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It is well established that electron irradiation during (scanning) transmission electron
microscopy imaging can influence the structure of the studied sample due to elastic and
inelastic scattering [1]. While the first of these, which dominates for conductive materials, is
fairly well understood, the role of excitations arising from inelastic scattering remains under
active research [2-5]. At the same time, the equally important role of the residual vacuum in
the microscope is often completely neglected. Indeed, [6,7], it has an influence already at fairly
low pressures (107 mbar) on carbon structures without ideal sp? bonding (hydrocarbon
contamination, defects and pores in graphene) where the partial pressure of oxygen can even
determine the observed termination of a graphene edge. In the case of more oxygen-sensitive
materials such as MoTe;, the presence of oxygen in the column significantly accelerates the
beam-induced damage even for the pristine material [8], whereas structurally similar but
chemically more inert MoS; remains unaffected. As will be shown here, controlling residual
oxygen partial pressure in the microscope allows also determining the shape of pores created
into hBN during imaging, where pores created under ultra-high vacuum show no clear edge-
termination preference, but under a low-pressure oxygen atmosphere nitrogen-terminated
triangle-shaped pores are dominant [9]. Interestingly, similar experiments under a methane
atmosphere lead to triangle-shaped pores with the opposite orientation, as well as to carbon-
containing inclusions in the otherwise pristine material [10].
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Fig. 1: Pores created into hBN Fig. 2: A triangular pore created into hBN under a
during imaging in (top) ultra-high methane atmosphere. (a) HAADF, (b) filtered HAADF,
vacuum and (bottom) under O,. and (c) single-sideband reconstruction images.
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Traditionally, the transmission electron microscope (TEM) is often considered as a sample
characterization tool for tasks such as imaging the sample, measuring atomic positions and
determining atom types. However, this application-centered approach neglects that, on a
fundamental level, the TEM in fact realizes an experimental setup for a quantum-mechanical
scattering experiment: the condenser lens system prepares the probe electron’s state
according to the experimenters’ specifications, then the probe electron interacts with the
specimen, and finally the outgoing probe electron’s state is measured (e.g., its spatial,
momentum, or energy distribution).

In this presentation, | will explore some of the quantum mechanical phenomena that can occur
in the different parts of the TEM. Before and after the sample area, one is free to manipulate
the quantum state of the probe itself, e.g. using beam shaping to create specific states such
as vortex beams [2]. On the one hand, this allows to directly study and experiment with
electron states, such as free-electron Landau states [4]. On the other hand, this paves the
way of transforming one state into another to optimize measurements [2,3].

Regarding the sample, one usually has no means of determining its local quantum state on a
nanometer scale before or after the interaction with the beam electron (after all, gaining
information about the sample is the very point of investigating it in the TEM). In effect, this
means that we are dealing with the interaction between a specifically prepared quantum
system (of the beam electron) with a largely undetermined quantum system (of the sample).
On a practical level, | will review ways of determining properties of the quantum system of the
sample, such as the spatial distribution or spin information of individual states [4,5]. On a more
fundamental level, | will discuss the fact that the interaction between quantum systems gives
rise to entanglement, which has been largely neglected thus far [6].

Both the probe beam and the sample are inherently quantum mechanical objects. Fully
embracing that fact may not only provide new insights into the underlying physics governing
them as well as their interaction, it can also pave the way for new, optimized measurement
schemes in the future.
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This presentation highlights the importance of environmental in-situ electron microscopy for
heterogeneous catalysis, emphasizing its ability to directly visualize atomic-scale structural
and compositional dynamics under realistic reaction conditions. Recent microstructural
insights obtained using an environmental Hitachi HF 5000 scanning transmission electron
microscope are presented for complementary catalyst systems, illustrating the effects of
reactive atmospheres, redox conditions, nanoparticle exsolution, and metal-support
interactions on nanoscale catalysts.

The first example examines intermetallic ZnPd nanoparticles supported on ZnO during
formation (Figure 1) and methanol steam reforming [1,2]. In-situ exposure to methanol-,
water-, and hydrogen-containing atmospheres induces pronounced morphological and
compositional changes, including nanoparticle faceting and local Zn enrichment. Under
reaction conditions, ZnO decomposition and the formation of ZnO surface patches on specific
ZnPd facets are directly observed, revealing dynamic restructuring driven by catalytic
environments. The second example focuses on PiNi alloy fuel-cell catalyst nanoparticles,
demonstrating how reductive hydrogen heat treatment influences structure, activity, and
stability for the oxygen reduction reaction. Atomic-scale in-situ observations directly reveal the
formation of a thermodynamically stabilized Pt-rich surface skin [3]. Further examples address
Ni exsolution in LaNiO; and Ni-doped SrTiO; perovskites [4,5]. Distinct environment-
dependent pathways, including Ni exsolution, migration, oxidation, sintering, Ostwald ripening,
and redissolution, are observed employing secondary electron imaging. In Ni-doped SrTiOs,
two Ni nanoparticle populations with markedly different metal—support interactions and
coarsening behavior are identified, providing critical mechanistic insight into the stability limits
of exsolution-active catalysts.

Fig. 1: In-situ DF-STEM image series illustrating reactive metal support interaction and the
formation of a ZnPd nanoparticle on ZnO support during reduction in a hydrogen
atmosphere (the time in minutes after hydrogen insertion is indicated).
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Aberration corrected scanning transmission electron microscopy (STEM) combined with
electron energy-loss spectroscopy (EELS) and in situ capabilities have brought sub-Angstrom
electron beams into visualization and quantification with high accuracy of atomistic
phenomena at work. Energy can be transferred into exciting many different degrees of
freedom so dynamics, kinetics and other dimensions can be explored at the flick of a switch.
This talk will review several examples regarding how high resolution in situ STEM techniques
(including imaging, spectroscopy or diffraction) can be used to map elusive physical
phenomena in functional materials. Examples will include in the first place the mapping of
exotic electronic phenomena in nanomaterials for spintronics. Cu nanowires with very low Bi
doping levels are very interesting systems due to the giant spin Hall effect reported in bulk,
associated with the presence of the high spin orbit coupling Bi species. In situ electric current
injection through the wires reveals the presence of an orbital Hall effect (OHE) which can be
spatially mapped using energy-loss magnetic chiral dichroism (EMCD) spectroscopic
techniques. The change of sign in the dichroic signal measured on the nanowire surface upon
inversion of electric current exhibits promising fingerprints of OHE derived orbital accumulation
within length scales of 2-3 nm. Another example can be found in studies of the magnetic
properties of complex oxide ferromagnetic Lao7Sro3sMnOs / insulating SrTiOs interfaces. In
these systems, an externally applied electric field may provide a knob to tune the amount of
O vacancies at the interface, thus changing the local magnetic properties which can be
mapped in situ. On a different front, in situ 4D-STEM under bias provides the means for atomic
resolution characterization of polarization switching phenomena in ferroelectric
heterostructures, which may also be affected by local defects. However, noise hampers such
measurements, so interpretation relies on a multidisciplinary approach involving advanced
characterization, modelling and analysis of the large experimental datasets. Attempts to
establish on-the-fly, real time quantification tools that can help with the decision making
process on-the-fly will be discussed.
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In ptychography, partial coherence effects are commonly accounted for with the so-called
mixed-state method, relying on the propagation of 10 to 20 different probes, each to be
retrieved along with the object by estimating their respective phase plates. We derived
analytical corrections to the coherent diffraction pattern (DP) that follow directly from the
incoherent source size and chromatic aberration coefficient, thereby bypassing the need for
additional phase plate estimation. It is then straightforward for a derivative-based
ptychography algorithm [1,2] to include these terms in the reconstruction process through
auto-differentiation. If source size or chromatic aberration coefficient are not known, they can
be estimated, and the optimization effort is then reduced to just two extra parameters, resulting
in a more robust estimation problem.

The derivation relies on a Taylor expansion of the impinging wavefunction in the probe
positions and the defocus, and holds for thick samples. Retaining terms up to second order
results in three correction terms for spatial and two for temporal partial coherence. In Figs. 1.
and 2., we present results from simulations of a 15 nm thick amorphous alloy, with five slices
in the multislice algorithm, an acceleration voltage of 200 kV, a convergence semi-angle of 20
mrad, and an incoherent source size of 15 pm.
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Fig. 1: Our expression (Approx. DP) closely Fig. 2: Relative error w.r.t. the incoherent DP
resembles the incoherent DP. The relative as a function of the incoherent source size
errors of Coherent and Approx. w.r.t. the relative to the diffraction limited probe size.
incoherent DP are 26% and 5.9%, resp.
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Ultrawide-bandgap semiconductors (UWBS), such as cubic diamond and boron nitride, and
the wurtzitic Al(GaB)N alloys, should be ideal for high temperature and high power electronic
devices, especially applications involving high currents and high breakdown fields. However,
the fabrication of devices based on these materials remains challenging. Lattice mismatch
with viable substrates invariably results in interfacial misfit dislocations and threading defects
during epitaxial growth. Moreover, controlled doping, essential for device applications, is
difficult to achieve. This talk will describe some of our recent collaborative studies of UWBS
materials and heterostructures where electron microscopy techniques played a valuable role
in enabling significant progress to be made in resolving these critical growth issues.

Cubic boron nitride (ap = 0.3615nm) and cubic diamond (ap = 0.3567nm) are closely lattice-
mismatched, but the ready formation of BN allotropes, especially the sp?-bonded
rhombohedral (r-BN), hexagonal (h-BN) and turbostratic (--BN) phases, proved to be a
persistent problem in the growth of c-BN/diamond heterostructures until optimal growth
conditions were established [1, 2]. The differences in phase and interfacial structure across
BN/diamond heterointerfaces was shown to cause a threefold difference in interfacial thermal
conductance, which could prove to be a key factor in practical applications requiring heat
dissipation at high current densities [3]. Ultrathin barrier AIBN/GaN high electron mobility
transistors with highly promising device performance were fabricated [4], but attempts to grow
thicker AIBN layers on nitrided sapphire substrates with B concentrations as high as 15%
resulted in considerable degradation of structural quality [5]. Other examples to be described
include epitaxial c-BN films grown on nitrogen-plasma-terminated B-doped diamond where a
dramatic shift in the conduction band offset between the two materials was measured [6].
‘Lossless’ phonon transitions through GaN-diamond and Si-diamond interfaces were achieved
using thin interlayers of amorphous silicon dioxide and amorphous SiC [7].
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