corrected usistigmators which are small elémmagnetic

or electrostatic coils that apply a controlled distortion to the lens field to counteract the asymmetry

and to restore circular symmetry to the probe or iffage

Axial comais an aberration in (S)TEM that occurs when the electron betilitedswith respect to

the optical axiof the microscope and causes electrons entering the lens system at diffde=nt ang
to focus at different lateral positions and with different focal lengths. This leads to asymmetric
distortions in the image, which can be minimized by aligning the electron beam along the coma

free axis of the microscope
Defocus is the simplest form of aberration and is easily adjusted manually during ithaging
1.1.3 Imaging

In the TEM, the illumination of a material with the higbltage electron beam, usuallyi@DO kV,
causes the electrons to interact with the sample, proglacvariety of signals, as shownHigure

1(a). Elastically scattered electrons are used for HRTEM, STEM, or diffraction imaging.
Inelastically scattered electronsdatheir secondary effects are useful for analytical spectroscopy,
such as Xray energydispersive spectroscopy (XEDS) or electron endogg spectroscopy
(EELS)®.
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Figurel. (a) Signals generated by electrons interacting with a sample material. (b) Two basic conditions under which a
TEM is operated: conventional transmission electron microscopy (CTEM) with parallel beam illumination, and scanning
transmission electron microspy (STEM) with a convergent electron beam scanned over the sample surface. Adopted
and modified with permissio® SpringerVerlag US 2009.

Generally, two configurations of TEM offer distinct advantages for material characterization. By
adjusting the arrangement of electromagnetic lenses and apertures, the microscope can be operated
either as a conventional transsion electron microscope (CTEM) or as a scanning transmission
electron microscope (STEMFigurel(b)). The operational mode and the consequential interaction
betwesn the sample and the electron beam dictate the application of various contrast mechanisms
in TEM. Contrast may arise from differences in thickness or density of the sample, commonly
referred to as "maghickness contrast", as well as from variationsdamac number ("Z contrast”),

crystal structure or orientation ("diffraction contrast"), and the quamt@chanical phase shifts
induced by individual atoms as electrons traverse them ("phase cottfasihe following
paragraphs provide a more detailed explanation of thieastrmechanisms that prove particularly

useful for the analysis of data acquired within the framework of this PhD thesis.
1.1.3.1 CTEM - Conventional transmission electron microscopy

In CTEM, the specimen is illuminated with a plane electron wave, a broad, planali¢| electron

beam. After interacting with the sample, unscattered and scattered electrons exit the bottom surface
of the specimen, having undergone trajectory deviations due to their interaction with the material.
CTEM offers two methods of specimehservation by projecting either the image plane (imaging
mode) or the backocal plane (diffraction mode) of the objective lens onto the viewing screen or
the detector. Switching between the two modes is usually accomplished by adjusting the
intermediatdens system accordingly. In imaging mode, an image of the illuminated sample area
can be obtained with contrast arising from amplitude contrast {thiaksess contrast, diffraction
contrast) or phase contrast When the objective apture is used to allow only the central

diffraction spot electrons to passe(, unscattered and forwaistattered electrons), while all other



electrons are blocked by the aperture, a biighd (BF) image is obtained, and conversely, if the
aperture Bows only the signal from diffracted beams to pass, a-tflalt (DF) image is formeld.

Not employing the objeate aperture leads to an overlay of both images, which normally resembles
the BF image with less overall image contrast. In diffraction mode, the acquired signal resembles a
pattern of dots in the case of a single crystal, a series of rings in the caséycfstalline material,

and diffuse rings in the case of an amorphous material. A selected area electron diffraction (SAED)
aperture may be used to define a specific region of the illuminated specimen area from which the
signal will be recorded. The fliiction mode is especially useful for providing the experimentalist
with knowledge about structural symmetries and {oangd shorrange order or disorder, as
highlighted in the course of this thé§i& When the parallel beam is converged, the range of
incidence angles increases, resultindnmtiroadening of the diffraction spots into disks in the back
focal plane, and one obtains a convergent beam electron diffraction (CBED) pattern. In CTEM,
CBED patterns provide additional information about the sample that is not obtainable through
paralletbeam diffraction, including crystal symmetry, structure factors, and lattice 36ffain
Moreover, CBED patterns are essential for image féonan STEM, of which the following
section outlines the fundamental principles.

1.1.3.2 STEM - Scanning transmission electron microscopy

In the scanning configuration, a convergent electron beam with a tunable diameter is scanned across
the sample using scanniegils®®. As the beam interacts with the material, it generates a CBED
pattern at each probe position. These patterns result from the interference of unscattered, forward
scattered, and diffracted electrons and can be detected by various detector configuratiamas. The f
image is formed by integrating the detected signal across all probe positions, with each position
corresponding to a pixel in the constructed image. The observed contrast in these images depends
on the illumination conditions and the specific detestiup, where different detectors selectively
capture electrons based on their scattering angles. BF detectors selectively collect a portion of
electrons from the direct beam, while annular BF (ABF) detectors detect electrons scattered within
a defined analar region inside the BF disk. In BF imaging, contrast arises from the interference
between direct and scattered electrons. Conversely, annular DF (ADF) detectors exclusively collect
scattered electrons by encircling the direct beam but allowing thesRFadpass through a central

hole. Opposite to BF, the resulting ADF image contrast is primarily not dependent on interference
effects, but on sample composition and thickness. Recent advances in STEM aim to collect
additional information by segmenting arar detectors into multiple quadrants or by using a direct

electron camera (DEC) to record the entire CBED pattern at each probe position

The latter enables the acquisition of falimensional STEM (4D STEM) datats, consisting of a

2D CBED pattern for each point in a 2D raster scan. This approach enables a more comprehensive
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analysis, including virtual imaging, orientation mapping, strain mapping, phase contrast imaging,

etc, though it requires greatdata stoageand results irslower acquisition speetfs
1.1.4 Spectroscopy
1.1.4.1 EELS - Electron energyloss spectroscopy

Electron energyoss spectroscopy (EELS) is the investigation of the energy distribution of
electrons transmitted through a speaiméuring scattering, electrons may lose (inelastic
scattering) or not lose (elastic scattering) energy. The energy loss of inelastically scattered electrons
can be related to the sampl ed swlencdstatas, didlecty and
properties, band gaps, thicknests,)*>“% In a spectrometer for electrons, generally called an energy

filter in TEM, transmitted electrons pass through a magnetic prism and are deflecterhyedic
field thr ougo°. Ekcronsthay hage undérgod® a high energy loss are deflected
further than electrons with low loss, as they travel through the spectrometer at the end of the
microscope column. A detector located behind the gridtgr thus captures a spectrum in which

the intensity distribution is a function of the energy loss the individual electrons suffered during

their transmission through the santple

In general, an EEL spectrum is divided into two parts: thelt®s spectrum (energy loss < ~&0)

and the higHoss spectrum (energy loss > ~50 eV). The-loss spectrum includes tlzeroloss

and plasmonic peaks, providing information about dielectric properties and band structure. The
high-loss spectrum contains elemepiecific ionization edges from inaghell ionization, offering
information about the sample chemigtryElementspecific electron energy losses are utilized in

the field of energyfiltered TEM (EFTEM), where instead of a spectrum, an image is acquired. To
select the spefit energy range of electrons that should contribute to the EFTEM image, a slit
aperture within the energy filter is inserted into the eneliggersed beam before the filter lens
system transforms it back to be spatiatigolved:. Using the energy filter in this way to let only

the zereloss peak pass is called zdoass filtering, which can help to increase the contrast and
resolution of the resulting image, the latter duehteet r educti on of the infl

chromatic aberratidi

In this thesis, the primary emphasis is directed toward the investigation dbbggtegions through
the acquisition of 2D spectrum images,, the acquisition of a full EELS spectrum for each probe
position during a 2DSTEM scan. The higloss spectra can be directly correlated with the
unoccupied density of states of correlated oxide materials, as elspsaific edges represent intra
and interatomic excitations from core states to states above the Ferfii l¢sielg stateof-the-art

instrumentation, such eneryss neakedge structure (ELNES) investigations can be conducted at



the atomic scale, facilitating unprecedmhtcharacterization of electronic reconstructions at
interface$>#. Focusing on transition metal oxides and interfaces, the ELNES provides valuable
insights into the local eleanic structure and chemical composition of materials, particularly when
examining transition metalsl-edges and the oxygen-édge across an oxide heterostructure
interfacé®*®, The Lsedges, which correspond to transitions fropaz2and s, core levels to
unoccupied 8 states near the Fermi level, are sensitive to the oxidation state, crystal field effects,
and hybridization. Shifte the Ls -edge indicate changes in oxidation state, while variations in the
fine structure reflect modifications in the local coordination environment or synffh&iyilarly,

the oxygen Kedge, arising from transitions frons ¢ore levels to unoccupieg 3tates, provides
information about the oxygen coordination environment and hybridization with transition ihetal 3
state®’. Changes in the prgeak intensity of the ¥dge reveal variations in bonding or may
indicate the presence of oxygen vacarféf@&sCompared to other spectroscopic techniques like X
ray absorption spectroscopy or neutron scattering, this ability to differentiate between different

electronic states at the atomic scale is unique to EELS
1.1.4.2 XEDS - X-ray energy-dispersive spectroscopy

When an electron undergoes inelastic scattering, it can transfer energy to an electron within the
sample, causing it to be ejected from an inner shell and creatinigaroe hole. This hole is
subsequently filled by an electron from an outer shell with higher energy, during which the released
energy may form an elemespecific characteristic Xay. The amount and energy of characteristic
X-rays are detected by an egyedispersive spectrometer positioned above the specimen plane in
the TEM. Xray energydispersive spectroscopy (XEDS) allows for quantitative and qualitative
elemental analysi$ It is paticularly advantageous for analyzing heavy elements, as the probability
of X-ray emission increases with the atomic weight, whereas the emission probability of Auger
electrons decreases. In Auger electron events, the excess energy is not emitt¥drag ant

rather transferred to another electron in the sample, causing it to escape the’hiterial
1.2 Electron ptychography

Since 4D STEM, particularly electron ptychography, plays a key role in this study on investigating
oxide heterostructure interfaces, all considerations essential to the analysis are presented in the
following sections. Following a fundamental explanation of the methodology relevant to this work,
the final section provides a practical guide to acquiring 4D STEM datasets. This guide is based on
my personal experience with the MerlinEM Medipix3 detector ilestain the prob&s-corrected

JEOL ARM200F microscope.



1.2.1 4D STEM detectors

The development of STEM has seen substantial progress since its inception, marked by significant
improvements in imaging modes and detector technologies. Early STEM imaging priocardgd

on BF and ADF modes, which provide contrast based on transmitted and scattered electrons within
specific angular ranges. The detectors usually consist of a scintillator and photomultiplier tube, and
for each probe position, a single intensity valsereturned by integrating over all electrons
registered, as illustrated Figure2(a). Contrast arises from variations in the signal as a function of

probe positionwith each raster scan producing a 2D infage

Over time, deteor technology and their usage evolved, enabling more advanced imaging methods.
For instance, ABF imagin§®’ was introduced to visualize lighter elements, and segmented
detectaos, as illustrated ifrigure2(b), allowfor differential phase contrast (DPC) imaging, as for

each scan positiori 82 or more intensity values are acquired fromtedars scattered to different
detector segments. Image contrast arises from the signal difference between detector segments for
each probe position, caused by saripthiced beam shifts or intensity fluctuations in the BF disk,

which may, for instance, holdformation on electrostatic fields in the sanipfé

Historically, the acquisition of whole diffraction paitns for advanced STEM analysis was limited

by the acquisition characteristics of CCDs (chargepled devices), which were developed in the
1990s and have since been widely used in TEM. While a substantial step forward from photo plates,
they feature ratively slow acquisition speeds and a low dynamic range, and their use of
scintillators to convert electrons to photons reduces the detective quantum efficiency (DQE) of the
detector®® The situation for 4D STEM has changed with the most recent development of
pixelated direct electron detectofSigure 2(c)), which now allow for capturing full diffraction
patterns at each scan position with sufficient acquisition speeds. This enables the acquisition of 4D
STEM datasets consisting of two reglace scan diemsions and two reciproeapace detector

coordinates.

To meet the diverse needs of STEM imaging and spectroscopy, different detector technologies with
distinct features have been developed. For examplslid pnCCDs are modified CCD detectors
withouta scintillator, offering an exceptionally high frame rate, but a limited dynamic range due to
a small pixel deptfh. Hybrid pixel array detectors (PADs), like the EMP&RNd MerlinEM
Medipix3®® detectors, consist of an array of photodiodes bump bonded to an applagmimfic
integrated circuit and detect electrons direcifyelectronhole pair formation in the active layér

%, These detectors, with large and deep pixels, offer dyglamic range at the expense of angular
resolution, as only a limited number of pixels can be employed within the fixed array size. Such

detectors are particularly advantageous for tiigke imaging. Monolithic active pixel sensors



(MAPS), such as the Gat K2 and K3 detectdis use CMOS ¢omplementary metaixide
semicondator) chips with a sensitive doped epitaxial layer and feature a large number of thin
pixels’®. These detectors provide significant benefits for spectroscopic imaging with minimal beam
spreadinghoweverthey have a limited dynamic range, nmakthem again less suitable for high
dose imagingj-

Direct electron detectors are ranily advantageous for STEM, but also for CTEM imaging, since

they featureenhancedsensitivity, improved resolution, and reduced detector noise. They enable
faster acquisition with lower electron doses and, by utilizing their enhanced dynamic range,
improve contrast for weakly scattering objects. Thus, these detectors can be used in CTEM to
reduce radiation damage to delicate samples, and their enhanced contrast and wider dynamic range
further allow to capture fine structural details, making them partigulaeful in applications like
cryo-EM®°,

For STEM experiments, the choice of an appropriate 4D STEM detector should be based on the
specific application. ®8ice the experiments in this work focus on recording CBEDs
simultaneously capturing strong signals in the BF disk and sparse scattering in the D& aegion

Merl i nEM Medi pi x3 camera from Quantum Detectors
enables th simultaneous recording of both BF and DF signals with sufficient readout speed for fast

scanning.
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Figure2. Schematics of different STEM detecting modes. (a) Conventional detectors collecting single intensity values
for each pobe position. (b) Segmented detectors that collect multiple intensity vaiig ¢4 more channel readouts)
for each beam position in the raster scan, and (c) pixelated detectors that record full diffraction patterns at each scan

position, resulting in 4Dlatasets.

In principle, all standard imaging methods showrkigure 2 can be derived from a single 4D
dataset. By using stalled virtual detectors, 2D images dancalculated from the dataset through
masking with various detector geometries. Advanced detector geometries, such as virtually

segmented detectors, can also be detW&dThis approach not only allows traditional STEM

10



imaging techniques to be applied, but also facilitates the direct acquisition of-frebdfamtensity
distribution, embling advanced data analyses, such as phase reconstrug@goredectron
ptychographywhich are described in detail in the following paragraphs.

1.2.2 The phase problem

If a thin specimen were illuminated by a convergent electron beam without the use of apertures and
lenses, any changes in the electron wave would arise solely from the sample and depend exclusively
on the atomic potential of the material. However, to cays¢he electrons into a small probe, they

are directed through a system of apertures and electromagnetic lenses as they travel down the
microscope column. Because electromagnetic lenses are inherently imperfect, aberration correctors
and apertures are etoged to reduce lens aberration effects and limit their angular range, but
conveniently, a particular objective (de)focus can be set just by changing the electric current of the

lenses. This probfarming system alters the electron wave incident on thepkeaitS,

Figure 3 provides a schematic representation of the beam path during a 4D STEM experiment. A
convergent electron probe is scanned over the sampleatagach probe positiom CBED is
recorded. In th aperture plane, the electron wélvat passes throughe lens and aperture system

is described by a complex functiomeferred to as the aperture functioas shown in
Equation(2)*>7%72 For a perfectly coherent electron beanaffected by lens imperfectignthe
phase...L would be constant at constant convergence angles. Unfortunately, in reality, it is
strongly affected by axial aberrations of the systéin Mathematically, the formation of a
convergent probe by the lens system is equivalent to the inverse Fourier transform of the aperture
function L in reciprocal space, resulting in the probe functibd in real spac®. For
simplicity, researchers in the field of ptychography hadepted a standardized conventfon

performing forward 4) and backwards) Fourier transformationgis described beld
O« &4 Ce Qe AJ ¢ € 4)
Ce ) &N« O Ag ¢ € 'O (5)
Therefore, the probe function is given in this case as
04 ©O%o Lk 6 LAg ¢ B3 ql (6)

and a shift term is introduced in Equatiai o express the probe scanning over the saple
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Where=| refers to the spatial prolp®sition.

Under the assumption that the sample is sufficiently thin to adhere to the-giijest
approximation, the interaction of electrons with the sample results solely in a phase change of the
electron wave without altering its amplitude, making tbatteringinduced phase shift additive

along the propagation axis. Consequently, a multiplicative approximation is applied to describe the
exit wavel 4R as the product of the scanned fsphce probe functiod § 4 and the

reakspace specinmetransmission function 5 152

r4AH 04 4 -4 (8)
The specimen transmission function=| is defined for each probe position by
-4 Agw, 4 9)

where' ={ is the projected electrostatic potential of the samiglethe summed thredimensional
(3D) potential along the electron wave propagation axis, representing the induced ghasthshi

electron wave function by the samflg is the interaction parameter and is given by

¢"4Q_¢'Q.  aw QT
TG T QTocad QY

(10

with 'Q as the elemental chargé, as the electron mass, as the relativistically corrected
wavelengthpas the velocity of lightQas the Planck constant, ahths the acceleration volteige

As the interaction parameter depends on the acceleration voltage, the electron wave phase shift is
in turn dependent on the acceleration voltage regardless of the nature of the Banghaplicity,

a coherent and elastisteraction model is adopted to describe the saimgden interactiofs.

Electrons exiting the sample are directed through the ifageng intermediate and projector lens
system until they reach the detector as a diffraction pattern. In the detector plane, the electron wave
is described as the Fourier transform of the exit waw| . Using the convolution and Fourier

shift theorems, the exit wave can be written asrevalution of two functiong:"8

Ly o LgAecq gd 3 % Uy (12

where L| refers to a position in the reciprocal diffraction plane, which corresponds to a position in

the detector plane.
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In the detector plane, only the squared modulus of the electron walkg olgyq is
recorded since it is impossible with the available detectors to directly register the phase of the
electron wave, which contains the speciAmafuced phase shift information. The inability to
measure this phase directly is referred to apliase prolem.However, the phase information can

be reconstructeda in-silico processing of 4D STEM datasets. If the aperture function is known or
reconstructed, the influences of the microscope on the electron wave can be extracted.
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Figure3. Schematic of the electrdream propagation in a 4D STEM experiment with binary data acquisition using a

focused convergent electron beam.

1.2.3 Non-iterative phase reconstructions

The concept of ptychography as a technigue for solving the phase prusitegra coherent source

was first proposed by Walter Hoppe in 1968ased on this initial idea, Rodenburg anehaokers
developed the Wigner distribution deconvolution (WDD) and SiSigieband (SSB)
reconstruction algorithmsuring the 1990s. Howevatye to thdimited computational capabilities

for handling large datasets and poor detector quality at that time, ptychography gained little
attentiod®’®. The introduction of DECs, suitable for TEM, and the constant advancement of
computer processing power have made ptychograqungasingly accessible, which proves to be a
powerful highresolution, highcontrast, and dosefficient imaging method by mapping the

projected electrostatic potential of the illuminated object as a phase sHift map

13



To retrieve the specimen transmission function, the initial step in botiterative algorithms
involves performing a Fourier tnaform of the entire dataset with respect to the spatial probe

positionq . This Fourier transform generates a new complex 4D da@qf: 22

ot & 1 iy
(12)
&1 0 Ll Ag c“"!“—'lf_=| § %o L.

with |If being the spatial frequenc$ince the product of a complex number with its complex

conjugate is defined as 1 Ly can beevritterfas t he number

Ly o Llg Agcilgd & %Ly
13
D 0’ E. Ag c“"!l.C=| § %o E. (13)

To simplify Equation 13), the convolution theorem is applied as the first’8tep

Cud sAccombd ol fob
o6 hAe b o6 by hok

(14)
0F06 %Ly +% Lbg + Ao
S + + oFof
with fand{f-as dummy variables. Thus, going by Equation (120 Lgf[r  follows:
o Ly O F0" %Ly +% Ly 4
(15)

Aoom + f | otofo
The first integral is solveds
Agced £ 4 F oo 1+ 4 (16)

with] as the Dirac delta function. With a substitutior} 4= |k it follows:

o Lyflk 040 4 | %lg +% Ly + |1+ o0k
(17)

o dLaz UL L Lg Jlogz |Lg JL |L
006" F I 0/°°L| ar %o I‘l T

By applying the convolution theorem to Equat{a), "0 Lgf |- is brought to the final forf.
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(18)

'O LgA[f is a function of detector coordinaleg and probe spatial frequendy . It can be
interpreted as the Fourier transform of all STEM images generated framathsities of individual
detector pixels during the scan. It essentially represents a map of the spéejeadent spatial
frequency responses corresponding to the detector fixatsa particular spatial frequency in the
image, | , the"O LgAlt  dataset contains the amplitude and the phase of the variation of the
intensity in the overlap function in relation to the probe position for all diffracted beams separated
by [ &

The noniterative phase reconstructions rely on approximations of the saiagieon beam
interaction. WDD assumes that the sample is sufficiently thin to satisfy the plmeet
approximation (POAY82 The POA suggests that the presence of a sarhplethe atomic
potentials, will only cause a change hetphase of the electron wave function, but not in the
amplitude. In SSB, the wegkaseobject approximation (WPOA) is used for the phase
reconstruction: If the material is thin enough, such thag L 1, the specimen transmission
functione =| of aphaseobject given in EquatiorBj can be simplified as a linear approximation

using the firstdegree Taylor polynomi&t&384

. 4 p Q.4 p Qe (19)
1.2.3.1 Single-Sideband (SSB) reconstruction

Applying the WPOAO Lgfilr  can be expressed in the following form:

ol oy ik b lgsly k% b 20
o Lyo g | % b

using an approximation of the transfer function calculated from the Fourier trarsff@guation
(19), as
w g1l %l
(21)
% Llg &1 4

Equation(20) consists of three part$he firstpart corresponds to the direct beam, and the other
two represent two scattered beams located fit. The scattered beams interfere with the central

disk and also with each other, depending on the spatial frequ2ueyo the constraints imposed
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by the aperture function, a transfer theoretically occurs only in the regions of double awerlap,
in ares where the direct beam overlaps with a scattered beam. Moreover,%sirge

% |- ,% | and% |- have the same amplitude, but
Therefore, in a region of triple overlap, no transfer will take place due to destrunterference.
If no geometrical aberrations are present, the parts of the distribution found outside of the double
overlap regions are expected to carry no useful information on the sample. Therefore, the double
overlap regions are extracted for eaphtil frequencyln a subsequent processing step, adding
to the phase of one of the double overlaps and summing olegfali any given|f yields%o [F |
which is reverted to the reapace transmission function 4 via Fourier transform.
Alternatively, one side (Singtgideband) of the masked overlap regions is integrated for any given
|F . As such, the contrast transfer in the SSB is equal to the surface of the double overlap regions
across the detector space. The contrast transfer farotiaks at intermediate frequencies while
decaying for higher and lower frequenéf&s

In summary, the computational workflow of SSB ptychography includes loading the 4D STEM
dataset, followed by performing an FFT with respect to the probe positida obtain'o Lghl .

Then, for each spatial frequen#y, the L. domain is masketb retain only the double overlap
regions. One side of the masked overlap regions is integrated at each spatial frequency to obtain the
object function%o |} in reciprocal space, and an inverse Fourier transform results in the real

space object function { .
1.2.3.2 Wigner distribution deconvolution (WDD)

Without applying the WPOA, the functio® LgAlt  cannot be simplified any further. Therefore,

the separation of the object function from the aperture function through a deconvolution process
with a knownprobe function is required. An inverse Fourier transforrfOokghlF  with respect

to the detector coordinalegreturns a new 4D datas&tq hl- , which is mathematically free of

convolution and exhibits distinct characteristics

Ot ) Ol
45+ 4 Aooc o of @)

O "4+ 4 4 A koo

with probe and transmission functions with respect to thespsade coordinaﬁ{a.
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"O=| F\|If can be written as the product of two Wigner distribution functions of probe and object
with

C W N ane oAge A Qg (23)
as O4hF . 4h [ 3 ARk (24)

At this stage, the purpose of calculati] Ak becomes clear as it enables the removal of all
influences of the microscope transfer function from the dataset by dividing out the probe part. To
mitigate noise amplification and to prevent potentialsion by zero, a Wiener filter is applied,

thus the dataset is transformed to:

i 25
©OS s )
whergl is a small constant that should be set as the signadise ratio (SNR) at each point, but

is conventionall chosen as a small fraction®f 4h | s Anf -ratio can be defined as

T
ToAO s Ih F s (26)

and ¢ 4ig usually set between 0.01 and®®%

Subsequently, to retrieve the object information, another Fourier transform is performed:
o Lylr  OY. qAF % lgw Ly |f (27)

Slicing through this dataset at a spatial frequend&.yf Ttleads to a simple solution %6 |If as

o i

%o | (28)

and an inverse Fourier transform returns the specimen transmission funefiaf?
1.2.4 lterative phase reconstructions

Due to the inherent complexity of the phase problem, most pbhaseval algorithms, regardless

of the illumination source utilized, rely on iterative optimization rather than directly determining
explicit soldions. As previously mentioned, if both the object and the probe aralefeied, the
forward calculation from the known specimen to its diffraction plane is straightforward. However,

the reverse calculation from the diffraction plane to an unknown olgesignificantly more
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challenging, as the phase information of the exit wave is lost during the measurement. The
relationship between the specimen and the resulting measurements is intricate and nonlinear,
necessitating advanced algorithms for accuraterpretation. Such methods typically require
substantial computational resources, including large amounts of processing power and memory,
particularly for handling big datasets. Most algorithms address this inverse problem by starting with
an initial estinate of the unknown object and probe functions, then gradually refining their approach
to the solution by iteratively adjusting the unknowns based on measured data, to repeatedly update
the multiplicative specimen transmission functi@yuation 8))%¢®”. Far this approach to work
properly, acertain level of redundancy within the 4D dataset is necessary. In the experiment, this

redundancy can be ensured by overlapping the illuminated regions of adjacent probe positions.

The reconstructioalgorithms can be categorized into two main types based on their optimization
methodologies: sqirojection methods and steepest descent mettds electron ptychography,
gradient descent methods have proven their effectiveness, and since the Python package
py4DSTEM, utilized for phase reconstructions in this studyerates on this approach, the
following discussion focuses on these algoritfims

Gradient descentg@drithms evaluate the gradient at the current estimate using-defiekd error

metric, then proceed in the direction of the negative gradient with a specified step size. These steps
are iteratively repeated until the error metric reaches its minimune vahich is then considered

the solution. A loss function, is essential for the gradient descent method, typically serving as an
error metric to quantify the discrepancy between modeled values and experimental data. As the
algorithm converges towardsalution, the value of the loss function decreases, ideally approaching
zero at the final solutidd Various loss function models, such as mean squared error (MSE),
amplitude loss, and Pows loss, are described in the literatif&°’, All of thesemodels are
suitable for iterative phase reconstructions and can significantly influence the reconstruction

outcome based on the applied illumination d&se

Thepy4DSTEMiterative algorithm used in this thesis minimizes the discrepancy between modeled

and measured diffraction intensities using the following error metric:

B4 g (¢ hEI _ 04 hE.
By gCf h-g

(29)

i.e, a normalized amplitude loss function, whé’Dé ﬁﬁl represents the measured diffraction

intensities at probe positi@|n andu =| ﬁil the modelled diffraction intensities per probe position

=| 69_
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During each iteration, the minimaljastment to the current estimate of the exit wave in the detector
planef E"H involves replacing the calculated intensities (Fourier amplitude of the calculated
wave) by the square root of the measured intensity while the phase is kept the same:
r Eﬁ r Lﬁ 3— |h. (30)
Uq hE|
wherel Eﬁ represents the revised exit wave. The updated exit wave is Fourier projected to
the real space, resulting in

O Tty

) . Oh
r 4 owgr L o— A (31)

0 ;l hE|
This allows an update of object and probe function using stochastic gradient descent methods:

Yoo 4l 1 4M T 4R (32)

. (33)

(34)

where ¥ ={Fa=| represents the gradient of the stochastic gradient descent méttsothe
gradientdescent step sizé,denotes the batch size of the probe positionshasidhosen between

0 and 1 as normalization paramét As the error between calculated and estimated intensities
increases along the gradient direatid can be iteratively reduced by moving the current estimates

in the negative gradient direction by a small step,

The probe can be initialized using an estimated set of aberrations and théopmtibg aperture,

which can be derived from known miascope specifications such as fieeniconvergence angle

A more accurate initialization can be achieved through a direct reference measurement of the
vacuum probe. The initial object array is typically extended by up to half the extent of the probe
and hitialized as an array of orf@sThe general workflow for a single iteration of the phase retrieval

via gradient descent is summarizedrigure 4. For all probe positions, starting from the initial
estimate of the object and probe, the 1gmce exit wave is calculated as a product of the two,
relying on thePOA (Equation §)). The exit wave is propagated to the detector pladeupdated

based on the measured intensities. Subsequentpbapkgation of the updated exit wave to real
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space enables refinement of the probe and object functions using the stochastic gradient descent

update functions during each iteration.

Initial probe Initial object
guess P(R — Ry) guess @(R)
\j

_________ multiol Exit wave Propagate
ey Y(R,Ry) to detector

Exit wave
Y(Ky, Ro)

k Revise exit wave with
measured intensities
| [

3 Updated F:i\i':‘s: :bk;j:cit [ Rev:;?Ei Kexl:z w)ave J
L H ! f' 0

{ object ¢'(R) J update function

: 1

______________ Revised exit wave Propagate to
Y'(R,Ry) real space
Updated probe REYISE probe
P'(R — Ry) using probe
W update function

Figure4. The flowchart illustrates the iteration of the gradidescent iterative ptychographic phase reconstruction. One

iteration of the algorithm involves processing individual diffraction patterns utilized to refine thatestiofi the object
and the probe. Typically, iterations are carried out until the error between the measured and calculated diffraction patterns

falls below a predefined threshold.

1.2.4.1 Mixed-state electron ptychography

All the phase reconstruction algorithmiescribed thus far assume coherent illumination, which is
generally sufficient when #ocus illumination and a higboherent fieldemission gun are used or
when not less than nanometer spatial resolution is tafgetddwever, in practice, reconstructions

and the information transfer from the samplelD STEM experiments to the detector are often
influenced by the imaging system. Temporal and spatial incoherence cannot be neglected and a
single purestate coherent probe illumination is never achieved in real experiments. As a result of a
partially cdherent illumination, a singislice reconstruction injects partial coherence information
into the reconstruction, degrading its quafty®. It has been shown that representing the probe as

a linear combination of pure quantum staties., (a mixed state) provides a model that better
captures partial coherence and allows for highetlity reconstructions. Instead of assuming a
single coherent probe illumination, several incoherent probrebegropagated independently to

the detector, where the measured diffraction pattern represents a superposition of their
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contribution8*1% For mixedstate reconstructions, the forward operator is thus modified to
incorporatel orthogonal probe function®) , and all subsequent iteration steps are adjusted

accordingly®.

r4M 0 4 4 24 (35)
04 hlg oY 4R (36)

The versatility and robustness of mixstdte electron ptychography make it suitable for a wide
range of applications. This approach enables {fejg-of-view, highresolution imaging, which is
essential for chracterizing both the overall morphology and the local atomic structure of complex
nanostructureéd’. While iterative phase reconstructions can be applied to reconstruct the phase from
both infocus and defocused 4D STEM datasetsosing the latter allows for faster and more
stable acquisition of the diffraction patterns with sufficient overlap. This is of major importance,
since it helps to mitigate slow detector readouts, large dataset sizes, and instabilities in the imaging
systen. Its highcontrast, higkprecision, and lowdose imaging capabilities facilitate the
investigation of atomiscale dynamics involving light elements. The use of a {arga probe

further enhances efficiency by enabling larger scan steps, reducing rtiieemof diffraction
patterns required, and thereby reducing computational demands for data reconstruction and

analysis®,
1.2.4.2 Multi -slice electron ptychography

The phase reconstruction algorithms introducedrely on the POA or the WPOA,e., a
straightforward multiplication of the probe function and the specimen transmission function
describes the interaction between the sample and the beam. This assumption serves as a useful
approximation for thin and weakbcattering specimens but it becomes inadequate for thicker or
strongly scattering sampléd!2? In such casg the illumination profile varies significantly with
increasing depth due to the effects of dynamical scattering anddaege propagation. If the probe

shape undergoes significant changes during propagation within the sample, theapnphe
interaction can no longer be accurately described by a single plane approximation, and a full multi
slice calculation is required in the phase retrieval process after a critical thickness is reached.
Changes in the probe shape arise from bothdpeee propagatioand scattering by the sample.

The thickness limitYcan be expressed as:

Y p® 3—| — (37)
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where| is the maximum scattering angle of the diffraction pattern, il the electron
wavelength®1l For the typical scattering angle deployed in the experiments conducted in this
work of ~20 mrad and an acceleration voltage of 200 kV, this results in a thickness limit of
approximately éim, which & achievable for various samples. However, it was not possible for the
samples investigated in this work, as described later. Additionally, for samples containing heavy
elements, where a single atom can induce significant phase shifts and in fact affeaptitude

of the electron wave as well, the probe shape may be altered considerably by just a few atoms.
Consequently, the multiplicative assumption of the beample interaction breaks down, resulting

in an even stricter thickness limit. Recent apphesdo address the multiple scattering problem in
thicker samples or those containing heavier elements include the use eflivaifitychographiy?

114 The py4DSTEM multslice ptychographic algorithm approximates the object as a statk of
slices, each on its own thin enough to satisfy the multiplicative assumption, resulting in a modified
forward propagatofor n slicesthat altenates between transmission and propagation Stéese

and all subsequent steps within one iteration are adjusted accoftlingly
o4 a4 4 o> (38)
where no4 4 04 A (39)
and n 4 4 00FD I 4 R (40)

withii 4 4 ande 4 Dbeing the probe and specimen transmission functions ahslive

Ya refers to the thickness between the slitasdn+1.

The multislice algorithm has proven particularly effective for reconstructing the phase of thicker
samples and was thereforeedsn this work. When employing the medlice algorithm for data
acquisition, it is important to account for the fact that the probe changes its size in real space as it
propagates through free space with increasing thickness. To prevent wrappings artifde
reconstruction, it is essential to ensure an adequately sized probe box in real space. Additionally,
data should be acquired with a high dose to ensure a good-sigrasbe ratio for capturing depth
information. Since iterative phase recondiiarts do not necessarily converge uniquely, various

regularizations can be applied to help reduce the dimensionality of the available solutiéh space
1.2.5 What makes a good 4D STEM dataset for electron ptychography?

The following section is based on my personal experience with acquiffogus or defocused 4D
STEM datasets using the preBecorrected JEOL ARM200F microscope equipped with a
MerlinEM Medipix3 camera. It serves as a guide for capturing-bigility datasets to enable

successful phase reconstructions. Since microscopes and material systems vary, there cannot be a
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universal procéure. However, certain key aspects should always be considered before and during
dataset acquisition to optimize the outcome, as aneetirded initial dataset significantly improves

the chances of a successful phase reconstrucBewmeral experimental apameters must be
considered during 4D STEM data acquisition, such as defocus, scan step size in real space,
convergence angle, maximum scattering angle, and the number of detectorThius|st is the

aut hords hope that t h everkiewl ahdooffdrsnpractiqalr gaidancd fors  a

setting key experimental parameters to achieve optimal results.

In this study, notiterative SingleSideband phase reconstruction was used to extract phase
information from infocus 4D STEM datasets, while itdwa phase reconstruction was applied to
defocused 4D STEM datasets. Consequently, referenceddouis dataset acquisition relate to
optimizing data collection for Singi8ideband reconstruction, whereas defocused dataset
acquisition pertains to optimitian for iterative phase reconstructions. Although iterative
reconstruction can also be applied tdanus datasets, this approach was not pursued in the present

study.
1.2.5.1 Probe step size

For infocus data acquisition, the primary consideration is ensuhagaill spatial frequencies
within the diffraction limit are adequately represented. The probe step size must be selected in
accordance with the NyquiS§hannon sampling theorem to capture the maximum possible
resolutiod?®. For a given aperture defined by the seonvergence angle and an kctron
wavelength_, the maximum allowable distance between adjacent probe posii¥ngequired to
capture the highest theoretically attainable spatial frequency, is given by:

VA% (41)

~-
=

Although various reconstruction algorithms offer thesgibility to correct residual aberrations

within the datasét?, it is advantageous to align the microscope optimally beforeftamihimize

the influence of lens aberrations and to use appropriate apertures for dose fractionation. In this
study, all datasets were acquired using a 30 pm condenser aperture, which corresponds to a probe
semiconvergence angle of 20.4 mrad. Conseqyertie required step size to achieve the
diffraction limit for the 30 um condenser aperture is 0.3073 A or less. Larger step sizes lead to
undersampling, which induces aliasing effects, resulting in periodic artifacts in the phase
reconstructions. Convelilge oversampling with smaller step sizes does not improve resolution or
image quality for iAffocus datasets, but has no negative effects beyond an increased electron
dosé!’118 Therefore, the ifiocus datasets presented in this thesis are all slightly oversampled with

step sizes smaller than 0.3073 A to ensure nargjasfects in the reconstructions. In general, the
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optimal step size can be enlarged by using lower acceleration voltages (which increase the electron
wavelength) or smaller apertures. However, using smaller apertures in turn limits the achievable
resoluton’. Lower acceleration voltages introduce stronger temporal incoherence effects and
increase the influence of lens aberrations, which can degrade the overall data'tuality a
well-optimized initial microscope alignment, it was possible to avoid the computationally intensive

step for correcting residual aberrations in the SSB reconstructions of this study.

Defocused #rative ptychography relies on overlapping probe positions to provide redundant
information for object reconstruction. As a result, the quality of the reconstruction is strongly
affected by the extent of this overtépt?? However, there is no single measure to define the actual
overlap, as experimental factors and probe aberrations also pleyEhe degree of probe overlap

in a 4D STEM experiment is influenced by the defocus, thespate scan step size, and the chosen
semiconvergence angle (20.4 mrad in this study), which also determines the range of spatial
frequencies that are efficidpttransferred. If the probe overlap is insufficient, it can be increased

in two ways: by reducing the scan step size, which enhances redundancy but either increases dataset
size or limits the field of view, or by increasing the defodtiswever, at one pot the probe no

longer fits within the reaspace probe box, leading to wrapund artifactS. This can be remedied

by using more detector pixels. Based on experimental studies, a minimum overlap of more than

40% is required for stable, higjuality reconstructiod.

It is also essential to account the practical limitations of both the microscope and the specimen.
For instance, while the iterative phase reconstructions discussed earlier can offer some level of
probeposition refinement, substantial scan distortion will significantly reduce the staotion

quality. As a result, the number of probe positions in a scan should be carefully chosen by
considering factors such as stability, magnification, and detector Sipetids study, adequate

probe overlap was ensured by selecting a sufficientiglisstep size (~018..5 A) for a 70 140

grid of probe positions. The stability of the specimen holder in the goniometer and the sample's
resistance to beam damage allowed for the use of this step size while the MerlinEM Medipix3
detector acquired defocusddtasets in 1-bit mode with a frame time of 1ms.

1.2.5.2 Detector sampling considerations

The resolution of the detector plane is governed by the angular range of the individual pixels and
can be adjusted by altering the effective magnification factor betweém#ge and detector plane.

This magnificatiod often referred to by the name of its optical counterpart, the camera length, and
therefore also measured in (virtual) ler@jttietermines how finely the BF disk is sampled, from
which phase information is exttad in SSB ptychography. Yaegal.found that an array as small

as 16x16 pixels suffices to achieve the highest sigrabise ratio, with no significant benefit from
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increasing the number of pixels. Utilizing a smaller detector array, such as 168Is; @ithances

the speed of readout and data acquisition, which leads to faster data collection with a reduced
electron dose. However, their analysis did not account for the impact of residual aberrations,
suggesting that under more realistic conditionslaer number of pixels could still be
advantageo&

These considerations are particularly important for fast and efficient data acquisition, gspeciall
when working with materials that are sensitive to electron beam damage. However, for the samples
investigated in this thesis, such stringent sampling criteria were not essential, as the oxides
demonstrated fair robustness toward high electron dosesefédter4D STEM datasets were
collected using the full 256x256 pixel detector area. The camera length was adjusted so that the BF
disk of the 30 um aperture was sampled by 105x105 pixels, ensuring sufficient detector plane
coverage. This approach allowed fhe recording of both BF and DF electrons, enabling virtual

imaging through appropriate masking of 4D STEM data.

As mentioned before, poor sampling in reciprocal space, which can also arise from factors such as
binning or a reduced number détector pixels, can be compensated for by densesspaak
sampling through adjustments of the probe step*iZzdowever, to achieve faster scanning,
mitigate scanning artifacts, and reduce sample drift, this study adopted an alternative strategy.
Despite the numerous advantages provided by DECs and the wide range of techniques they
enabl® including virtual imagingprientation and strain mapping, and phasetrast imaging

one remaining limitation is the slow scanning speed compared to standard STEM detectors. At
lower scanning speeds, scan distortions, sample drift, and instabilities in the microscope alignment
becane more pronounced. In turn, the frame rate of DECs can be significantly increased through
hardware binning, windowing, or by reducing the detector's dynamic®dfgén this study, the

latter approach was implemented foffatus acquisition by adjusting the counting depth of the
MerlinEM Medipix3 detector to-bit, meaning that each detector pixel could register only a binary
signal (1 or 0 a single everd per frame. This optimization reduced the frame time to 50 ps,
enabling faster data acquisition. Due to this high acquisition speed in combination with the long
camera length and a moderate beam intensity, oversaturation of the BF disk at each scan position
was avoided despite the reduced dynamic range. The results show that a high dynadisuange

as that offered by a 113t counting mode, which comes at thgense of acquisition spe&ds not

always essential for obtaining higjuality data, particularly in lovdose to mediurglose imaging

conditions with fast data acquisition speeds.

In iterative ptychography, constraints are introduced during data acquisitidtimately control
numerical accuracy, computational cost, and reconstruction resolution. During acquisition, the

reciprocal pixel sizé/) defines the reaspace extent of the probe. This means that the probe

25



forming aperture and camera length dddae selected such thatthereap ace pr obe extent
b o xX® )pIYV , is sufficiently large to fit the probe without wrapound artifacts. To avoid these

artifacts, it is further necessary that the number of detector pixels, which determisies thfethe

array used to store the movimgndow probe, is set to an amount that the array is large enough to

fit the defocused probe. This is particularly important when imaging thicker samples, as the probe

practically expands with increasing samplettié®.

In general, all scattering angles with sufficient counts should be included in the acdtiaetiat
patterns. Detectors with a small dynamic range are often restricted to the BF disk in this regard. But
for detectors with a large dynamic range, collecting electrons scattered to higher angles allows for
superresolution reconstructiongg., resolution beyond the apertuneduced diffraction limit. In

this work, only the BF disk signals were used for reconstructions.

Since the detector and a ptychographic reconstruction act as a virtual lens, the achieved resolution
for iterative reconstructianof defocused datasets depends more on the maximum resolvable
scattering angles in the diffraction patt@rlargely influenced by the detector pixel $zthan on

the realspace step size or the focal size of the microscope Sptics

1.2.5.3 Finding the optimum (de)focus

The effectiveness of SSB electron ptychography is typically maximized when the probeéslfocus

at the midplane of the sample. In this configuration, the phase contributions from the defocus at
sample slices above and below the central plane effectively cancel each other out. This cancellation
helps to prevent contrast reversals, particularhyases where dynamical scattering effects are not
excessively strorig>?4 This consideration is particularly important when the microscope is
initially aligned using conventional detectors before switching to the 4D STae@. In
conventional imaging modes, for ABF imaging, the highest image quality is achieved by focusing
on the top sample surface, while in ADF mode, optimal contrast is typically obtained by focusing
on the bottom sample surfaée Depending on the sample thickness, this difference in optimal

focus can significantly impact the rewtruction results.

For defocused 4D STEM data acquisit@med at iterative phase reconstructidihe amount of
defocughat can be employed is constrained by the number of pixels in the detector and the selected
semiconvergence andl® Figure 5(@) shows an exertary probe, with experimental settings
similar to those used in this work. As previously mentioned, thespeale probe exteft  pIY0

must be sufficiently large to fit the probe without inducing waapund artifacts, as shownkigure

5(a). If the probe is excessively defocuse@j(re5(c)), it barely fits within the readpace probe

box, constrained by the number and size of the detector pixels and this leadsaoourapartifacts

26



during reconstructiorizurthermore, when recording diffraction data, it is important that the detector
can sample the diffraction intensit@dequately to capture the specimen features in the ronchigram,
as shown irFigure5(b). This imposes additional constraints on the maximum allowable defocus
value; wih excessive defocus, specimen features are not resolved sufficiently in the ronchigram, as
visible in Figure5(d) for a diffraction pattern with a larger defocus camngal to the one shown in
Figure5(b).
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Figure5. (a) Realspace intensity distribution of the electron probe used for typical 4D STEM data acquisition in this
study. (b) Example diffraction patterasulting from the interaction between the sample and the slightly defocused probe
shown in (a). (c) Simulated probe with large overfocus, leading to-anamd artifacts in the reconstruction. (d) Example

diffraction pattern from a dataset acquired witmare defocused probe, showing reduced resolution of sample features

in the ronchigram, compared to (b).

1.2.5.4 Hyper-parameter tuning for iterative phase reconstructions

To successfully perform an iterative ptychographic reconstruction of experimental digta, it
essential to precisely know certain parameters employed during the experiment, including the scan
step size, the reciprocal pixel size of the diffraction patterns, and thepaad/reciprocadpace

rotation angle. The latter arises due to the heledh that accelerated electrons take along the
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optical axis, as well as the orientation of the detector in the STEM column relative to the beam
raster grid, which means that there is typically a rotational offset between tispaealreciprocal

space coalinate systems. This regpace/reciprocadpace rotation angle must be accounted for in
the reconstruction to ensure that the diffraction patterns are correctly interpreted in terms of their
position in real space.

The gradient of the electrostatic patial is expected to be a conservative vector field, which allows

for the determination of the reapace/reciprocadpace rotation by minimizing the curl or
maximizing the divergence of the vectorial ceriémass (CoM) of the virtual image as a function

of a rotational offsé®1%¢ This approach introduces a 180° ambiguity in the relativeéi@atathich

can be resolved by ensuring that the phase shift remains positive across the sample, except for
vacuum regiorf§’% In the standard configuration of the JEOL ARM200F microscope with the
MerlinEM Medipix3 detector, without any additional scan rotation being applied, this rotation angle

is 134°for a 200 kV acceleration voltage.

Otha parameters, such as defocus and other aberrations, are refined during the iterative
reconstruction process; however, having a more accurate initial estimate can still improve
convergence. In addition, reconstruction parameters, including iterationztgpatch size, and
regularization strengths, also influence the quality of the final reconstruction.

To determine the optimal values for both experimental and reconstruction parameters, an optimizer
based on the Bayesian optimization (BO) algorithm w@haussian processes (GP) was
implemented into the py4DSTEM software package used for the iterative reconstructions in this
work. BO-GP is commonly employed for tuning hyperparameters in machine learnintft&Sks

The BOGP algorithm models the function to be minimized as a combination of Gaussian processes
and selects evaluation points by balancing the exploration of unsampled riedioagarameter

space with the exploitation of local minima within the GP mdel

Finally, experinental data may be influenced by various sources of artifacts, which are often not
considered in ptychographic models. These include source incoherenespqmsten aberrations
introduced by the beam traveling through the spectrometer, and dead desedsorTip mitigate

these effects, strategies such as reducing the beam current to minimize incoherence, properly
aligning the spectrometer, and utilizing dark current references are essential, depending on the
severity of the issues. Furthermore, preprsicestechniques like weighted binning for dead pixels,

as well as hetand coldpixel filtering and gain correction, can significantly enhance data quality.

As mentioned before, a vacuum scan to obtain a suitable initial probe function is invaluable for

every defocused ptychographic experintént
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1.2.6 Center-of-mass imaging

Although centerof-mass (CoM) or firsmoment imaging was only used to determine the-real
space/reciprocadpace rotation angle within the scope of ptychographic phase reconstructions in
this work, it remains a key phase contrast imaging technique and was altiéaeg prior to the
development of pixelated electron detectors. Therefore, it is suitable to include a brief description

of this technique here as well.

When an electron beam interacts with the electrostatic potential of a sample, the CoM of the beam's
momentum distribution undergoes a shift. The nature of this CoM shift depends on the probe
characteristics and the sample features and can be used to reconstruct the sample's electrostatic
potential®’. Atomic-scale features typically result in a redistribution of intensity within the BF disk,
whereasdngrange, slowly varying fields induce neadgid shifts of the entire disk. Or, to describe

it in other words, high spatial frequency information about staontje potentials is encoded in the
intensity distribution of the BF disk, while low spatial foemcy information about loAgnge
potentials is captured in the uniform displacement of the'diskhese phenomena have been
known for a longer time now and have already been utilized by deducing the change in CoM in
material systems through DPC using segmented detectors in STEM, as previousbnedenti
(Figur62)59‘13l133.

In 4D STEM, the distribution of the electron intensity is recorded at each probe position, allowing

to retrieve the electron wave phase from integrating the signgbigékated detector with a CoM
response function. The CoM shift signal can be understood as the gradient of the local projected
potential, crosgorrelated with the intensity distribution of the incoming beam at a given probe
position, assuming a POA withe 3D potential simplified to a 2D projected potefittatD STEM

CoM measurements rely on the same principle as segmented detector DPC measurements, but can
be seen as an improvement over the latter due to the better resolution of the detector used. For
historical reasons, although both are essépnfid?C measurements, we refer to DPC imaging when
segmented detectors are used and to CoM imaging when the more finely pixelated detectér is used
Both DPC and CoM images are formed by using ansamtimetric weighting function over the
detectorj.e., DPC uses +1 aridL over the opposing detector halves, and CoM uses the coordinate

of momentum spaceush that any asymmetry in the diffraction pattern leads to a difference

signal*°.

DPC/CoM phase reconstructions are straightforward and computationally inexpensive compared to
other phaseontrast techniques. However, DPC reconstructions only solve for the phase of the
sample and cannot deconvolvethe obeds wave function. Therefore

including defocus, will affect the transfer of information in the reconstruction, and we cannot
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reconstruct atomicallyesolved images from a defocused 4D STEM dataset. Additionally, the
recanstruction pixel size is limited by the regpace step size of the probe, with the absolute
resolution limit determined by the segwnvergence angle. Beyond phase contrast imaging, DPC
and CoM imaging are techniques sensitive to electric and magnkts; Beabling the mapping of
internal fields, polarization distributions, and charge accumulation or depletion at the

nanoscal@-134136
1.3 Oxides, oxide heterostructures, and interfaces

Fundamental physics research typically focuses on explaining thus far unconventional phenomena
observed in material systems. As materials scientists, physicists, and chemists, we are eager to
leverag these physical phenomena and unique material properties to facilitate their practical
applications in realvorld devices. A class of materials that offers immense versatility in functional
applications is oxides. Many metals are capable of forming avaidiety of oxide compounds. The
complex interplay and competition among charge, spin, structure, and orbital degrees of freedom
has led, and still promises to lead to the discovery of exotic phenomena. These discoveries further
advance fundamental sciereed engineering, enabling new application domains, as illustrated in
Figure6, which include superconductors, energy storage, catalysis, and electronic deviceg. Amon
the diverse range of functional oxideg| &1d 4l transition metal oxides show highly diverse
properties. These materials include both metals and insulators, with some showirigsutstair
transitions characterized by drastic changes in conduééiviyany of them are magnedicin fact

nearly all strong magnets belong to this gwmd they also include superconductors with the

highest critical temperaturé8

The variety of phenomena in theswterials is due to the fact that their electrons can either be

localized on ions or delocalized, becoming itinef&nfs one progresses from the:t® the 4d and

5d series, the general trend is a reduction in the correlatidrelgfctrons. Thedland, particularly,

the H electrons are more spatially extended compareddt@l&ctrons, leading to increased

covalency with surrounding ions and a broader bandwidth. At the same time, the effective Hubbard
repul sion energy and ¥Hin oodti@ast, for thekeeheawiar elemgnts, thke c r e a s
relativistic spirorbit interactions become increasingly significant, strongly influencing the

properties of 4 and especially & systems. Combined with structural degrees of freedtm,

transition metal compounds exhibit distinct electronic, structural, and bonding properties compared

to their 31 counterparts and tend to have more delocalized electrons, leading to metallic or itinerant

magnetic behavidi®.
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Figure6. Schematic of degrees of freedom in oxides to tune material properties for the application as functional materials

in various fields.

The enhancespinorbit coupling in 4 systems influences their electronic and magnetic properties,

giving rise to phenomena such as unconventional superconductivity,RuCsrand itinerant
ferromagnetism in SrRuOAdditionally, the stronger covalent bonding betwdedmmetals and

ligands induces unique structural distortions, suppressedTddlen effects, and enhanced metal

ligand hybridization. Mixeealence states and charge ordering, as observed in.8aRurther

add to the exotic electronic phases that emiergeese systems, and orbital and bond ordering may

facilitate superconductivity id.RuQ, (A = Sr, Ca) ruthenates. The ability of Ru to adapt distinct
oxidation states from O to +8, with Ruj and F
both eletronic and structural degrees of freedom. This adaptability enables the synthesis of mixed
valence ruthenates that exhibit temperatlependent structural, electronic, and magnetic

transitiong*0146

Despite the remarkable diversity abperties, fundamental questions about the electronic structure

of 4d transition metal oxide€s particularly ruthenatésremain unresolved. This is due to the
compar abl e magnitudes of sever al koebitcogpbng,a met er
andexchange interactions, whose interplay is not yet fully understo8efore phenomenological

models can be established, extensive experimental invéstigaire necessary to explain observed
phenomena. TEM is a particularly powerful tool for studying strugbuoperty correlations in

these materials. The second chapter of this thesis highlights the capabilities of TEM in revealing
such rare phenomena 4 transition metals, exemplified by the atorsitale observation of an
unconventional structural transition in the mixealence compound NaRDs, probed at elevated

temperatures.
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Once a material exhibiting intriguing electronic or structdrehavior is discovered, it can be
integrated into devices, often as a thin film or in combination with another material in a
heterostructure, to create novel functionalities. Oxide heterostructures provide a powerful platform
for engineering novel electrmphases by precisely tuning interfacial interactions, such as strain,
charge transfer, and orbital hybridization. They consist of layers of different oxide materials,
stacked with precise control to form sharp interfaces. These structures exploietse divd highly
adjustable properties of oxides, including superconductivity, magnetism, ferroelectricity, and ionic

conductivity**.

By combining materials with complementary functionalities, oxide heterostructures can exhibit
emergent properties not present in their individual compotféntdeterostructure interfaces
frequently determine the overall functionality and performance of défides By tuning the
various degrees of freedom at oxide interfaces, novel and exotic materials can be precisely
engineered, as illustrated igure 6. For example, interfaces between certain oxides can host a
two-dimensional electron gas (2DEG) with high mobility or generate novel quantum states driven
by interfacial coupling effects!!52 Heterostructures are widely used in transistors, diodes, and
guantumwells to improve charge carrier mobility, reduce power loss, or for bandgap engineering
in high-efficiency LEDs and lasers. Magnetic heterostructures enabldéapad data storage and
processing, and are crucial for studying proximity effects and degigojmerconducting quantum
interference devices (SQUIDs). THiitm heterostructures enhance surface activity for sensors and
catalysts. In photovoltaics and thermoelectrics, heterostructures optimize charge separation and
energy conversion efficiency. Aaue be seen, the ability to engineer new functionalities renders

oxide heterostructures valuable for both fundamental research and technological apgfit&fions
154

Delafossites ABO,) represent a particularly intriguing class of materials witthia oxides,
exhibiting remarkable transport, electronic, and structural properties. Their unique layered
structur® composed of triangularly coordinatédsite cations & = Cu, Pd, Ag, Pt) and edge
sharingBOs octahedra® = Sc, Cr, Co, Fe, RB) induces sigificant anisotropy and enables a broad
range of tunable functionaliti£$°¢ Metallic delafossites such as PdGa@dd PtCo@demonstrate
exceptionally high irplane conductivity, comparable to that ofralental metals, whereas others,

like CuCrQ, serve as some of the few transpapetype conductor§”e°,

Beyond their intrinsic properties, delafossites are particularly promising for heterostructure
engineering. Their atomically smooth layers and weak interlayer coupling provide an optimal
platform for interfacial design, where strain, charge transfer, and orbital hybridization can be
precisely controlled. The integration of delafossites into heterostructures allows for the exploration

of new emergent phenomena while bridging the gap bettireeproperties of single crystals and
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their practical implementation into devices. This makes them a compelling system for both
fundamental research and advanced technological appli¢atifsThe thirdand fourth chapters

of this thesis focus on the interfacial engineering of delafossite thin films, aiming to harness the
unique properties of single crystals for raadrld device applications. In this context, ST&Mith

an emphasis on advanced imaginghteques such as electron ptychography, combined with
spectroscopy, and imagidgerves as a powerful tool to investigate the nucleation mechanisms of
various delafossites on different substrates. A thorough understanding of these growth mechanisms
is essetial for the successful fabrication of higjuality, phaseure epitaxial films for device

integration.
1.3.1 Fabrication of oxide heterostructuresvia PVD

Regardless of the growth mechanism, precise manufacturing techniques are essential for controlling
layer thickness, composition, and interface quality in the fabrication of oxide heterostructures.
Physical vapor deposition (PVD) methods are widely used for producing heterostructures and thin
films by transferring material from a solid or liquid source talassrate in a vacuum or controlled
environment. These techniques rely on physical processes such as evaporation, sputtering, or
ablation to vaporize the material, which then condenses onto a substrate to form a heterostructure.
The versatility of PVD techigues enables the deposition of a wide range of materials, including

metals, oxides, nitrides, and complex compounds.

Pulsed laser deposition (PLD) is a technique that involves the ablation of a source material from a
stoichiometric target in a vacuum chler using ultrashort laser pulses. The material is vaporized
from the target as a plasma plume containing a variety of energetic entities, including atoms,
molecules, electrons, ions, clusters, particulates, and molten globules. The vaporized material the
deposits onto a substrate as a thin film, ideally maintaining the same composition as the source
material, since during a short laser pulse, the different volatilities of the constituents can be
neglectedf*%3 The dynamics of the plasmize., the spatial distribution of the plume, depend on

the background pressure in the PLD chamber. In a high vacuum, the plume remains narrow and
forwarddirected, with little scattering from background gases. For intermedatkgtound
pressures, higknergy ions separate from less energetic species, and at high background pressures,
resulting from the introduction of a reactive background gas like oxygen, the plume exhibits a
diffusion-like expansion, with increased scatterithge to the mass of the backgroundéf=&>

Most importantly, an increase in background gas concentraggmjgher chamber pressure, slows

down the highly energetic species in the pltifhe

During the deposition process, highergy species ablated from the target bombard the substrate

surface and may potentially cause damage through sputtdriigface atoms or initiate defect
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formation in the film. The sputtered substrate species and emitted target particles create a collision
region that serves as a nucleation source and the key is tas@rdgluence, background pressure,

and targeto-substrate distanc® optimize energy level¥. If the condensation rate is high enough,
thermal equilibrium is established on the substrate surface, supporting film growth. In general, each
laser pulse results in a large supersaitumatn the substrate compared to other physical deposition
techniques with a more continuous flux of arriving species. In PLD, growth can occur in three

modes:

(i) stepflow growth, where atoms diffuse to step edges on miscut substrates;
(i) layer-by-layer growth, where islands nucleate, coalesce, and form smooth layers;

(iii) 3D growth, where islands stack atop each other, creating a rough $tiface

Molecular beam epitaxy (MBE) is a technique that involves the assembly of films frondirelivi
elements or atomic/molecular beams, allowing for the precise construction of arbitrary compounds
on suitably heated substrates in a higlsuum environment. In contrast to PLD, the target materials
are contained in precisely heated cells (commonljeladay electron beams) with a small opening,
known as Knudsen cells. Shutters placed in front of the cells enable precise control of the molecular
beams. The stoichiometry of the films is determined by the substrate temperature and the flux of
the individual component species reaching the growing film. Typically, the films nucleate as small
islands that coalesce into continuous atomically thin layengaostepflow growth on miscut
substrates. The ability to independently control the flux of each compon®tBE allows for

precise stoichiometric contralith the quality of the grown material being highly sensitive to the

presence of impurity atortf§

MBE offers two distinct operational modes: shuttentrolled layetby-layer growth or ce
deposition of the materials. In shutt@ntrolled growth, the material flux from the Knudsen cells

is controlled by the shutters, which intermittently open and close to enable the sequential deposition
of each layer of the film. By alternating the exposure of the substrate to the atomic beams, this mode
facilitates the fabrication of complex heterosttues, where atomis c al e contr ol of
growth is critical. During caleposition, two or more atomic or molecular beams of different
elements are simultaneously directed onto the substrate, allowing for the absooptiotied

growth of multielement films with precisely controlled stoichiométfy’> For the growth of

oxides and mulicomponent oxides in particular, a molecuta@am of oxidant is employed. The
maximum pressure of the oxidant depends on the MBE geometry, the element to be oxidized, and

the oxidant species usegld, oxygen, ozone, or plasma sourées)

In addition to these two wedistablished methods for thiitm production, as well as other

techniques such as sputtering and arc plasma deposition, a atwednthat combines the
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advantages of MBE and PLD has recently emerged: thermal laser epitaxy (TLE). In TLE, laser
beams located outside the vacuum chamber heat both the substrate and the sources. The chamber
design enables a short working distance (<10, enaximizing the efficiency of the source. The
composition of the background atmosphere and chamber pressure is constrained only by the
condition that the mean free path of the evaporated species needs to exceed trmikstiate

distance. The local $&&r heating facilitates the evaporation of solid elements frorssefforted

targets, eliminating the need for crucitlés’.

As a wellestablished technique for growing oxide heterostructures, MBE was the primary method
used to growABO; delafossite thin films on various substrates in this thesis. The films were grown
using both shuttecontrolled growth and edeposition within a high vacuum deposition
environmentfree fromhighly energetic species. While the choice of methodolegyrucial in
determiningthe structural integrity, stoichiometry, and bulk properties of the films, the resulting
interfaces betweedifferent mateials displayvarying degrees of coherence. The degree of lattice
fit between the film and substrate significantifiluencesthe interfaces, affecting the properties
and performance of the heterostructu€ensequently, it is essential to select substridtaisare
appropriate for the desired application.

1.3.2 Coherent, semicoherent, and incoherent interfaces

Interphase boundaries in solids can be classified into three categories based on their atomic
structure: coherent, serooherent, and incoherent. Cohdrémterfaces form when the atomic
lattices of the two adjoining phases align, maintaining a continuous lattice structure across the
boundary. This results in minimal misfit strain and strong interfacial bonding, rendering them
highly stable, as shown irigure7(a). When the lattice parameters of the two paired materials A
and B slightly differ, coherence is maintained through elastic strain. The magnitude of the
coheency strains and the resulting coherence stress depends on the lattice misfit between the two
lattices and can be calculated as:
Q Q
Q

(42)

where’Q and’Q are the lattice parameters of material A and material B, which match at the
interfacé’™. As a result, for ngative values ¢f ,i.e,,Q <'Q, material B is under tensile
strain when forming an interface and for positive valugs of Ji.e.,’Q >Q, material B is

under compressive strain when the materials form an intéffacelf the misfit between the two
materials exceeds a critical value, it becomes energetfealbyable for the system to incorporate
misfit dislocations at the interface to compensate for the lattice mismatch instead of inducing elastic

strain.
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Semtcoherent interfaces develop and feature a partially aligned lattice with periodic dislocations,
asshown inFigure 7(b). These dislocations relieve the strain but introduce localized distortions,
striking a balancebetween stability and adaptability. Seosherent interfaces lack seamless
structural conneatity, resulting in a disrupted interface that may significantly influence the
heterostructure properties. The degree of incoherence strongly depends on the mismatch, but also
correlates with the film thickness. Very thin films may grow completely cohdrentever, as the

film exceeds a critical thickness and elastic strain energy increases, the interface will beceme semi
coherent. A measure for the theoretical density of misfit dislocations,, that form at a
heterointerface is given as:

” ‘.| (43)
@
whereqis the Burgers vector value of a misfit dislocatf@nWith the introduction of misfit
dislocations, the interface exhibits nearly perfect matching, except for regions around the

dislocation cores, where the structure is significantly distorted and the lattice planes become

discontinuous.

Incoherent interfaces arise when the atomic arrangements of the two phases are entirely
mismatched, resulting in lack of crystallographic alignmen8uch interfaces exhibit minimal
structural continuity, leading to weaker bonding and higHastic strain energy compared to

coherent and sertioherent interfaces, as showrFigure 7(c)*"®""

These classifications of heterostructure interfaces highlight the interplay between atomic alignment,
strain accommodation, and stability at interphase bourgjasibich must be considered when
fabricating heterostructures, as interfacial properties significantly influence the overall

heterostructure properties.

(a) {b)

T

R

Figure7. (a) Coherent interface with elastic mismatch stst@bilizing the heterostructure interface. (b) Seotierent

interface with misfit dislocations relieving strain and stabilizing the heterostructure. (c) Incoherent interface. Adopted
with permissiot’”, © 2009 by Taylor & Francis Group, LLC.
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1.3.3 Analysis of misfit dislocations and strain in TEM: GPA and phase lockn technique

To investigate the nature of heterostructure interfaces and epitaxial films, (S)TEM imagidg$gro

a powerful tool for visualizing the atomic structure and strain distribution at interphase boundaries.
Several methods are available, including direct imaging, diffraction, holography, and Fourier
analysis of higkresolution images, which resolve tatmic structure to examine the strain field
associated with heterostructure interfa€eSTEM enables direct imaging of atomic columns, and
since HAADF STEM image contrast depends on the atomic number, HAADF STEM allows direct
realspace tracking of atomic gtiens with picometer precision. However, strain analysis from
realspace atom tracking can be computationally demanding amdn with highquality dat@®
challenging over large fields of view, as the materials may possess multiple coexisting structural

orde parameters, complicating the disentangling of lattice distortions and their int&tplay

Fourierbased methods provide an alternative for efficiently analyzing structural information and
separating orders with different periodicities, without requiring isolated atomic columns or such
high signalto-noise ratio data. The most prominent Fouhiased technique is geometric phase
analysis (GPA), a powerful method for processing S(TEM) micrographs to generatdigldase

and strain maps. The GPA algorithm reconstructs a displacement fietdafrmicrograph by
applying Fourier filtering centered on two roallinear Bragg vectors. The resulting phase image
reflects the local deviation of a chosen set of lattice planes relative to a reference lattice, while the
strain field is derived from theaitice displacement field in a principal direction. Notably, the term
"phase" in GPA refers to the phase, related to the position of image contrast maxima, and is not to
be confused with the phase of the electron wave function that is reconstructetiayppbys: 182

STEM imaging, unlike HRTEM, can introduce artificial fringe distortions during image acquisition,
with "flyback" errors along the fast scan direction being a significant artifact that must be considered

for strain analyses from STEM imad&s'8

The phase lockn analysis developed by Goodgt al. extends traditionalGPA to Fourier
components that encode periodic modulations of the crytttaélasuch as superlattice or secondary
frequency peaks, as well as defects, such as misfit dislocations. This enables the extraction of the
behavior of multiple different order parameters within the same image. Based on the principles of
lock-in processig, the phase loeka method is related to GPA, except that the phase demodulation
step is performed in real space rather than reciprocal space. Conceptually, phasatatksis

yields qualitatively identical results to GPA and was used in the scofesdahesis due to the
straightforward implementation in Python, provided by Gooelgal, for data analysis of STEM

images®®.
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2 Direct evidence of anomalous Peierls transition induced
charge density wave order at room temperature in metallic
NaRu204

At the Max Planck Institute for Solid State Research, mainly conduct fundamental physics
research and frequently observe phenomena in oxide compounds that cannot be explained using
established models. For the investigation of quantum materials, understanding anomalous behavior
under charge degrees of freedthrough bond formation is of fundamental importance. This study
conducts the atomiscale observation of an unconventional phase transition in the 1vakeckce

oxide NaRuOa, contributing to the understanding of emergent phenomena in strongly correlated
systems consisting of heavy #ansition metals. Through this understanding, the atomistic origin

of the interplay of the concepts of bond shortening (dimerization) and charge ordering at room

temperature within metallic singlaystalline NaRpO. can beunveiled.

The transmission electron microscopy techniques utilized here allow to probe the lattice order of
NaRuO, as a function of temperature and provide direct microscopic evidence of an anomalous
Peierlstype transition. This transition is associat®da pronounced dimerization of Ru chains,
resulting in a distinctive twofold superstructure along lhaxis below the critical transition
temperature of ~535 K, coinciding with a charge ortiessitu heating experiments confirm the
reversibility of ths firstorder phase transition, and periodic lattiisplacement maps depict

atomicscale displacements linked to dimerization.
The following text and figures in this chapter are adopted from this publittion

Anna Scheid, Isha, Arvind K. Yogi, Masahiko Isobe, Birgit Bumann, Tobias Heil, and Peter A.
van Aken. Direct eidence of anomalous Peierls transitioduced charge density wave order at
room temperature in metallic Na&w, Microscopy and MicroanalysjsvVolume 31, Issue 1,
0zael29, February 202attps://doi.orgl0.1093/mam/ozael %8
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2.1 Introduction

Rutheniumbased d transition metal compounds (TMCs) have been widely studied in the realm of
guantum materials and strongly correlated electron systems, attracting significant interest due to
their nuanced spiorbit coupling (SOC), which strikes a delicate balance between being neither
excessively weak nor overwhelmingly dominant when compared to the Coulomb intet#étion
This complex interphagives rise to a highly diverse spectrum of distinct electronic, structural, and
bonding properties within the heavyd 4ransition metal ruthenates, compared to their 3
counterparts, primarily due to the larger spatial extentdobrbitals, reduced eléon-electron
correlations, and stronger spanbit coupling. The 4 and especially thedborbitals are more
spatially extended thand3rbitals, leading to increased overlap with neighboring orbitals. This
promotes stronger covalency with the surroundamg and larger bandwidths. Whild Bansition
metals often display strong electron localization, leading to -Msttlator behavior and
pronounced magnetic orderingg 4ransition metals tend to have more delocalized electrons,
resulting in metallic ortinerant magnetic behavid?. For these heavier elements, the relativistic
spintorbit interaction becomes more and more important and can determine étesnticbmagnetic
properties, contributing to phenomena such as nmgalator transitions, unconventional

superconductivity, orbital ordering, and hitdmperature ferromagnetif!°2

In ruthenate systems, the interplay between localized and itinerant edectonnbined with the

orbital degrees of freedom, significantly enhances the diversity of electronic and magnetic
properties, including temperatudependent magnetic phase transitions and charge ordering
(CO)9319 A CO transition is typically accompanied by a métainsulabr transition, where the
chargeordered phase is insulating and the disordered phase is metallic. The CO state usually
represents the lowemperature phase of a material that undergoes a symbnetking transition,
resulting in inequivalent ionic sites different charge states. CO is commonly observed in mixed
valence or electrofhole-doped materials, where elements can exist in multiple valence states.
Above the transition temperature, the material typically adopts a single crystallographic metal site

with an averaged valence stdte

Strong corredtions at low temperatures also depend on the material's electronic structure, which
can be influenced by neanmivial topologies and symmetries. For instance,-dimensional (1D)
lattices with tunnel geometries can develop structural instabilities békwritical temperature
(Tc), enhancing electrephonon interactions and promoting a Peierls transfiomhis transition
results in a periodic modulation of the electronic charge density, forming a charge density wave
(CDW), while the lattice distortion opens a gap at the Fermi level in the electronic band structure.

While Mott-Hubbard physics successfully explain such taetansulator transitions in 8
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transition metaf$®, limited research has been conducted on this phenomenditrandition metal

oxides like ruthenatesspecially in mixeeralence NaRu-O system¥0141

In the preceding study upon which this work is basedin@onventional firsorder metako-metal
transition with emergent CO was identified in NaBaat an elevated temperaturelef= 535 K4
While the hightemperature (HT) phase is consistent with the orthorhobioa (#62) space
group, roomtemperature (RT) singlerystal Xray diffraction (SEXRD) data reveal supettice
peaks, which differ from the structure previously reported by Daetiat. and Regaret al1%7:1%
These earlier works, using CabPs as a structural prototype, refined the crystal structure of
NaRuO4 within the orthorhombi®nma(#62) s@ce group, and determined the lattice parameters
asa = 9.2737(4)A, b = 2.8215(1)A, andc = 11.1701(5A by SGXRD and powder neutron
diffraction®®”1% |n addition, magnetic susceptibility measurements confirmed temperature
independent paramagtism-%.

In contrast to the earlier observations by Daetetl and Regaet al., modern instrumentation has
enablel the detection of weak = (0,%,0) superlattice reflections emerging below 535 K,
providing clear evidence of broken symmetry and lattice distortions.etafjiused CBED patterns

and confirmed a monoclinie112/a symmetry (#14) for the RT phase,ubgroup of the originally
reported Pnma symmetry*L. Structural aalysis revealed significant dimerization along the
crystallographido-axis during the transition from the higdmperaturenmag phase to the low
temperature phase, leading to a doubling of the unit cell. All XRD reflections were well indexed by
amonoclicap 2bp ¢ cell with a primitive lattice oh = 9.273(6)A, b = 5.643(3)A, andc =
11.17(7)A.

The relatively short bond length of approximately 2.6 A in the dimers, which is smaller than that in
metallic Ru, suggests direct metaktal bonding and indicates the presence of a bmrtered

CDW. Additionally, the nonequivalence of Ru sites during the transition suggestscargieed

CO. Interestingly, NaR®, retained metallic behavior across the entire observed temperature
range, albegiwith a noticeable hysteresis in resistivity at the transition tempel&tuteappears

that the Ru d bands exhibit a delicate balance between correlations, the Coulomb interaction, and
bandwidth, with the orbital degrees of freedom and mixed valence of Ru allowing the presence of
both site and bonecentered COS°.

This coexistence of COs makes NaBua rare example of CO phenomena in metallic systems,
which are seldom observed in such mateffald-or instance, in doped and intercalatete;
compounds, the interplay of electron correlations and modestoggincoupling of 8 Ir
electrond comparal® to that of 4 Ru electrond gives rise to a variety of intriguing phenomena.

These include uncompensated thermal hysteresis in the transition behavior, multiple CO states
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while maintaining metallicity, anionic polymer bond breaking, dimerization, andgehar
fluctuationg®®2%3 As there remains an ongoing debate in the literature regarding whether these
phenomena involve orbitalriven Peierls transitions, extensive experimental investigations are
crucial for establishing robust phenomenological mdéets Thus, a more comprehensive
understanding of the structéd and electronic reconfigurations in the NaBisystem as a function

of temperature promises to advance our knowledge of quantum materials and correlated electron

systems, paving the way for potential applications and innovations.

Improving on the largscale XRD investigation of the previous work, this study focuses on
examining the atomic lattice reconstruction in the metallic N@Rrgystem, using SAED and-

situ STEM. The achievable spatial resolution of these technigues enables the investidatiah of
structural dynamics as a function of temperature, whichyXstudies, averaging properties over a
wide specimen area, cannot reveal. Picorastate periodic lattice displacement (PLD) maps
reveal the orbitatiriven dimerization (Peiertype distation) along the crystallographieaxis for
different zone axes below the critical transition temperature. This study provides the first direct,
atomicallyresolved microscopic evidence for a guasedimensional Peierlg/pe symmetry
breaking phase traition at room temperature in Nafu, which induces a unidirectional,
commensurate CDW within the material.

2.2 Materials and methods

2.2.1 Sample preparation

Polycrystalline NaR#D, samples were synthesized by sedtdte reaction of preheated RuO
(99.999%, Aldch) and NaCO; (99.999%, Aldich) under an Ar gas environment at 1123 K fdr 90

with several intermediate grinding and pelletizing steps. {digiity single crystals of NaRQ,

were then grown from this polycrystalline powdé a modified seHflux vapa transport reaction

under flowing Ar gas (ultrpure 99.999%). Long needédaped higyuality single crystals with a

broad size distribution up to 1 x 0.1 x 0.1 fwere obtained from the final products. Phase purity
was checked using a Bruker D8 Discowiffractometer witha GiK U s our c e, whi ch
impurity peaks. To confirm the stoichiometry of the samples, an elemental analysis was performed
using a COXI EM30 scanning electron microscope equipped with a Bruker QUANTAX 70 energy
dispersive Xray system. Electrical resistivity Y measurements were performed using a hbuik

system equipped with a furnace (300 to 590 K) and a ptildeicryostat (down to 3 K, Oxford).
Electrical resistance was measured in the-fmint geometry on a static salapholder with
contacts to a large singteystal needle made with silver paint and 10 pm gold wire. The current

was applied perpendicular to the single crystal lengththe crystallographib-axis.
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2.2.2 TEM investigations

Different TEM specimens dhe NaRuO: crystals were prepared. Some were prepared by drop
casting the crystals dispersed in ethanol onto lacey calggoorted copper grids. Since the
elongated structure of the crystals prevents direct imaging along the crystallogragisicandber

batch of crystals was embedded in Epofix resin (Struers GmbH). They were then microtomed using

a diamond knife (Diatome GmbH) and an EM UC6 ultramicrotome (Leica GmbH).

STEM investigations were performed using a JEOL ARM200F equipped with a cotdriddion

gun and a probe Lcorrector (DCOR, CEOS GmbH). The measurements were performed at

ambient temperature with an acceleration voltage of 200 kV. In order to improve thesigoe

ratio, reduce scanning artifacts, and address sample drifteffee STEM images were generated

from multi-frame acquisitions using high scanning speeds-8f 2¢ s/ pi x e | dwel | ti me
applying postacquisition crosgorrelation using the builh spatial alignment function in Gatan

Digital Micrograph. In addion, a fixed rotation of the scan window with respect to the atomic

lattice was implemented to avoid superposition of lattice peaks in the Fourier transform with
features associated with scan artifactsm For t he
condenser aperture was used to form an electron probe with an effectiveoseerigence angle

of 20.4 mrad, combined with a 3 mm BF aperture and a beam stopper for the ABF images. With a

camera length of 6 cm for the simultaneously acquired HAADF anfd i&iages irFigure8, this

setup results in an effective seadllection angle of 7810 mrad and 23 mrad, respectively,

using the JEOL STEM detectors. For the agming HAADF STEM images, the Gatan annular

STEM detector was used with a camera length of 2 cm, providing an effectivedksaiion angle

of 83-205 mrad.

The EELS data were acquired using a Gatan GIF Quantum ERS imaging filter with a 5 mm entrance
apeature and a 1.5 cm camera length, resulting in a-seftéction angle of 11inrad. Principal
component analysis (PCA) was employed to improve the sigmalise ratio, and 15 principal

components were used for accurate elemental majSping

For 4D STEM data acquisition, a MerlinEMedipix3 detector from Quantum Detectors was used
with a camera length of 40 cm and a probe ssanivergence angle of 20drad. The detector was
operated in bit mode, which allowed effective detection of one electron per detector pixel in a
single frane, with a fast pixel dwell time of 2%s, corresponding to a frame rate of 40000 fps. The
ptychographic reconstructions were performed for a 4D STEM dataset containing 400x400 scan
positions with a pixel step size of 0.0121 nm, using ptychoSTEM, anszpere MATLAB script

repository available on GitL&b?*11¢

42



The SAED experiments were performed on a JEOL ARM200F equipped with a colerfiedsion

gun and anmage G corrector (CetCOR, CEOS GmbH), operating at an acceleration voltage of

200 kV. A 20 em selected area aperture resul ti
for SAED pattern acquisition. The resulting SAED patterns were extensivelyasgduwlsing the

ReciPro software, as originally introduced by SsitaP%.

A Gatan heating holder of model No. 652 was used fdntséu heating experiments. This heating
holder is equipped with a doubtiét system and a hexring sample support mechanism. The setup
allows achieving temperatures of up to 1273 K, necessary for accurate and reliabdertgghature
experiments. Duringoth the heating and cooling experiments, temperature ramps were maintained
at a constant rate of 20min, ensuring controlled and gradual temperature changes to capture the

dynamic behavior of the material under investigation.
2.3 Results and discussion

2.3.1 Micr oscopic structural investigation of NaRuO,4 along theb-axis

The RT phase of NaRQ; crystallizes in a monoclinic structure within the space gi@up2/a,

with the lattice parametess= 9.273(6)A, b = 5.643(3)A, andc = 11.17(7)A. Its crystal structue

is distinctive, particularly along the crystallographiaxis. In the plane perpendicular to this axis,
spatial voids are formed by edgkaring double Rugoctahedra, which are interconnected with
neighboring chaingia corner oxygen atoms. Along theaxis, these double chains form a two
legged zigzag ladder, creating a hollohannel geometry, a feature commonly observed in various
CaFeOs-type latticed%2%, These pseudtiiangular channels accommodate the alkali ions, making
the material promising fo applications in Naon batteries and other ion transpbased
technologied®. Figure 8(a) shows simultaneously acquired HAADF and ABF STEM images,

revealing the atomic structure along the [010] zone axis.

Although the elongated rod shape of the crystals typically restricts access to this zone axis for drop
cast samples, ultramicrotorinased TEM sample preparation allowed for imaging of the channel
structure along thé-axis. The HAADF and ABF STEM imagesgwide twedimensional (2D)
projection images of atomic column positions with-suigistrom resolutid While the HAADF

image primarily emphasizes the heavier Ru atoms by collectingalnigé scattered electrons, the

ABF image distinctly reveals sodium ions situated in the central cavity of addeornessharing

RuQs octahedra. This distinction is due to the fact that only-dmgle scattered electrons are
detected, allowing the imagind bighter ionic specie$®’. The superposition with the structural

model shows a high degree afreement. In addition, EELS elemental maps were obtained from
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the same sample area, and the isolation of signals from characteristiclessrggiges (Na K, Ru
Ms,4, and O K), shown ifrigure8(b), confirms the elemental distribution within the structure.

o
)x.
5

R
4%
1
I'_.

LG4

Qo 0o
Na Ru3* Ru**0

byt e %y

» -
R
& 0%

LR B thad

L gtet)
TR L

Figure 8. Representation of the hollow channel geometry of RT Ma@Ralong the crystallographib-axis. (a)
Simultaneously acquired HXDF and ABF STEM images showing the tunnel structure. The inset shows the atomic
arrangement, with the structural model superimposed. The ABF image shows the presericiormd Mathe central

cavity of the edgeand cornessharing Ru® octahedra. (b) EER elemental mapping over the identical sample area
confirms the elemental distribution, as the atomic positions match their corresponding positions in the structural model
(shown with white overlay). Due to the projection of alternating*Rund Rd* atomic columns along thb-axis, they

cannot be distinguished from the EELS signal. Reprinted under the terms eB¥ @&@nse.© 2025 The authot&.

To provide a more comprehensive overview of the unique structure of:@aMigure 9 shavs

RT STEM HAADF images along different zone axes, directly accessible frorcdsiiNaRu®@
crystals on lacey carbon TEM support grids. The HAABPFEM images reveal the heavy Ru
columns (overlaid for each orientation), and since the structure involviagdN@ columns is more
complex, for clarity, a structural model is displayed alongside each image to illustrate the Na and

O columns along the respective axes.
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the heavy Ru atomic columns, while the Na and O columns are not visible. Each image is overlaid with the structural
Due to the unusual tunnel structure of Na®awith edge and cornessharing Ru@octahedra, the
material exhibits intriguing bulklectronic properties. Since the electron or hole scattering plays an
important role in metallic NaRQ@a, the transport properties become crucial to understand the origin
the electrical resistivityy of a single crystal of NaRQ@s; in the temperature range of

Figure9. HAADF STEM images of RT NaR@4 along various zone axes. The HAADF images show contrast only for

are displayed on the right of each STEM image. Reprinted under the terms €% [@@nse.© 2025 The authot&.
of the unconventional lattice distortion observed at elevated tempet&turagure 10(a) shows

2.3.2 Electronic transport measurements

model along the respective zone axis



300K OT O590K for both heating and cooling cycles. The experiment reveals that the system
remains metallic with a resistiviiy the order of a fev® ¥cm throughout the entire temperature
range. Notably, a hysteresis in electrical resistivity was observed in the heating and cooling cycles,
indicating a firstorder phase transition & = 535K.

160 o (b)

b
150 - I ] E Pnma
NaRuZO4 cooling/r T = 535K -~ — e - )
140 + : ¢ 1 ¢ \ \ () 09 & b-axis

single-crystal

(a

~—

130 - i { heating | Ru35+  Ru3S+

p(Q-cm)

120
110

[

:
0] P112,/a

100 + s

I

I

I

I

— e S S /\ b-axis

90+ Ru‘“\”/ Ru3*
80 1 1 1 1 1
300 350 400 450 500 550 600

T(K)

Figure 10. Temperaturelependent resistivity foNaRwO4 in both heating and cooling modes between 590 K and
300K™1, The resistivity hysteresis, associated with a-firsier phase transition, is indicated by the dotted line, the critical
transition temperature @kt = 535 Kis highlighted by the vertical, black dashed li.Onedimensional (1D) Ru chain
along theb-axis tunnel structure. Abovk, all atoms are equally spaced with the lattice congtar2.82(15)A and the
space groufPnma Below T, the periodicity doubles tob2= 5.643(3)A with a symmetrybreaking transition to the
P112/a space group and the ARu bonds are shortened, as shown in the lower chain. This process leafisRofRu
dimerization along thb-axis. The physical consequence of such 1D electronic behavior isefiekd as a Peieriype

phase transition in condensethtter physics and leads to the formation of Ru dimers, highlighted in gray at the bottom.
Reprinted under the terms of a @Y license.© 2025 The authot&.

According to the preceding study, tle= (0, Y2, 0) superlattice reflections persist up to a
temperature ofc = 535K!%L, Beyond this temperature, the superlattice peaks uodaggificant
suppression. In the HT phase, the two independent Ru siteanRuURu, are equidistant with an
interatomic distance of 2.82(15) A. Upon cooling the material, the transition from orthorhombic
Pnmato monoclinicP112/a, along with dimerizatin in the Ru chains, results in a doubling of the
unit cell along thé-direction, according to the model showrFigure10(b). Simultaneously, the

Ru sites becomenequivalent (Rug and Ruag). Yogi et al. employed the bond valence sum
(BVS) method and density functional theory with the local spin density approximation (LSDA and
LSDA+U) to elucidate the charge pattern for the LT crystal pfialsethe HT phase, all Ru ions
exist in the average 3.5+ valence state, whereas in the LT phase, a distinction befivéRmRu

and Rua) and Rd* (Ruig and Ruyg) states emerges. Consequently, in addition to bond order; a site

centered CO is also present in the metallic system at RT.
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It is possible to study valence changes or different valences of atoms by EELS. However, the Ru
Mssedges, used for EELS elementapping inFigure8, do not exhibit suitable "white lines" for
valence state analysis. The Ri,EELS edges, located at high energy losses 2838 eV and &

= 2967 eV), would provide suitable white lines for valence state determiffatiomfortunately,
achieving a sufficient signab-noise réio at these energy losses with the available microscope
setup requires an electron dose that exceeds
These edges could be accessed with newer counting detectors featuring low noise flodrasas wel
microscopes and spectrometers optimized for-eiggrgy lossé$*21%, In addition, stripescanning
techniques could be employed to fractionate the dose across multiyphensolfollowed by post

acquisition summaticte.
2.3.3 In-situ heating experiments

In-situ heating STEM exgriments were conducted to examine the reversible structural
transformation of NaR«Ds. The sample was gradually heated to temperatures slightly above the
expected transition point and subsequently cooled back to room temperature. Since significant
structual degradation was observed beyond 600 K, higher temperatures were avoided. HAADF
STEM images, acquired along the [100] zone axis, are showigime 11. The correponding

Fourier transform amplitudes, shown in the insets, reveal Bragg peaks associated with the
crystalline lattice. The iplane wave vector amplitude of q = % reciprocal lattice units, observed
for the superlattice peaks, indicates the emergencewbfaltl superstructure. Importantly, the
commensuratg = (0, %2, 0) superlattice peaks, which are characteristic of dimerization, vanish in

the HT phase and reappear upon cooling to the LT phase.
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Figurell In-situatomicresoluton HAADF STEM images of NaR@®4 along the crystallographic [100] zone axis. The

insets show the Fourier transform of each image. For temperatures below the critical temperature of 535 K, the (0, ¥z, 0)
superlattice peaks are clearly visible (the regions Wiist-order superlattice peaks are outlined in green). Above the
critical temperature, the structure transforms to theRimaphase and the superlattice peaks disappear. Upon cooling

to room temperature, the peaks reappear and the structure transforms back t® iHi&lalphase. Adopted under the

terms of a CEBY license.© 2025 The authotg&.
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In addition,in-situ SAED imaging was performed on a [18ffjented single crystal to analyze the
temperaturedependent structural evolution. The SAED patternSigure 12 further validate the
displacive lattice modulations of the Ru sites at lower temperaturesndetad the observed
doubling of the unit cell. With increasing temperature, the intensity of the superlattice reflections
gradually diminishes until they vanish at the critical temperaiyrllowed by their reappearance
upon cooling. These observatianglicate an enhancement in bemdler strength and electronic
correlations well belowc. As an alternative to the SAED measurements conducted in this work,
advanced STEM diffraction techniques could offer further insights into the tempedapueadent
structural evolution. For instance, dimerization along the [010] direction could be probed from the
[100] or [101] zone axis through the emergence of a highder Laue zone, which provides 3D
structural information, as commonly observed in other modukatstgm&“21°, For microscopes
equipped with a 4D STEM detector and the capability to perform precession or nanobeam
diffraction, techniques such as 4D STEM nanobeam diffraction or 4D STEM precession diffraction
could be utilized to track the emergence dighppearance of [@2, 0] superlattice spots. These
approaches offer the advantage of reducing image distortions arising from instrument instabilities
while also minimizing electrebeam exposure duringp-situ experiments, providing a viable

alternativeto conventional SAEEC.
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Figure12. In-situ SAED of NaRuOs4, oriented along the [100] zone axis. (a) Temperature profile of the heating cycle.

(b) TEM image of the [100] oriented crystal before the start of the heating experiment. (c) TEM image of the [100]
oriental crystal after cooling back to RT. () SAED patterns taken at different temperatures (the areas witlofitst
superlattice peaks are outlined in green). Above the critical temperature, the superlattice peaks disappear and reappear
when the samplesicooled belowTc. The insets in (d), (h), and (I) show simulated SAED patterns for the respective
phases (LTP112/a phase for (d) and (b) and FHhmaphase for (h)). In addition, the TEM image in (c) and irregular

spots in the SAED patterns indicate sahegree of structural damage. Reprinted under the terms ofEYdiCense.©

2025 The authot&.
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The SAED measurements conducted in this study are sufficient to capture the structural
transformation and confirm the reversibility of the transition, which induces CDW modulations.
These modulations are attributed to the fdramaof distinct molecular R&-Ru** dimers. A
straightforward explanation of the apparent CDW modulations in p@&Rsigiven by the concept

of the orbitaldriven Peierldransition, which can open a gap at the Fermi level due to symmetry
breaking, as schematically showrFigure13(a)t®®. This interpretation suggests that the CDW state

arises due to electrgrhonon interactions within the Naj&y single crystal.

The RuRu dimerizatiorinduced lattice @dtortion modifies the energy band structure by creating a
gap at the Fermi surface, leading to a fingler phase transition. This transition is characterized by

a pronounced hysteresis and a slight decrease in conductivity exclusiVe|yétile belowthis
temperature, the material remains a good metallic conductor. The presence of a CDW order in the
metallic state of NaR®, is attributed to multorbital effects. Within the molecular orbital
framework, the dimer and diagonal bonds between dimerg #henzigzag ladder structure in the
b-direction give rise to Zype charge and bond order clusters, as illustratelignre 13(b).
However, the diagonal bond is nstirong enough to drive the system into an insulating state,
allowing it to retain metallic conductivity below!.

In addition, the lattice distortions accompanying dimerization can induce periodic modulations in
the electron density. This type of symmetry breaking aligns with a Raipdstransition, as
observedn in the NaRwOs single crystal. Typically, Peierls transitions emerge in 1D metallic
systems at low temperatures due to dimeriz&tfomhis study identifies a Peiettgpe transition in

a 3D solid with embedded 1D substructures. The crystal structure ob®agdhibits two key 1D
motives (1) 1D tunnels and (2) legs of qud$) zigzag laddergollectively form an intercamected

1D tunnel network within the lattic& his transition bears similarity to the Peigpe transition
reported in theK,CrsOs6 hollandite tunnel system, where dimerization occurs within four 2x2
octahedral 1D chimneybklowever, unlike KCrsO16, whee the transition drives the system from a
metallic to an insulating state, NafR4 remains metallic below the critical transition
temperatur&’. Furthermore, while Peierl$ransitions in 1D metals typically occur at low
temperatures, in NaRQ,, the transition is observed at elevated temperatures, with the ordered state
persisting at room temperatiite Given these distinct characteristics, the Petgps transition in

NaRuOsi s cl assified as Aanomal ouso.
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Figure13. (a) Schematic of a Peierls transition from HiE phase (left) to the LT phase (right), accompanied by the
opening of a gap in the electronic spectifd(K). The distance between lattice sites in the uniform chdin(ls) Unique
molecular orbitals formed by RURW* dimerization in the Zype chargeand bond order system. Reprinted under the
terms of a CEBY license.© 2025 The authot&’.

Figurel14(a) shows a temperature series of ateragolution HAADF STEM images of NaRDy

along the [100] direction, all captured from the sapgtan of interest. From RT up to 53 the

four independent Ru sites remain clearly distinguishable. However, beyond the critical transition
temperature at 573 K, this distinction is lost, and the unit cell size alorgdinection contracts

by ¥ due tahe disappearance of dimerization. Interestingly, the HAADF image obtained after

cooling the sample back to RT confirms the reversibility of the-firder transformation.

To correlate the STEM observations with the structural models of the two plséaglisked by

Yogi et al, the dimer bond length along theaxis was determined from the full fietdf-view

images inFigure 11 for each temperature. In the {H112/a phase, the dimers Rig and Ruags

remain distinguishable. The structural modelsFigure 14(b) emphasize the relevant lattice
spacings for each phase. Specificahe dimer and interdimer bond lengths for Ruare indicated

by solid arrows, with theoretical bond lengths of 2.6013 A and 3.0348 A, respectively. Notably, the
dimer bond length is significantly shorter than the actual rme¢aihl bond length for Re?. For the

Ruwa g dimer, the theoretical bond lengths of 2.6115 A and 3.0242 A for the dimer and interdimer,
respectively, are indicated by dashed arrows. As a result, a clear difference in the interatomic
distanced between adjacent RitRuig and Rua-Ruwe columns is expded due to the pronounced

dimerization.

Above the critical temperature, when dimerization disappears, the bond lengths of the dimer and
interdimer should converge to the theoretical equal valug&FE 2.82(15)A (shown by the blue

arrows inFigure14(b)). To quantify the interatomic distances from the full fiefdriew HAADF

images, atomic positions were determined using the 2D Gaussian fitting algorithm Afomap
Initially, the algorithm identifies the positions of all atomic columns of interest by locating the most
intense local features, separated by a minimum distance. It then refines these positions using the

center of mass within a circular region at the currentipaswhere the radius is set to 40 % of the
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nearestneighbor distance. For the refined positions, the algorithm fits the atomic columns with a
2D elliptical Gaussian functiéf?. The accuracy of the pedikding algorithm was evaluated using

a reference SrTigsample: From an HAADF STEM image, acquired with similar STEM imaging
conditions as the other measurements of this study, an average distdre@@d.7pm (dineo =
390.5pm) with a standard deviation f= 2.7 pm was calculated from the distances bet@@én
neighboring Sr columndrhis demonstrates picomedevel accuracy for the Atomap algorithm,

comparable to other algorithms based on 2D Gaussian fftf3tf2e.

The measured bond lengthsHigure 14(b) demonstrate that the experimental lattice spacings are
consistent with those of the structural models for both the HT and LT phasda-Situeheating
experiment confirms the presence of bond order and strong dimerization below the critical
temperature, which vanishes at temperatures alfeve NaRuO.. At temperatures above the
transition temperature, slight structural damage becomes evidengh uneven contrast across

the Ru columns in the atoraiesolution images ifrigure11l. These regions contain degradation
products that manifest as additional, guéar spots in the diffraction patterns showrrigure12.

Notably, no amorphous background is observed in the SAED patterns at elevated temperatures or
after the phse transition. This suggests that the structural damage results from the combined effects
of electronbeam irradiation and high temperatures. Similar sample degradation has been previously
reported by Yogiet al. in in-situ XRD measurements following pmiged irradiatiot™.
Additionally, it is well established that mtnuous electroibeam irradiation accelerates structural

degradatiof?’.
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Figure14. (a) In-situ atomicresolution HAADF STEM images of NaRDs along the crystallographic [100] zone axis

with the structural model superimposexnt £€ach temperature. (b) Display of the structural models for thB11IR/a

phase (RT to 523 K), which shows four independent Ru sites (dimggRad dimer Rens), and the HTPnmaphase

(573K), which shows two distinct Ru sites (Rand Ru). The daled black boxes indicate the respective unit cells. The
dimer bond length and interdimer bond length, elucidated as a function of temperature, were derived from the full field
of-view HAADF images irFigurell. The solid arrows in the structural model indicate the corresponding lattice spacings
for the Rua g dimer, while the dashed arrows indicate the lattice spacings within and between4hedRers. The

dotted Ines in the plots represent the theoretical values derived from the structural models. Reprinted under the terms of
a CGBY license © 2025 The authot&.

2.3.4 Periodic lattice displacement mapping

To further examine the local atomic displacements during the phase transition, PLD maps were
constructed by extracting displacement vectors for each atomic site from the HAADF images shown
in Figurel5. To do so, a reference lattice is essential for a comprehensive visualization of the atomic
displacement that leads to the doubling of the unit cell alongp-tieection. However, due to
temporal instability in the TEMasnple holder, thermal expansion of the sample during the heating

process, and resulting sample drift, it was not feasible to obtain precise images of the atomic
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structure at identical locations in both the HT and LT phases. Consequently, direct detenminati
of the local atomic displacement was not possible. Instead, to visualize the displacement during
dimerization, a synthetic HT phase was derived from the LT data following an approach similar to
that used by Savitzkgt af°. A reference HT image was created by removing all satellitespeak
from the Fourier transform of the HAADF images of the LT phase. The superlattice peaks were
damped to the background level in the amplitude of the Fourier transform while preserving the
phase. An inverse Fourier transform was then applied to generagéettemce lattice, which lacked

any components associated with g = % reciprocal lattice units.

Following this approach the atomic positions from HAADF images of the LT phase were calculated
using Gaussian peak fittif\d. The difference between the fitted atowsjtions of the reference

lattice and the LT phase was used to produce the PLD maps, shown at the bdttgoreaf5.
However, it should be noted that while the refare lattice effectively removes superlattice
reflections, it does not accurately represent the HT phase, as other factors, such as thermal
expansion, were not considered. PLD maps were extracted for two different crystallographic zone
axes, providing clgaobservation of the dimerization along thx@xis. The displacement pattern
reveals the shortening of thefRw column distance within a dimer, accompanied by the elongation

of the interdimer RtRu distance.
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Figurel5. Visualization of picometescale periodic lattice displacements of Ru sites in N@Rariented along the (a)

[100] and (b) [101] zone axes. At the top, the HAADF images show the origirRILLLZ/a phase. In the middle are the
synthetic HFPnmaimages derived frm the original LT phaseia Fourier processing. At the bottom, the arrows in the

PLD maps indicate the ionic displacement, calculated as the difference in atomic positions between the (synthetic) HT
and LT phases. The arrows indicate the displacementcat aamic lattice site, with their length representing the
displacement amplitude and their color representing the polarization vector angle (the direction of the displacement).
Adopted under the terms of a @Y license.© 2025 The authot&.

Figure 16 further illustrates the HAADF images usedHRigure 15, with an overlay of the fitted
atomic column positions and the difference image between Thand LT phases for both zone
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axes. The enlarged insets kigure 16 demonstrate the picometer precision achieved by the

Gaussian peak fitting algoritHii

Figure16. Gaussian peak fitting of Ru atomic columns along the (a) [100] and (b) [101] zone axis. The HAADF images
at the top show the original LFP112/a phase from which the synthetic FFhmaimages shown in the middle were
derived by Farier processing. The insets demonstrate the accurate peak positioning of the Atomap Atgditiam
difference images at the bottom were calculated from the synthetic HT and the original LT phases and tkuas repres
relevant lattice modulations for the two zone axes. Adopted under the terms eB¥ [@8nse.© 2025 The authot&.

57































































































































































