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Visualizing complex electronic states in van der Waals
materials

P. Liljeroth1

1Department of Applied Physics, Aalto University, PO Box 15100, 00076 Aalto, Finland
Conventional materials hosting exotic quantum phases typically have complexatomic structures, inhomogeneities from defects, impurities, and dopants makingit difficult to rationally engineer their electronic properties. This can be over-come using van der Waals (vdW) materials and their heterostructures that allowan almost arbitrary selection of the heterostructure building blocks. In a vdWheterostructure, proximity effects cause properties to “leak” between the adja-cent layers and allow creating exotic quantum mechanical phases that arise fromthe interactions between the layers. These key features have recently made itpossible to realize exotic quantum phases by design and engineer responsesthat do not readily occur in natural materials.I will highlight these conceptsthrough our recent results on monolayer multiferroic materials and vdW het-erostructures realizing artificial heavy fermion states [1-4]. In general, theseexamples highlight the versatility of vdW heterostructures in realizing quantumstates that are difficult to find and control in naturally occurring materials.
[1] M. Amini, A.O. Fumega, H. González-Herrero, V. Vaňo, S. Kezilebieke, J.L. Lado, P. Liljeroth,

Adv. Mater. 36, 2311342 (2024).
[2] S.C. Ganguli, M. Aapro, S. Kezilebieke, M. Amini, J.L. Lado, P. Liljeroth, Nano Lett. 23, 3412(2023).
[3] V. Vaňo, M. Amini, S. C. Ganguli, G. Chen, J.L. Lado, S. Kezilebieke, P. Liljeroth, Nature 599,582 (2021).
[4] X. Huang, J. Sainio, J.L. Lado, P. Liljeroth, S.C. Ganguli, arXiv 2401.08296 (2024).
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Unraveling Strain and Deformation in Two-Dimensional
Materials via Multi-dimensional Electron Microscopy

Y. Han1

1Department of Materials Science and NanoEngineering, Rice University
Two-dimensional (2D) materials and their heterostructures have emerged as keycomponents for innovative applications and exhibit unique properties distinctfrom bulk materials. Understanding the behavior of strain and deformation in2D materials is crucial for their potential device applications and offers valuableinsights into precisely engineering nano-scale strain in these layered materials.Utilizing nanobeam four-dimensional scanning transmission electron microscopy(4D-STEM), here, we introduce novel approaches to investigate both in-planeand out-of-plane strain and deformation in 2D materials. Our findings reveala new mechanism of strain relaxation in 2D materials through the formation ofout-of-plane ripples. Additionally, we uncover how 2D materials employ long-range lattice rotation and confined nanoscale uniaxial strain to compensate forlattice mismatch, and we elucidate different stacking orders in van der Waalsheterostructures mediated by interlayer strain effects.
[1] C. Shi, Nature Communications 14, 7168 (2023).
[2] Y. Han, Nature Materials 17, 129-133 (2018).
[3] Y. Han, Nano Letters 18, 3746-3751 (2018).
[4] S. Xie, Science 359, 1131-1136 (2018).
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2D materials as host for single-atom impurities, metal
nanostructures and van der Waals materials

J. Kotakoski1
1University of Vienna
Graphene—the one-atom-thick sheet of carbon—is the most famous of 2D ma-terials due to its unique electronic properties and mechanical strength. How-ever, its chemical inertness makes graphene also an excellent nearly electron-transparent support for other materials and nanostructures. In this presentation,I will give an overview of our recent work enabled by a unique interconnectedvacuum system [1] containing an aberration-corrected scanning transmissionelectron microscope Nion UltraSTEM 100 with a unique objective area that al-lows sample cleaning via laser, in situ chemical experiments, and direct vacuumtransfer to an atomic force microscope, to-and-from an argon glove box, targetchamber with a plasma ion source and evaporators, and long term vacuum sam-ple storage.In brief, I will demonstrate that defect-engineering of graphene [2](and hBN) enables its substitutional heteroatom doping [3] and growth of nan-oclusters, as well as the direct correlation of its atomic structure and mechanicalproperties. I will also show that the chemical environment inside a microscopeplays an important role in observed structural changes [4]. I will further showthat graphene can be used as a support for the growth metal islands [5,6]. Fi-nally, I will provide examples of otherwise unstable structures being stabilizedin the van der Waals gap between two graphene sheets, including small 2Dnoble gas clusters [7].
[1] Mangler et al., Microsc. Microanal. 28S1, 2940 (2022).
[2] Trentino et al., Nano Lett. 21, 5179 (2021).
[3] Trentino et al., 2D Mater. 9, 025011 (2022).
[4] Leuthner et al., 2D Mater. 8, 035023 (2021).
[5] Zagler et al., 2D Mater. 7, 045017 (2020).
[6] Zagler et al., 2D Mater. 10, 045025 (2023).
[7] Längle et al., Nat. Mater. 10.1038/s41563-023-01780-1 (2024).
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Confining correlated states in single-layer MoS2

W. Jolie1
1II. Physikalisches Institut, University of Cologne, Germany
Electrons are prone to strong correlations when confined into one-dimensional(1D) or 0D cavities. Many exotic ground states can emerge, depending onthe type of interactions. Examples are Peierls transitions, Tomonaga-Luttingerliquids, Jahn-Teller distortions, or Anderson impurities.An ideal experimentaltestbed for the observation of correlated electronic behaviour is found in 0Dvacancies and 1D mirror twin boundaries (MTBs) of the two-dimensional ma-terial MoS2. Both types of defects function as structurally perfect cavities,are only weakly coupled to the environment and accessible to spatially re-solved spectroscopic investigations using scanning tunnelling microscopy.In mytalk I will show that the confined quasiparticles within vacancies undergo aJahn-Teller transition when charged by a single electron [1]. In addition, I willdescribe the correlated properties of confined states within 1D MTBs, in whichwe observed a Kondo resonance when the highest occupied state is filled by asingle electron [2]. The unique construction of our Kondo system enables us totest the predictive power of the Anderson impurity model, which is the basis ofour microscopic understanding of Kondo physics.
[1] Jansen et al., submitted arXiv:2401.09931v1 (2024).
[2] van Efferen et al., Nat. Phys. 20, 82-87 (2024).
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Direct Quantifying Charge Transfer by 4D-STEM: A Study on
Perfect and Defective Hexagonal Boron Nitride

A. Zobelli 1 L. Susana1 M. Tencé 1 A. Raji 1 A. Gloter 1

1Laboratoire de Physique des Solides, Université Paris-Saclay, CNRS, France
The charge density distribution, which fully defines the ground-state propertiesof a material system, can be accurately measured in single crystals using X-raydiffraction. However, there is still a lack of experimental techniques capable ofmeasuring charge density redistribution in defective or heterogeneous crystalsat the relevant atomic scale with the required precision. While this informationcan be effectively evaluated by modern numerical methods such as DFT, thesetheoretical predictions still require experimental validations. In recent years,four-dimensional scanning transmission electron microscopy (4D-STEM) hasemerged as an attractive approach to achieve this goal. In principle, the tech-nique can simultaneously provide precise structural determinations and capturedetails of local electric fields and charge densities. However, accurate extrac-tion of quantitative data at the atomic scale is challenging, mainly due to probepropagation and size-related effects, which may even lead to misinterpretationsof qualitative effects. Here we discuss the ultimate capabilities of 4D-STEMthrough a comprehensive study of pristine and defective h-BN flakes. Througha combination of experiments and first-principle simulations, we demonstratethat while precise charge quantification at individual atomic sites is hinderedby probe effects, 4D-STEM can directly measure charge transfer phenomenawith sensitivity down to a few tenths of an electron and a spatial resolutionon the order of a few angstroms. In the last section, we will show examples of4D-STEM in oxide films, whose thicknesses prevent any direct comparison withDFT volumetric data, but where oxygen vacancies [2] or interface reconstruction[3] can still be retrieved.
[1] L. Susana, A. Gloter, M. Tencé, A. Zobelli, ACS Nano 18 , 7424 (2024).
[2] Aravind Raji et al.„ Small 19, 230487 (2023).
[3] Jia et al., , Advanced Materials Interfaces 10, 2202165 (2023).
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Swift Chemical Etching of 2D Materials under Electron Beam
in Transmission Electron Microscope

M. Jain1 S. Kretschmer1 J. Meyer2 A. Krasheninnikov1
1Institute of Ion Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-Rossendorf,Bautzner Landstraße 400, 01328 Dresden, Germany
2Institute for Applied Physics, University of Tübingen, Auf der Morgenstelle 10, 72076 Tübingen,Germany
The interaction of energetic electrons with the specimen during imaging ina transmission electron microscope (TEM) can give rise to the formation ofdefects or even complete destruction of the sample. This is particularly rele-vant to atomically thin two-dimensional (2D) materials. Depending on electronenergy and material type, different mechanisms such as knock-on (ballistic)damage, inelastic interactions including ionization and excitations, as well asbeam-mediated chemical etching can govern defect production. Using first-principles calculations combined with the McKinley-Feshbach formalism, weinvestigate damage creation in two representative 2D materials, MoS2 andhexagonal boron nitride (hBN) with adsorbed single adatoms (H, C, N, O, etc.),which can originate from molecules always present in the TEM column. Weassess the ballistic displacement threshold energies T for the host atoms in 2Dmaterials when adatoms are present and demonstrate that T can be reduced, aschemical bonds are locally weakened due to the formation of new bonds withthe adatom. We further calculate the partial and total cross sections for atomdisplacement from MoS2 and hBN, compare our results to the available exper-imental data, and conclude that adatoms should play a role in damage creationin MoS2 and hBN sheets at electron energies below the knock-on thresholdof the pristine system, thus mediating the formation of electron beam-induceddamage. As chemical interactions of the host material with adatoms are in-volved, and because defects form under the beam on a sub-picosecond timescale, we call this channel for defect production swift chemical etching. Tu
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Identifying and Probing Atomic Defects in 2D Semiconductors
by Scanning Probe Microscopy

L. Huberich1 J. Allerbeck1 L. Bobzien1 E. Ammerman1 O. Gröning1 R. Hennig2D. Qiu3 J. Robinson4 B. Schuler1
1Empa, Swiss Federal Laboratories for Materials Science and Technology, Dübendorf,Switzerland
2Department of Materials Science and Engineering, University of Florida, USA
3Department of Mechanical Engineering and Materials Science, Yale University, USA
4Department of Materials Science and Engineering, The Pennsylvania State University,University Park, USA
Two-dimensional (2D) semiconductors provide an exciting platform to engineeratomic quantum systems in a robust, yet tunable solid-state system. In thistalk, I will present our efforts to un-ravel the interesting physics behind singlevacancies and dopant atoms in transition metal dichal-cogenide (TMD) mono-and multilayers by means of high-resolution scanning probe microscopy [1-6].I will highlight how to generate atomic defects by different means, and howto identify them based on their characteristic scanning tunneling spectroscopy(STS) fingerprint and density functional theory modelling. Our recent studieson transition metal doped TMDs such as (n-type) Re-doped MoS2 and (p-type)V-doped WSe2 reveals the significance of the charge state in the spectroscopicsigna-ture of these defects. By substrate chemical gating, we can stabilizethree charge states of ReMo, where two of the charge states exhibit symmetrybroken electronic orbitals and a distorted atomic configuration that we assignto a pseudo Jahn-Teller effect [7]. Negatively charged V dopants and dopantpairs in WSe2 exhibit a series of occupied p-type defect states above the va-lence band edge, accompanied by an intriguing electronic fine-structure that weattribute to many-body electron interactions [8].Lastly, I will provide an outlookon our ongoing developments of ultrafast lightwave-driven scanning tunnelingmicroscopy using single-cycle THz pulses to measure the sub-picosecond timedynamics at atomic spatial resolution [9].
[1] B. Schuler et al., Phys. Rev. Lett. 123, 076801 (2019).
[2] B. Schuler et al., ACS Nano 12, 10520 (2019).
[3] S. Barja et al., Nat. Commun. 10, 3382 (2019).
[4] B. Schuler et al., Sci. Adv. 6, eabb5988 (2020).
[5] K. Cochrane et al., Nat. Commun. 12, 7287 (2021).
[6] E. Mitterreiter et al., Nat. Commun. 12, 3822 (2021).
[7] F. Xiang*, L. Huberich* et al., Nat. Commun. , (2024).
[8] S. Stolz et al., ACS Nano 17, 23422 (2024).
[9] J. Allerbeck et al., ACS Photonics 10, 3888 (2023).
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Imaging Dynamic Motion of Atomic Species at Solid Liquid
Interfaces

S. J. Haigh1 N. Clark1 S. Sullivan-Allsop1 M. Lindley1 R. Zhang1 Y. Zou1R. Gorbachev1
1University of Manchester, National Graphene Institute, Manchester, M13 9PL, UK
Atomic structure of surfaces and interfaces is key to the performance of 2D mate-rials and their heterostructures including for exploring new optoelectronic phe-nomena and quantum behavior. The mobility of atomic species on 2D materialsdetermines their functionality for applications such as electrodes, membranesand catalysts. We report the use of scanning transmission electron microscopy(STEM) techniques for analysing the local atomic structure of 2D materials.We have investigated transition metal dichalcogenide (TMD) heterostructureswhen combined at small twist angle, to reveal unusual lattice reconstructionand strong piezoelectric textures [1], which can be engineered by the applica-tion of applied field in the electron microscope [2]. Complementing imaging withscanning local diffraction analysis (4D STEM) and elemental mapping by en-ergy dispersive x-ray spectroscopy (EDS) allows further investigation of largerscale atomic structure variations in 2D materials, including local variability inintercalated TMD structures and how this evolves during deintercalation as afunction of time and annealing temperature [3]. Additionally, I will discuss theuse of 2D heterostructure liquid cells [4] for uncovering the dynamics of atomicspecies on the surfaces of 2D materials [5] where advanced image processingis being applied to allow quantitative understanding of atomic behaviour withstatistically significant data sets of >100000 individual STEM measurements.
[1] A. Weston et al, Nature Nanotechnology 15, 592 (2020).
[2] A. Weston et al, Nature Nanotechnology 17, 390 (2022).
[3] S. Shao et al, Advanced Functional Materials 33, 2214390 (2023).
[4] D. Kelly et al, Advanced Materials 33, 2100668 (2021).
[5] N. Clark et al, Nature 609, 942 (2022).
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Ab initio vibrational properties of defected and disordered
systems

M. Lazzeri1 G. Radtke1
1Sorbonne Université, CNRS (UMR 7590), IMPMC, Paris, France
The recent advances in scanning tunneling electron microscopy (STEM) instru-mentation, bringing the energy resolution of electron energy loss spectroscopydown to the sub-10 meV regime while maintaining atomic resolution, has openeda new field of research focused on the local investigation of atomic vibrations insystems, ranging from interfaces [1] to point [2] or extended defects [3]. Given theintrinsically long-range nature of vibrational modes, the proper modelisation ofthese newly available experimental results involves structures with a very largenumber of atoms, making the direct use of the available first-principles ap-proaches rather impractical. Indeed, ab-initio description of phonon scatteringfrom defects, even of the most elementary kind (point defects such as vacanciesor substitutional defects) is sporadic, if not entirely lacking. This situation canbe overcome starting from the observation that the change of the interatomicforce constants (IFCs) induced by a structural or chemical defect is, in most ofthe cases, very well localised. This idea is at the core of the approach thatwe implemented in [2]: first, the IFCs of a relatively small system (hundredsof atoms) are calculated fully ab-initio (density functional theory); then, theseIFCs are assembled with those of the "undefected" crystal to build the dynamicalmatrix of a more realistic system (several thousands of atoms). This strategypreserves the accuracy of ab initio techniques providing a direct access to thedelocalised nature of the vibrational modes. In [2], this approach allowed usto determine the quasi-localised nature of the vibrations of a Si substitutionaldefect in graphene and explain STEM observations.The same approach can beused to study even more complex systems, such as the interface between anhexagonal SiC substrate and a few-layer-thick epitaxially-grown graphene (asystem considered nowadays of technological interest [4]). In particular, I willpresent a detailed study of the vibrations occurring in the first graphitic layer(buffer layer) which is directly interacting with the silicon-terminated surfaceof the substrate, showing that, with about a quarter of carbon atoms covalentlybound to the substrate, the buffer layer can be considered as a prototypicalmodel for local chemical and structural disorder in graphene. Calculations willbe used to interprete very recent atomic-resolution EELS obtained at the Su-perSTEM Daresbury (group of Q.Ramasse). The evocation of disorder will thenbe an opportunity to discuss the results we have recently obtained on acousticphonon branches of ice VII [5]. This high-pressure phase of ice indeed displays a
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complete proton disorder while retaining a quasi-bcc oxygen sublattice. Due toits specific atomic structure, ice VII provides a very pedagogical example wherethe X-ray (or, equivalently, the energy loss) scattering cross-section naturallyunfolds the phonon dispersion of this disordered system.
[1] R. Qi et al., Nature 599, 599 (2021).
[2] F. S. Hage et al., Science 367, 1124 (2020).
[3] X. Yan et al., Nature 589, 65 (2021).
[4] J. Zhao et al., Nature 625, 60 (2024).
[5] G. Radtke et al., Phys. Rev. Lett. 132, 056102 (2024).
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Strain-induced topological edge states in SnTe: STM/STS
signatures and a theoretical model

O. Silveira1 L. Jing2 M. Amini1 A. Fumega1 J. Lado1 A. Foster1,3 P. Liljeroth1S. Kezilebieke2
1Department of Applied Physics, Aalto University, Espoo, Finland
2 Department of Physics, Department of Chemistry and Nanoscience Center, University ofJyväskylä, Jyväskylä, Finland
3Nano Life Science Institute (WPI-NanoLSI), Kanazawa University, Kanazawa, Japan
2D topological crystalline insulators (2D-TCI) represent an exotic quantumstate of matter characterized by metallic edges states (MES) residing within abulk band gap [1]. Unlike 2D topological insulators where the MES are pro-tected by time-reversal symmetry, the edge states of a 2D-TCI are protected bycrystal symmetries and are characterized by the Chern mirror topological invari-ant. The 3D SnTe is already a known 3D-TCI [1], hosting topological protectedsurface states instead of edge states, but it behaves as a trivial insulator whenreduced to the few layers limit (less than 10 layers) [2]. In this work we showthrough DFT calculations that slowly compressing the few layers of SnTe leadsto a gap-closing transition, and SnTe already starts behaving as a 2D-TCI onmoderate compression of 2-3%, where a clear band inversion is observed. Theintrinsic ferroelectric properties of the SnTe are also investigated within thisregime, where the possibility of topological and ferroelectric phases coexistingis considered. We show that such compression can be achieved when bilayers ofSnTe are grown on a NbSe2 substrate due to the incommensurability betweentheir square and hexagonal cells. The topologically protected MES are clearlyobserved in STS scans taken over the step edges of a bilayer to monolayersSnTe, where very clear and symmetric islands are obtained. This work opensthe possibility for the engineering of such topological states by controlling thenumber of layers of SnTe, and by using different kinds of substrate, where itslattice parameter can then be tuned.
[1] Hsieh, T., Lin, H., Liu, J. et al., Nat Commun 3, 982 (2012).
[2] Araújo, A.L., Ferreira, G.J. & Schmidt, T.M, Sci Rep 8, 9452 (2018).
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Exploring in-plane interactions beside an adsorbed molecule
with lateral force microscopy

S. Nam1 E. Riegel1 L. Hörmann2 O. T. Hoffmann2 O. Gretz1 A. J. Weymouth1F. J. Giessibl1
1Chair of Quantum Nanoscience, University of Regensburg, Germany
2Institute of Solid State Physics, TU Graz, Austria
Hydrogen, the smallest and most abundant element in nature, plays a vital rolein many molecular interactions. Their positions can determine the interactionswith neighboring molecules in the form of hydrogen bonds. While atomic forcemicroscopy can image the internal structure of flat-lying molecules, H-atoms aredifficult to directly image due to their size. We directly image these H-atomsusing lateral force microscopy (LFM). Furthermore, we determine a metric ofwhen the assumption of purely radial atomic interactions breaks down and anadditional angular component is required to account for the additional electro-static interaction from the metal tip apex. The application of LFM to the sidesof molecules demonstrates how in-plane molecular interactions can be directlyinvestigated.
[1] Shinjae Nam, Elisabeth Riegel, Lukas Hörmann, Oliver T. Hofmann, Oliver Gretz, Alfred J.Weymouth, and Franz J. Giessibl , PNAS 121(2), e2311059120 (2024).
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Advances in machine learning for SPM analysis and structure
search

J. S. Jestilä1 N. Oinonen1 N. Wu1 L. Kurki1 F. Priante1 S. Cai1 P. Liljeroth1A. S. Foster1,2
1Department of Applied Physics, Aalto University, 00076 Aalto, Espoo, Finland
2Nano Life Science Institute (WPI-NanoLSI), Kanazawa University, 920-1192 Kanazawa, Japan
Recent years have displayed an exponential growth in the development of ma-chine learning tools in image and data analysis, automation and optimizationof experiments, as well as computational modeling. In our group, we are ac-tively researching new methods and combinations thereof relating to each of theaforementioned categories.We have recently demonstrated the potential of neu-ral network-based geometry prediction tools on AFM and STM images.[1][2]Also, we have shown how suitable training data can be generated with theprobe particle model [3] on plausible structures obtained using machine learn-ing interatomic potentials.Furthermore, we are taking advantage of the rapidenergy evaluations provided by these potentials in exploring accelerated struc-ture search methods, such as Bayesian optimization and minima hopping.[4]While selective chemical reactions induced by the SPM tip has been achievedin the past, there are currently no reports on their automation, much due to thehighly complex parameter space. We are employing reinforcement learning toacquire the molecule manipulation parameters to selectively break C-Br bonds,providing the first example of its kind.
[1] Fabio Priante, Niko Oinonen, Ye Tian, Dong Guan, Chen Xu, Shuning Cai, Peter Liljeroth,Ying Jiang, and Adam S. Foster, ACS Nano 18, 7, 5546–5555 (2024).
[2] Lauri Kurki, Niko Oinonen and Adam S. Foster, ACS Nano accepted (2024).
[3] Ondrej Krejčí, Prokop Hapala, Martin Ondráček, and Pavel Jelínek, Phys. Rev. B 95, 045407(2017).
[4] Joakim S. Jestilä, Nian Wu, Fabio Priante, and Adam S. Foster, J. Chem. Theory Comput. 20,

5, 2297–2312 (2024).
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Understanding the dynamics of chemical bond dissociation
under the electron beam: computational perspective

E. Besley1

1School of Chemistry, University of Nottingham
Chemical bond dissociation is a central concept in Chemistry. Transmissionelectron microscopy (TEM) has emerged as a tool for triggering bond disso-ciation in single molecules and materials by harnessing the kinetic energy offast electrons of the electron beam. The use of the electron beam as a stimulusof chemical reactions and as a sub-angstrom resolution imaging probe allowsinvestigations of the molecular dynamics and reactivity in real time and at theatomic scale. The dynamics of chemical bond dissociation can be also probedindirectly by vibrational electron energy loss spectroscopy in situ during scan-ning TEM experiments. In this talk, we will explain how the electron beam cantrigger homolytic dissociation of the H–F or H–O bonds inside fullerene cage,leading to entrapment of F and O atoms, and discuss knock-on mechanismsof bond dissociation and atom permeation through C60. [1] A separate exam-ple of knock-on damage will be introduced in the context of understanding theelectron stability of two-dimensional conjugated metal organic frameworks (thinfilms) which exhibit complex damage mechanisms with non-trivial fragmentationpathways. [2]
[1] J. Biskupek et al., ACS Nano 14, 11178 (2020).
[2] Mücke, D. et al., Nano Letters 24, 3014 (2024).
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Near-Ideal Direct-Electron Focused-Probe 4D-STEM Data for
Open-Source Phase Reconstructions

T. Susi1 N. Dellby2 R. Hayner2 C. Hofer3 J. Kotakoski1 T. C. Lovejoy2C. Mangler1 A. Mittelberger2 T. J. Pennycook3 B. Plotkin-Swing2

1University of Vienna, Faculty of Physics, Vienna, Austria
2Nion Co. R&D, Kirkland, WA, USA
3EMAT, University of Antwerp, Antwerp, Belgium
The availability of direct-electron cameras with high dynamic ranges and veryfast detection speeds is revolutionizing the ability of scanning transmissionelectron microscopy (STEM) to make use of every electron for virtual imagingand advanced computational phase reconstructions. State of the art detectorscan now acquire four-dimensional (4D) data at STEM pixel dwell times of over100,000 diffraction patterns per second while counting each electron. At thesame time, the proliferation of open software packages to make use of thisdata has made such analyses widely accessible, and due to a convergence tothe Python programming language, easy to compare in terms of computationalefficiency and reconstruction quality.The first commercially available DectrisARINA detector [1] has been installed in the Nion UltraSTEM100 instrumentin Vienna, where an ultra-stable sample stage and flexible electron optics areideally suited to 4D-STEM. For our initial comparisons, we use an atomicallyfocused probe (34 mrad convergence semi-angle) and choose a camera lengthoptimized for maximum signal in the bright-field and the first-order Bragg disks.In this contribution, we present some of the first data acquired on this new de-tector, namely convergent-beam electron diffraction maps of pristine monolayergraphene, which is a near-ideal dose-robust uniform atomic phase object. Theability to reliably count electrons at such speeds (the detective quantum effi-ciency is 0.85 at 60 keV [1]) also enables the variation in beam current to beeasily measured and, if desired, corrected for, which we find has an appreciableimpact on the bright-field signal and reconstructions that make use of it (mostnotably parallax imaging [2]).A pixel exposure time of 100 µs provided a highsignal for phase reconstructions without needing to resort to multi-frame aver-aging. The ARINA is able to bin the native 192×192 detector array in hardwarefor faster acquisition, and we find that further software binning up to four timesdoes not harm reconstructions, whereas a dense real-space sampling below 0.08Å per pixel (512×512 px scan over the 2×2 nm2 field of view) was noticeablyhelpful. The graphic shows the concurrently acquired high-angle annular dark-field (HAADF, 80–300 mrad) and virtual ADF images (∼40–80 mrad), as wellas a range of open-source phase reconstructions from the binned 4D dataset:
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single-sideband (SSB) and Wigner distribution deconvolution (WDD) [3], aswell as iterative differential phase contrast (DPC), parallax-corrected bright-field imaging, and batched iterative gradient descent single-slice ptychography[2]. Apart from modest scan distortions, visual inspection of the phase imagesreveals deviations from the expected uniform atom contrast, and notable differ-ences in phase magnitudes. Computational times also vary greatly dependingon the algorithm and the binning.The quality of the phase images is assessed byevaluating the variation of atomic phase shifts using a robust parameter-basedquantification method [4] and compared to data simulated with the abTEM code[5] and reconstructed with the same algorithms. These quantitative comparisonswill be presented at the meeting, where the data and code will also be pro-vided. Further results on defocused-probe datasets and the prospects for livereconstructions will be discussed.
[1] P. Zambon et al., Frontiers in Physics 11, 1308321 (2023).
[2] G. Varnavides et al., arXiv 2309.05250 (2023).
[3] T.J. Pennycook et al., Ultramicroscopy 151, 160-167 (2015).
[4] C. Hofer and T.J. Pennycook, Ultramicroscopy 254, 113829 (2023).
[5] J. Madsen and T. Susi, Open Research Europe 1:24, 13015 (2021).
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Understanding the electronic properties and mechanisms of
formation of 1D defects observed in 2D MoS2

D. Kieczka1,2 L. Loh3,4 S. Ning3 M. Bosman2,3 A. Shluger1
1Department of Physics and Astronomy and London Centre for Nanotechnology, UniversityCollege London, WC1E 6BT, United Kingdom.
2Institute of Materials Research and Engineering (IMRE), Agency for Science, Technology andResearch (A*STAR), 138634, Singapore.
3Department of Materials Science and Engineering, National University of Singapore, 117575,Singapore.
4 Department of Physics, National University of Singapore, 117551, Singapore.
Defects in 2D semiconductors play an important role in their electronic prop-erties [1]. In 2D materials, defects are often present at high concentrations of1013 cm−2 and therefore are an important area of research for understandingthe properties of 2D materials. An effective way to observe defects in 2D TMDssuch as MoS2, is by using a 4 dimensional scanning transmission electron mi-croscope (4D STEM), which allows access to atomic resolution. In this work,we combine ptychography-reconstructed 4D-STEM [2,3] datasets, of defects in2D MoS2, and use density functional theory (DFT) to understand the originand dynamics of these defects. The datasets show that point defects aggregateinto 1D defect lines. We employ density functional theory (DFT) with a non-local PBE0-TC-LRC functional in CP2K to calculate the electronic propertiesof 1D defects, including sulphur vacancy lines, kinks, and rhenium (which sub-stitutes molybdenum) lines. We find that vacancy aggregation results in areasof increased electron density localized at the line defect sites, and observe anincrease in the number of defect states present when the ’kink’ limit is reached.The rhenium dopant lines have potential for high spin states (quartet) whichcould induce ferromagnetism in the material. We observe a relatively smallenergy gain from the clustering of sulphur vacancies into lines (of around 0.1eV). Using nudged elastic band (NEB) calculations with the PBE functional,we calculate the most likely pathways for vacancy diffusion including effects ofdifferent charge states on the dynamics of the vacancies. We find that chargeddi-vacancies have a very low barrier for diffusion which can allow for rapid dif-fusion as observed with 4D STEM. This work gives insights into the dynamicsof defects in 2D MoS2 and their potential for use in doping.
[1] Loh, Leyi Zhang, Zhepeng Bosman, Michel Eda, Goki, Nano Research 14, 1668-1681,10.1007/s12274-020-3013-4 (2021).
[2] Ning, Shoucong Xu, Wenhui Ma, Yinhang Loh, Leyi Pennycook, Timothy J. Zhou, Wu Zhang,Fucai Bosman, Michel Pennycook, Stephen J. He, Qian Loh, N. Duane, Microscopy and

Microanalysis 28, 622-632, 10.1017/S1431927622000320 (2022).
[3] Ning, Shoucong Xu, Wenhui Loh, Leyi Lu, Zhen Bosman, Michel Zhang, Fucai He, Qian,

Ultramicroscopy 248, 113716, 10.1016/j.ultramic.2023.113716 (2023).
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Investigations of the atomic electric field and charge density
distribution in 2D WSe2 by high resolution STEM Differential
Phase Contrast imaging and DFT

M. Groll1 J. Bürger1 I. Caltzidis1 K. D. Jöns1 W. G. Schmidt1 U. Gerstmann1J. Lindner1
1Department of Physics, Paderborn University, Paderborn, Germany
2D materials are currently subject of intensive research in various fields due totheir interesting optoelectronic properties, which are strongly influenced by theinternal electric field and the charge density distribution. Due to the inherentlylow dimensionality of 2D materials, defects such as vacancies or impurities cansignificantly change the field distribution and thus the optoelectronic proper-ties. This makes a precise fabrication of defects in 2D materials particularlyinteresting for tailored optoelectronic applications. Due to their tunable bandgap in the visible range, transition metal dichalcogenides (TMD) are, for ex-ample, of great interest for single photon emission induced by defects in thematerial [1,2]. TMDs consist of molecular layers with the stochiometric formMX2 (M: transition metal, X: chalcogenide) which are bound to each otheronly by weak van-der-Waals interaction. Spectroscopic methods provide a de-tailed insight into the electronic properties of these materials. However, theyare limited by their spatial resolution, which makes it difficult to investigatethe influence of individual defects on the electric field distribution. Only fewtechniques allow for studying the internal electric field with such a high spa-tial resolution. Among these techniques is high-resolution differential phasecontrast (DPC) imaging in the scanning transmission electron microscope. InDPC, electric fields can be measured with subatomic resolution by detectingthe shift of the centre of mass (CoM) of the intensity distribution of the electronbeam with a position sensitive detector. The shift of the CoM is caused bythe interaction of the beam electrons with the electric potential in the material[3].We investigate the electric field and charge density distribution of mechan-ically exfoliated 2D WSe2 using DPC. The DPC measurements are performedin an aberration-corrected STEM using a low acceleration voltage of 80 kVand an eight-fold segmented bright-field detector. Images are compared withmultislice image simulations performed for the present experimental conditions.The atomic electric field and charge density distributions in pristine mono- andmultilayers of WSe2 are presented. Investigations of a vacancy-type defect atSe columns in the 2D material indicate a characteristic change in the electricfield distribution, which is revealed by comparing the DPC images of pristine
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and defective WSe2 samples. A relaxation of the neighboring W atomic columnstowards the defect site is observed and confirmed by DFT simulations.
[1] J. An, et al., Advanced Functional Materials 32, 2110119 (2022).
[2] M. Koperski, et al., Nature Nanotechnology 10, 503 (2015).
[3] K. Müller-Caspary, Ultramicroscopy 178, 62 (2017).
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Single-atom microscopy and spectroscopy on 2D materials

W. Zhou1

1University of Chinese Academy of Sciences
The possibility of performing real-space imaging and spectroscopy analysisat the atomic scale via low-voltage aberration-corrected scanning transmis-sion electron microscopy (STEM) has provided exciting new opportunities forthe study of two-dimensional materials, especially for defects and interfaces.Pushing the sensitivity of STEM spectroscopy techniques down to the singleatom level is expected to open a new avenue for probing the local functional-ities of materials, but remains challenging. In this presentation, I will discussour recent results on pushing the sensitivity of single-atom spectroscopy tech-niques using dopants in monolayer graphene as a model system. With thisrelatively stable single-atom model system, we can explore the ultimate sensi-tivity of EELS at 60 kV where the dose level is no longer the limiting factor. Weshow that the sensitivity of single-atom vibrational spectroscopy analysis canbe pushed to the chemical-bonding level and this technique could be appliedto explore local vibrational signatures at defects and interfaces in 2D materials[1]. I should also discuss briefly our recent progress of atom-by-atom isotopemapping using vibrational spectroscopy technique. As for core-loss excitations,we show that electronic states contributed by specific unoccupied pz orbitalaround a four-fold coordinated Si point defect in graphene can be mapped outusing atomic-resolution energy-loss near-edge fine structure (ELNES) spec-troscopy [2]. In addition, local coordination measurement can be achieved withsingle-atom sensitivity via extended energy loss fine structure (EXELFS) anal-ysis.
[1] M. Xu et al., Nature Materials 22, 612-618 (2023).
[2] M. Xu et al., Physical Review Letters 131, 186202 (2023).
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Autonomous chemical reactions in scanning tunneling
microscopy

N. Wu1 M. Aapro1 A. Ilin2 R. Drost1 J. Jestilä1 Z. J. He2 P. Lijeroth1A. S. Foster1,3
1Applied Physics, Aalto University, Espoo, Finland
2Computer Science, Aalto University, Espoo, Finland
3WPI Nano Life Science Institute, Kanazawa University, Kanazawa, Japan
Several breakthrough studies have harnessed scanning probe microscopy (SPM)manipulations to control chemical reactions in on-surface molecular synthesis[1, 2, 3]. In general, for scanning tunnelling microscope (STM) manipulations,they are predominantly controlled via parameters of the tip position, pulse volt-ages and tunneling conductance. However, the selection of proper parametersrequires extensive domain knowledge, which is time consuming and not neces-sarily transferable to new systems. Recent research has allowed the automationof a wide range of challenges in SPM, including image quality assessment, lat-eral and vertical manipulation [4, 5, 6]. However, the automation for breakingor forming covalent bonds, which is an indispensable step during chemical syn-thesis is, as yet, unexplored. To address this problem, we developed our deepreinforcement learning (DRL) approach to automate bromine removal from 5,15-bis(4-bromo-2,6-methyl-phenyl)porphyrin (Br2Me4DPP) through learning ma-nipulation parameters in STM. Meanwhile, DFT calculations were implementedto explore the reaction mechanism in combination of STM results and DRL re-sults.
[1] Qigang Zhong, Alexander Ihle, Sebastian Ahles, et al., Nature Chemistry 13, 1133–1139(2021).
[2] Adam Sweetman, Neil R Champness, and Alex Saywell, Chemical Society Reviews 49,4189–4202 (2020).
[3] Saw-Wai Hla, Ludwig Bartels, Gerhard Meyer, and Karl-Heinz Rieder, Physical review letters

85, 2777 (2000).
[4] I-Ju Chen, Markus Aapro, Abraham Kipnis, Alexander Ilin, et al, Nature Communications 13,7499 (2022).
[5] Philipp Leinen, Malte Esders, Kristof T Schütt, Christian Wagner, et al, Science advances 6,6987 (2020).
[6] Bernhard Ramsauer, Grant J Simpson, et al, The Journal of Physical Chemistry A 127,2041–2050 (2023).
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Structure-property relationship of oxygen-containing graphene:
spectroscopic and theoretical characterisation

N. Mansouriboroujeni1 S. Das2 A. Chauvet1 N. Martsinovich1

1Department of Chemistry, University of Sheffield, UK
2Department of Industrial and Manufacturing Systems Engineering, Kansas State University, US
Graphene is an outstanding material both thanks to its properties, such asexcellent electrical conductivity and optical transparency, and because of itsability to give rise to a variety of new materials through structural modification,e.g. forming graphene oxide, reduced graphene oxide and graphene aerogels.These chemical modifications change the optoelectronic properties of graphene.Therefore, it is important to understand the relationship between the struc-tures and electronic and optical properties of functionalised graphene-basedmaterials. In this collaborative study, oxygen-containing graphene aerogelswere produced by detonation of acetylene with oxygen and characterised usingtransmission electron microscopy, X-ray photoemission spectroscopy and UV-Vis absorption spectroscopy, and using first-principles theoretical modelling.The materials produced were found to contain up to 9% oxygen; the increase inthe oxygen content was accompanied by morphological changes and broadeningof the optical absorption spectra.Density-functional theory calculations wereused to rationalise the structure-property relationship of oxygenated grapheneand graphene aerogels, by modelling flat and curved graphene sheets containingepoxide and hydroxyl groups and substitutional oxygen at different concentra-tions (1-12% oxygen). Curvature was found to have little effect on the electronicproperties of graphene: curved graphenes remained semimetallic, and their op-tical absorption spectra were similar to graphene. However, oxygenation hadsignificant effects on the properties. Graphenes containing substitutional oxy-gen had new states at the Fermi level, while graphenes containing hydroxyland epoxide functional groups showed band gap opening at oxygen contentabove 6%. Moreover, additional peaks appeared in the simulated optical ab-sorption spectra of oxygen-containing graphenes. These results show that mor-phologically disordered graphene aerogels have electronic properties similar tographene, while oxygenation significantly changes these materials’ optical andelectronic properties, leading to new applications in electronics and sensors.
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Exploring the structure and dynamics of alkali metal and metal
chlorides intercalated in bilayer graphene

Y. C. Lin1 Q. Liu2 S. Kretschmer3 M. Ghorbani-Asl3 R. Matsumoto4P. Soslís-Fernández5 H. Ago5 A. Krasheninnikov3 K. Suenaga2

1Nanomaterials Research Institute, National Institute of Advanced Industrial Science andTechnology (AIST), Tsukuba 305-8565, Japan.
2The Institute of Scientific and Industrial Research (ISIR-SANKEN), Osaka University, Osaka567-0047, Japan
3Institute of Ion Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-Rossendorf,01328 Dresden, Germany
4Department of Engineering, Tokyo Polytechnic University, 5-45-1 Iiyamaminami, Atsugi,Kanagawa 243-0297, Japan
5Global Innovation Center (GIC), Kyushu University, Fukuoka 816-8580, Japan
Exploring the structure and dynamics of alkali metal and metal chlorides inter-calated in bilayer graphene has garnered considerable interest for its potentialin tailoring the electronic, magnetic, and optical properties of graphene-basedmaterials. Understanding the precise characterization of the intercalation pro-cess and resulting atomic arrangements is pivotal for comprehending funda-mental interactions and their impact on material properties. In this investiga-tion, scanning transmission electron microscopy (STEM) is employed to scruti-nize the atomic structure of metal chlorides (AlCl3, CuCl2, MoCl5, FeCl3)[1,2]and alkali metals (K, Rb, Cs)[3] intercalated in bilayer graphene (BLG). High-resolution visualization and analysis of the atomic structure within the interca-lated BLG samples are achieved through STEM imaging. Our findings unveildistinct patterns and arrangements of metal chloride and alkali metal atomswithin the graphene lattice, exhibiting variations in interlayer spacing, localbonding configurations, and atomic ordering based on the specific metal chlo-ride and alkali metal employed. Furthermore, we delve into the influence ofintercalation on the electronic structure of bilayer graphene using spectroscopictechniques.
[1] YC. Lin, Advanced Materials 2105898, 1 (2021).
[2] Q. Liu, ACS Nano 2023, 23659 (17).
[3] YC. Lin, Nature Communications 2024, 425 (15).
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Reactions of carbon dioxide on an electro-chemical interface
from computer simulations: Comparison with Au(111)

A. P. Seitsonen1 R. Vuilleumier1 K. Laasonen2

1Département de Chimie, École Normale Supérieure, Paris
2Department of Chemistry and Materials Science, Aalto University
The chemical transformation of CO2 into more valuable chemicals is a lucrativeway to harness and store the energy from renewable sources for later use. Theelectro-chemical route, using molten carbonates as the electrolyte, has beenexplored as one efficient alternative to achieve this transformation. Recently thereduction of CO2 into CO was investigated in eutectic molten carbonate Li2CO3-K2CO3-Na2CO3 on a working electrode of gold plate [1]. Subsequently thedynamics of the relevant molecular and atomic species in a prototype carbonatewere studied using the atomistic molecular dynamics simulations based on thedensity functional theory to describe the interactions between the atoms [2].Key results were the repeated association and dissociation reactions of CO2with a carbonate ion CO2−

3 into the pyrocarbonate species C2O2−
5 , CO2 +CO2−

3 ↔ C2O2−
5 , and the solvation dynamics of the oxalate C2O2−

4 , which wasfound to enhance the transformation CO2 into CO in the experiments [1].Here weextend the previous simulations by including a model electrode, Au(111) surface,explicitly in the simulation. We estimate the reaction barriers both in the pureelectrolyte and in the vicinity of the surface. Interestingly the CO2 is boundto the substrate in the presense of the electrolyte at the elevated temperatureused in the experiments, thus enabling the electronic activation and reactivityof the CO2, whereas it is weakly bound at the clean substrate in the vacuumenvironment. We also explore the reactions involving the oxalate specie and thebinding of the CO molecule onto the substrate. We compare the results to theones obtained on the static Au(111) surface without the electrolyte, and presentsimulated scanning tunnelling microscope images of the adsorbed species.
[1] D Chery, V Albin, A. Meléndez-Ceballos, V Lair, M Cassir, International Journal of Hydrogen

Energy 41, 18706 (2016).
[2] Antoine Carof, François-Xavier Coudert, Dario Corradini, Dominika Lesnicki, Elsa Desmaele,Rodolphe Vuilleumier, International Journal of Hydrogen Energy 46, 15008 (2021).
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Structure, Electronic, and Magnetic Properties of Non-van der
Waals Two-Dimensional Materials from Data-driven Design

T. Barnowsky1,2 S. Curtarolo3 T. Heine1,4 R. Friedrich1,2,5

1Theoretical Chemistry, Technische Universität Dresden, Dresden 01062, Germany
2Institute of Ion Beam Physics and Materials Research, Helmholtz- Zentrum Dresden-Rossendorf,Dresden 01328, Germany
3Center for Extreme Materials and Materials Science, Electrical Engineering, and Physics, DukeUniversity, Durham, North Carolina 27708, United States
4Center for Advanced Systems Understanding (CASUS), Helmholtz- ZentrumDresden-Rossendorf, Görlitz 02826, Germany
5Center for Extreme Materials, Duke University, Durham, North Carolina 27708, United States
While two-dimensional (2D) materials are traditionally derived from bulk lay-ered compounds bonded by weak van der Waals (vdW) forces, the recent sur-prising experimental realization of non-vdW 2D compounds obtained from non-layered crystals [1,2] foreshadows a new direction in 2D systems research. Toelucidate their structure and properties, electron microscopy and first-principlescalculations are indispensable tools. Contributing to the predictive design ofthese novel nanoscale compounds, here, we present several dozens of candi-dates derived from applying data-driven research methodologies in conjunctionwith autonomous first-principles calculations [3,4]. We find that the oxidationstate of the surface cations of the 2D sheets as well as accounting for strongsurface relaxations upon exfoliation are crucial factors determining their stabi-lization.The candidates exhibit a wide range of appealing electronic, optical andin particular magnetic properties owing to the (magnetic) cations at the surfaceof the sheets. Despite of several ferromagnetic candidates, even for the anti-ferromagnetic representatives, the surface spin polarizations are diverse rang-ing from moderate to large values modulated in addition by ferromagnetic andantiferromagnetic in-plane coupling [3]. These features can be accessed by ex-perimental techniques such as (spin-polarized) scanning tunnelling microscopy(STM). At the same time, chemical tuning by surface passivation provides avaluable handle to further control the magnetic properties of these novel 2Dcompounds [5] thus rendering them an attractive platform for fundamental andapplied nanoscience.
[1] A. Puthirath Balan, S. Radhakrishnan, C. F. Woellner, S. K. Sinha, L. Deng, C. d. l. Reyes, B.M. Rao, M. Paulose, R. Neupane, A. Apte, V. Kochat, R. Vajtai, A. R. Harutyunyan, C.-W. Chu,G. Costin, D. S. Galvao, A. A. Martí, P. A. van Aken, O. K. Varghese, C. S. Tiwary, A. MalieMadom Ramaswamy Iyer, and P. M. Ajayan, Nature Nanotechnology 13, 602 (2018).
[2] A. P. Balan, A. B. Puthirath, S. Roy, G. Costin, E. F. Oliveira, M. A. S. R. Saadi, V. Sreepal, R.Friedrich, P. Serles, A. Biswas, S. A. Iyengar, N. Chakingal, S. Bhattacharyya, S. K. Saju, S.
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C. Pardo, L. M. Sassi, T. Filleter, A. Krasheninnikov, D. S. Galvao, R. Vajtai, R. R. Nair, and P.M. Ajayan, Materials Today 58, 164 (2022).
[3] R. Friedrich, M. Ghorbani-Asl, S. Curtarolo, and A. V. Krasheninnikov, Nano Letters 22, 989(2022).
[4] T. Barnowsky, A. V. Krasheninnikov, and R. Friedrich, Advanced Electronic Materials 9,2201112 (2023).
[5] T. Barnowsky, S. Curtarolo, A. V. Krasheninnikov, T. Heine, and R. Friedrich, Nano Letters in

press, 10.1021/acs.nanolett.3c04777 (2024).
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Posters
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Computational investigation of carbon based anode materials
for Li- and post-Li ion batteries

J. Azizi1
1 Holger Euchner and Professor Axel Gross
While carbon derivatives are still the anodes of choice for Li- and post- Li ionbatteries, the quest for improving their properties is ongoing. In particular, whenconsidering soft and hard carbon materials the impact of heteroatoms on Alkalimetal adsorption and storage is hardly investigated on the atomistic scale. Togain more insight into the underlying mechanisms, a density functional theory-based study of Li, Na, and K adsorption on pristine and defective graphitesurfaces, considering different heteroatom impurities (such as N, S, Si, and O),has been performed. Our results show that on the surface of pure graphite, theadsorption of Li and K ions is energetically more favorable as com- pared toNa ions. However, in the presence of defects and impurities, Na adsorptionalso becomes feasible. In general, AM adsorption in the vicinity of defects andimpurities is largely favored, putting constrain on the number of AM atoms thatparticipate in charge/discharge processes.
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Raman spectra of 2D materials from mode projection and
machine learning force field

E. Berger1 T. Lehenkari1 Z. Lv2 H. Komsa1

1Microelectronics Research Unit, University of Oulu, FI-90014 Oulu, Finland
2Department of Applied Physics, Aalto University, Aalto, FIN-00076, Finland
Raman spectroscopy can yield rich information about the surface composition of2D materials. Interpretation of experimental observations greatly benefits fromsimulated spectra, which are usually restricted to small systems due to thepoor scaling of ab initio methods. We present here a new method (RGDOS)to efficiently obtain Raman spectra of large systems containing heterogeneoussurfaces or defects. Raman tensors or polarizabilities of large supercells arebuilt from projections of the vibrational modes onto those of the unit cell. It canbe applied both in the harmonic approximation or using molecular dynamicstrajectories and Raman spectra are then obtained by combining it with machinelearning force fields. Two scientifically relevant systems are taken as examplesfor applications, namely the effect of point defects on the Raman spectra ofMoS2 monolayers [1] and the study of heterogeneous surface of 2D titaniumcarbide MXenes [2].
[1] A K Dash, H Swaminathan, E Berger, et al., 2D Mater. 10, 035002 (2023).
[2] E Berger, Z-P Lv and H-P Komsa, J. Mater. Chem. C 11, 1311-1319 (2023).
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Atomic-resolution investigation of 2D hematene

J. Dzibelova1 J. Filip2 J. Kotakoski1
1Univeristy of Vienna, Faculty of Physics, Austria
2Czech Advanced Technology and Research Institute, Palacky University Olomouc, CzechRepublic
2D materials have attracted scientific research for decades, since they possesdistinct physico-chemical properties compared to their 3D counterparts due toquantum confinement. These atomically thin structures such as graphene, hBN,etc. are typically based on so-called van der Waals systems. These 3D coun-terparts are defined by strong bonds oriented in-plane and solely weak bondinginteraction between the layers. However, 2D materials can also be created froma parent material with strong bonding interactions in all three directions. Forthese, it is significantly more complicated to cleave them into individual layers.After cleavage into atomically thin layer, the non-van der Waals 2D materialscould offer a playground to explore the changes in properties induced by dimen-sionality restriction. Recently, a new member of these non-van der Waals 2Dmaterials has been introduced: hematene, the 2D form of α-Fe2O3 [1]. The di-mensional confinement of hematene structure is expected to introduce intrinsicstrain to the lattice. This distortion of interatomic positions affects electronicconfiguration and therefore the magnetic, electronic and optical behavior of thesystem [2]. Here, we employ transmission electron microscopy and selectedarea electron diffraction to investigate the atomic structure and distortions ofthe lattice in thin hematene sheets with the aim to quantify the intrinsic strainto facilitate the physical description of the material.
[1] A. Puthirath Balan, S. Radhakrishnan, C. F. Woellner, S. K. Sinha, L. Deng, C. Reyes, B. M.Rao, M. Paulose, R. Neupane, A. Apte, V. Kochat, R. Vajtai, A. R. Harutyun- yan, C.-W. Chu,G. Costin, D. S. Galvao, A. A. Martí, P. A. Aken, O. K. Varghese, C. S. Tiwary, A. Malie MadomRamaswamy Iyer, and P. M. Ajayan, Nat. Nanotechnol. 13, 602 (2018).
[2] S. Maiti, K. Maiti, M. T. Curnan, K. Kim, K.-J. Noh, and J. Woo Ha, Energy Environ. Sci. 14,3717 (2021).
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Single germanium nanowire-based near-infrared
photodetectors

A. Echresh1 M. S. Shaikh1 M. T. Catuneanu2 K. Jamshidi 2 A. Erbe1,2Y. Berencén 1 L. Rebohle1 Y. M. Georgiev 1,3

1Institute of Ion Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-Rossendorf(HZDR), Dresden, 01328, Germany
2Technische Universität Dresden, 01062 Dresden, Germany
3Institute of Electronics at the Bulgarian Academy of Sciences, Sofia, 1784, Bulgaria
Germanium (Ge) is a good candidate for designing near-infrared photodetec-tors because of its bandgap (0.66 eV), which exhibits a large absorption co-efficient at near-infrared wavelengths. Also, Ge has excellent compatibilitywith parallel processing common in silicon technology [1,2]. Photodetectorsbased on Ge material have been fabricated with different structures such asmetal-semiconductor-metal (MSM) and p-n junctions. On the other hand,the observation of high responsivity in semiconductor nanowires with a highsurface-to-volume ratio has attracted growing interest in using nanowires inphotodetectors. So far, significant efforts have been made to fabricate singlenanowire-based photodetectors with different materials such as Si, Ge, andGaN to achieve miniaturized devices with high responsivity and short responsetime [3-5]. Hence, Ge nanowires are excellent candidates to fabricate singlenanowire-based near-infrared photodetectors. In this work, we report on thefabrication and characterization of an axial p-n junction along Ge nanowires.First, through a resist mask created by electron beam lithography (EBL), thep-type top Ge layer of germanium-on-insulator (GeOI) substrates was locallydoped with phosphorus ions using ion beam implantation followed by rear-side flash lamp annealing. Then, single Ge nanowire-based photodetectorscontaining an axial p-n junction were fabricated using EBL and inductivelycoupled plasma reactive ion etching. The fabricated single Ge nanowire de-vices demonstrate the rectifying current-voltage characteristic of a p-n diode indark conditions. Moreover, the photoresponse of the axial p-n junction-basedphotodetectors was investigated under light illumination with three differentwavelengths: 637 nm, 785 nm, and 1550 nm. The experiments indicated thatthe fabricated photodetectors operate at zero bias and room temperature underambient conditions. A high responsivity of 3.7×102 A/W was determined atzero bias under illumination of a 785 nm laser diode. The fabricated photode-tectors exhibit a high-frequency response up to 1 MHz under pulsed excitationof the 1550 nm laser at zero bias, which makes them promising candidates forlightwave communication and optical switches [6].
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[1] L. Virot, D. Benedikovic, B. Szelag, et al. , Optics Express 25, 19487–19496 (2017).
[2] W. Chen, R. Liang, S. Zhang, et al. , Nano Research 13, 127–132 (2020).
[3] K. Das, S. Mukherjee, S. Manna, et al. , Nanoscale 6, 11232–11239 (2014).
[4] S. Cuesta, M. Spies, V. Boureau, et al. , Nano Letter 19, 5506–5514 (2019).
[5] S. Mukherjee, K. Das, S. Das, and S. K. Ray, ACS Photonics 5, 4170–4178 (2018).
[6] C. Xie, B. Nie, L. Zeng, et al. , ACS Nano 8 , 4015-4022 (2014).
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Realization of heavy fermion phase diagram in van der Waals
heterostructures

S. C. Ganguli1 V. Vano1 X. Huang1 J. Lado1 P. Liljeroth1

1Department of Applied Physics, Aalto University, Espoo, Finland
The heavy fermion (HF) compounds host a rich playground for correlated quan-tum states. In these compounds, the itinerant electrons in s, p or d shells interactwith the lattice of localized magnetic moments in f shell via Kondo effect givingrise to Kondo lattice, resulting in a large effective mass as well as a gap in theconduction electron spectra, known as heavy fermion hybridization gap, whichupon chemical doping can host unconventional superconductivity and quantumcriticality. Recently, we have been able to demonstrate that heavy fermionicbehavior can be created artificially using vdW epitaxy, using heterostructureof 2 different phases of the same material TaS2. Stacking 1H-TaS2 hosting2-D conduction electrons, and 1T-TaS2 hosting localized magnetic momentsgives rise to Kondo lattice and heavy-fermion hybridization gap [1]. In vdWheterostructure of similar material NbSe2, we observe an absence of the Kondopeak. In addition, the chemical potential becomes site dependent, driving the1T-NbSe2/1H-NbSe2 system into the doped Mott insulator regime with exoticcharge order [2]. These observations establish artificial vdW heterostructuresas a versatile platform to navigate the heavy fermion phase diagram.
[1] V. Vaňo, M. Amini, S. C. Ganguli et al., Nature 599, 582 (2021).
[2] Xin Huang, Jose L. Lado, Jani Sainio, Peter Liljeroth, Somesh Chandra Ganguli, arxiv

2401.08296, 1-7 (2024).
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Revealing the Shape of Metal Nanoclusters on Defective
Surfaces

S. Ghaderzadeh1 E. Besley1

1School of Chemistry, University of Nottingham, Nottingham, NG7 2RD, United Kingdom
Metal nanoparticles play a central role in various research areas, particularlyin catalysis as active sites for chemical reactions. The shapes and sizes ofthese nanoparticles, critical in defining their properties, can be significantlyinfluenced by the local environment of their substrate surface and the ther-modynamic conditions. In this study, we employed magnetron sputtering, aphysical vapour deposition process used to produce high quality thin coatingsat an industrial scale, to deposit metal atoms onto a graphitic surface, andchanged environmental conditions (e.g, temperature) to stimulate the formedmetal nanoparticles. Using a combination of multi-scale theoretical techniques(i.e., ab-initio/force-field molecular dynamics and density functional theory) andaberration-corrected high-resolution transmission electron microscopy imaging,we then explored the dynamics and shapes of the metal nanoparticles undervarious environmental conditions. Our investigations reveal that the interplaybetween the dynamics of metal nanoparticle and surface defects can lead tounexpected states and structural transformations of the nanoparticles.
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Modulation of electronic properties in two-dimensional
platinum chalcogenides

M. Ghorbani Asl1
1Helmholtz-Zentrum Dresden-Rossendorf, Dresden, Germany
Among layered materials, platinum chalcogenides have received great attentiondue to their peculiar physical properties. The strong layer-dependent electronicproperties cause a band gap opening in monolayer PtTe2, while the system oth-erwise is (semi)metallic.[1] Here we show that starting with PtTe2 films, othercompositions such as Pt3Te4 and Pt2Te2 can be obtained by a postgrowth des-orption of tellurium or vapor-deposited Pt atoms.[2] The experiments combinedwith DFT calculations provide insights into these transformation mechanismsand the stabilization of the new phases. The partially converted monolayerflakes exhibit PtTe2-Pt2Te2 heterojunctions, which enable the formation of thein-plane semiconductor-metal interface.[3] We further studied the electronicstructure of edges and point defects in PtSe2 monolayer where metallic 1Dstates with spin-polarized bands were found.[4] In addition to stoichiometry,combining different Pt-chalcogenides in vertical heterostructures provides anadditional degree of engineering of materials properties.[5] Our results showedthe variation of the interlayer interaction within the moiré structure locallymodulates the electronic structure of PtSe2/PtTe2 heterostructures.
[1] J. Li, S. Kolekar, M. Ghorbani-Asl, T. Lehnert, J. Biskupek, U. Kaiser, A. Krasheninnikov, M.Batzill, ACS Nano 15, 13249 (2021).
[2] K. Lasek, M. Ghorbani-Asl, V. Pathirage, A. Krasheninnikov, M. Batzill, ACS Nano 16, 9908(2022).
[3] K. Lasek, J. Li, M. Ghorbani-Asl, S. Khatun, O. Alanwoko, V. Pathirage, A. Krasheninnikov, M.Batzill, Nano Lett. 22, 9571 (2022).
[4] K. Lasek, J. Li, M. Ghorbani-Asl, S. Khatun, O. Alanwoko, V. Pathirage, A. Krasheninnikov, M.Batzill, Adv. Funct. Mater. 32, 2110428 (2022).
[5] J. Li, M. Ghorbani-Asl, K. Lasek, V. Pathirage, A. Krasheninnikov, M. Batzill, ACS Nano 17,5913 (2023).
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Emergent electronic landscapes in a novel valence ordered
thin-film nickelate prepared by topochemical reduction

A. Raji1,2 Z. Dong3,4 V. Porée2 A. Subedi5 X. Li1 B. Mundet6,7 L. Varbaro6C. Domínguez6 M. Hadjimichael6 B. Feng3,4 A. Nicolaou2 J. P. Rueff2,8D. Li3,4 A. Gloter1
1Laboratoire de Physique des Solides, CNRS, Université Paris-Saclay, Orsay, 91400, France.
2Synchrotron SOLEIL, L’Orme des Merisiers, BP 48 St Aubin, Gif sur Yvette, 91192, France.
3Department of Physics, City University of Hong Kong, Kowloon, Hong Kong.
4City University of Hong Kong Shenzhen Research Institute, Shenzhen, 518057, China.
5CPHT, Ecole Polytechnique, Palaiseau cedex, 91128, France.
6Department of Quantum Matter Physics, University of Geneva, Geneva, Switzerland.
7LSME, IPHYS, Ecole Polytechnique Fedéralé de Lausanne (EPFL), Lausanne, Switzerland.
8LCPMR, Sorbonne Université, CNRS, Paris, 75005, France.
From topochemical reduction of a perovskite SmNiO3 thin-film, we obtain anovel valence-ordered and tri-component coordinated nickelate phase [1]. Thisnew phase, with the chemical formula of Sm9Ni9O22 (SmNiO2.44) is formed byintricate planes of 303 apical oxygen vacancies (Vo) from the parent perovskiteas revealed by four-dimensional scanning transmission electron microscopy(4D-STEM). Transport measurements indicated this phase to be highly insu-lating, over the measured temperature range (30K - 400K). A coherent analysisbetween ab-initio simulations and Synchrotron based X-ray spectroscopy tech-niques that evidenced a strong orbital polarization elucidated that this nickelatehosts multi-valent Ni sites that are in NiO5 pyramidal, NiO4 square-planar,and NiO6 octahedral coordinations. The resonant inelastic x-ray scattering(RIXS) measurements at the O-K edge also revealed this system to be hav-ing a strong carrier localization, marked by the disappearance of a ligand-holeconfiguration at low temperature. The periodicity of these polyhedral ordering,that can also be interpreted as valence ordering, follows the periodicity of theapical Vo ordering. The NiO4 square-planar sites forms at the intersectionof the families of 303 apical Vo planes, indicating a route to the infinite-layerphase. This new nickelate phase addresses the ongoing debate on charge-orderin infinite-layer nickelates, where presence of an apical oxygen ordered defec-tive phase indicatively contributed to the reported charge-order signal in them[2,3]. It provides another example of previously inaccessible materials enabledby topotactic transformations and presents a unique platform where mixed Nivalence can give rise to exotic phenomena. References:
[1] Aravind Raji, et al., ACS Nano 18, 4077 (2024).
[2] Aravind Raji, et al., Small 19, 2304872 (2023).
[3] Christopher T. Parzyck, et al., Nature Materials 23, 486 (2024).
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Enhancing AFM Image Analysis Through Machine Learning
with Style Translation and Data Augmentation

J. Huang1 L. Kurki1 N. Oinonen1,2 A. S. Foster1,3
1Department of Applied Physics, Aalto University, Finland
2Nanolayers Research Computing Ltd., London N12 0HL, United Kingdom
3WPI Nano Life Science Institute (WPI-NanoLSI), Kanazawa University, Japan
Atomic Force Microscopy (AFM) is critical for atomic-scale nanostructure char-acterization. Simulations, especially using Particle Probe AFM (PPAFM) [1],provide a cost-effective means for rapid image generation. Leveraging state-of-the-art machine learning models and substantial PPAFM-generated datasets,properties like molecular structures [2], electrostatic force potential [3], andmolecular graphs can be accurately predicted using AFM images from simula-tions or experiments. However, transferring model performance from PPAFMto real AFM images poses challenges due to the subtle variations in real ex-perimental data compared to the seemingly flawless nature of simulations. Ourstudy explores Cycle GANs [4] for style translation to augment data and im-prove the predictive accuracy of machine learning models in surface propertyanalysis. Focused on mitigating the gap between simulated PPAFM and au-thentic AFM images, we optimize hyperparameters, showcasing the method’seffectiveness through paired data comparisons. This research promises valu-able insights, providing a novel approach to enhance machine learning modelefficiency in the absence of abundant experimental data.
[1] P. Hapala, R. Temirov, F. S. Tautz, P. Jelínek, Phys. Rev. Lett. 113, 226101 (2014).
[2] B. Alldritt, P. Hapala, N. Oinonen, F. Urtev, O. Krejcčí, F. F. Canova, J. Kannala, F. Schulz, P.Liljeroth, A. S. Foster, Sci. Adv. 6, 9 (2020).
[3] N. Oinonen, C. Xu, B. Alldritt, F. F. Canova, F. Urtev, S. Cai, O. Krejcčí, J. Kannala, P.Liljeroth, A. S. Foster, ACS Nano 16, 89–97 (2022).
[4] J.-Y. Zhu, T. Park, P. Isola, A. A. Efros, arXiv :1703, 10593 (2017).
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Iron-based catalysts for oxygen reduction reaction in PEM fuel
cell

P. James2 L. Moumaneix1
1Aalto University
2University of Helsinki
This work explores the use of platinum catalysts in proton-exchange membrane(PEM) fuel cells and compares them to more affordable and readily availableiron-based catalysts. Platinum is the state of the art and most widely usedcatalytic material for PEMs, but it is currently limiting the mass adoption of hy-drogen as a green source of electricity. To further green chemistry, alternativesshould be found which don’t suffer from the same scarcity and negative environ-mental impact as platinum production does. We investigate the mechanism ofaction and synthesis methods of both platinum and iron-based catalysts for theoxygen reduction reaction (ORR) in PEM fuel cells. The syntheses undertakenused different iron salts, a constant source of carbon, and mild hydrothermalconditions. Just by changing the iron precursor used in the synthesis, the struc-ture of the carbon formed and integration of iron into that structure could bealtered significantly. Carbon ‘scaffolds’ synthesized in the work include carbonnanotubes, carbon black and amorphous carbon. The different forms of car-bon could have applications due to their different properties, such as surfacearea, conductivity, and interaction with neighboring atoms at the catalytic site.In this poster we present preliminary HER (hydrogen evolution reaction) andconductivity measurements. The purity and morphology of the carbon scaffoldwere characterized using Raman spectra and transmission electron microscopy(TEM ). The catalytic ORR ability was extrapolated and discussed from thecrystallinity and orderedness of the samples, by comparing to literature.Thefindings of this study suggest the potential for iron-based catalysts to replaceplatinum catalysts in PEM fuel cells, based on their performance in the ORRand much lower environmental and economic impact. In addition, when com-paring other commonly used metrics such as half-wave potential and exchangecurrent density, iron-based catalysts scored highly in activity and stabilitycompared to platinum catalysts.
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Tip-induced creation and Jahn-Teller distortions of sulfur
vacancies in single-layer MoS2

D. Jansen1 T. Tounsi1 J. Fischer1 A. Krasheninnikov2 T. Michely1 H. Komsa3W. Jolie1
1II. Physikalisches Institut, Universität zu Köln, Zülpicher Straße 77, 50937 Köln, Germany
2Institute of Ion Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-Rossendorf,01328 Dresden, Germany
3Faculty of Information Technology and Electrical Engineering, University of Oulu, FI-90014Oulu, Finland
Sulfur vacancies in MoS2 host a multitude of physical phenomena that have ledto many investigations in recent years. Among them are the discovery of singlephoton emission [1] and the emergence of the Kondo effect in charged sulfurvacancies [2].Here we report on a new technique for atomically precise cre-ation of sulfur vacancies in monolayer MoS2 grown on a Gr/Ir(111) substrateusing the scanning tunneling microscope (STM) [3]. The creation techniqueallows us to produce single isolated sulfur vacancies that are well protectedfrom the environment and thus maintain their intrinsic (electronic) properties.By local tip-gating, we are able to charge the sulfur vacancies and observe aJahn-Teller effect by mapping their symmetry-broken orbitals using scanningtunneling spectroscopy (STS). Density functional theory (DFT) calculationsrationalize our experimental findings. We show that two distinct Jahn-Tellerdistortions exist, corresponding to two symmetry-broken vacancy orbitals. Ad-ditionally, we report on observed transitions between the two Jahn-Teller dis-torted states that are induced by lattice strain. Lastly, we outline the potentialof the newly developed sulfur vacancy creation method for the realization ofextended vacancy structures and tailored electronic band structures.
[1] K. Barthelmi et al., Appl. Phys. Lett. 117, 070501 (2020).
[2] S. Trishin et al., Phys. Rev. B 108, 165414 (2023).
[3] D. Jansen et al., arXiv:2401.09931 https://doi.org/10.48550/arXiv.2401.09931 (2024).
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Influence of low-pressure atmosphere on the pores formed in
hexagonal boron nitride under electron irradiation

U. Javed1,2 C. Kofler1,2 C. Mangler1 J. Kotakoski1
1University of Vienna, Faculty of Physics, Vienna, Austria
2University of Vienna, Vienna Doctoral School in Physics, Vienna, Austria
During (scanning) transmission electron microscopy ((S)TEM), the energeticelectrons used for imaging can lead to damage in the sample. Electron knock-on damage caused by elastically scattered electrons in the best known of suchdamaging mechanisms, and has been studied extensively also for 2D materi-als [1]. In contrast, less is known about the damage mechanisms in insulatingmaterials, such as hexagonal boron nitride (hBN) [2]. In early studies, it wasshown that extended irradiation leads predominantly to the formation of trian-gular nanopores [3,4]. These pores and their triangular shape were suggestedto arise from direct interaction between the electrons and the material, and itwas shown that the dominated zig-zag edges were nitrogen terminated [4].TheNion UltraSTEM 100 microscope integrated into our experimental setup at theUniversity of Vienna [5] allows experiments at low pressure atmosphere betweenultra-high-vacuum (UHV) 1x10-10 mbar and 4x10-6 mbar by carefully leakingthe desired gas into the column. Measurments at varying pressures have al-ready shown that the partial pressure of different gases can have an influence inthe damage observed in graphene [6]. Specifically, it was shown that differentgraphene edges dominate under an oxygen atmosphere and in UHV [7].HerehBN was imaged at UHV and up to an oxygen pressure of around 2x10-8 mbar.The most prominent finding was that the shape of pores that appeared underelectron irradiation depends on the oxygen partial pressure. As an example,medium angle annular dark field (MAADF) images are shown in Figure 1. InUHV the pore shape is round with no preference of either boron or nitrogentermination, whereas triangular pores emerge with rising oxygen partial pres-sure, with edges dominated by nitrogen atoms. This suggests that the shape ofthe pores observed in the earlier studies was determined by the composition ofthe microscope vacuum.
[1] Toma Susi, Jannik C. Meyer, and Jani Kotakoski, Nature Reviews Physics 1.6, 397-405 (2019).
[2] Thuy An Bui, Gregor T. Leuthner, Jacob Madsen, Mohammad RA Monazam, Alexandru I.Chirita, Andreas Postl, Clemens Mangler, Jani Kotakoski, and Toma Susi, Small 19.39,2301926 (2023).
[3] Jani Kotakoski, Jin chuanhong, Ossi Lehtinen, Kazu Suenaga, Physical Review B 82.11,113404 (2010).
[4] Jin chuanhong, Lin Fang, Kazu Suenaga, Sumio Iijima, Physical review letters 102.19,195505 (2009).
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[5] Clemens Mangler , Jannik Meyer , Andreas Mittelberger , Kimmo Mustonen , Toma Susi andJani Kotakoski , Microscopy and Microanalysis 28, 2940-2942 (2022).
[6] Gregor T. Leuthner, Stefan Hummel, Clemens Mangler, Timothy J. Pennycook, Toma Susi,Jannik C. Mayer, Jani Kotakoski, Ultramicroscopy 203, 76-81 (2019).
[7] Gregor T. Leuthner, Toma Susi, Clemens Mangler, Jannik C. Mayer, Jani Kotakoski, 2D

Materials 8.3, 035023 (2021).

Po
st

e
rs



54 Poster presentations

Automated Structure Discovery for Scanning Tunneling
Microscopy

L. Kurki1 N. Oinonen1,2 A. S. Foster1,3
1Aalto University, Finland
2Nanolayers Research Computing Ltd., UK
3WPI-NanoLSI, Kanazawa University, Japan
Scanning tunnelling microscopy (STM) and atomic force microscopy (AFM)functionalized with a CO molecule on the probe apex capture sub-molecularlevel detail of the electronic and physical structures of a sample from differentprespectives [1]. However, the produced images are often difficult to interpret.To accelerate the analysis, we propose automated machine learning image inter-pretation tools to extract sample properties directly from bond-resolved STMimages.In recent years, there has been rapid development in image analysismethods using machine learning with particular impact in medical imaging.These concepts have been proven effective also in SPM in general and in par-ticular for extracting sample properties from AFM images [2,3,4]. We build uponthese models and show that we can extract atomic positions directly from STMimages. Finally, we establish the limits of the approach in an experimental con-text by predicting atomic structures from STM images of various small organicmolecules [5].
[1] Cai, S., Kurki, L., Xu, C., Foster, A. S., Liljeroth, P., J. Am. Chem. Soc. 144, 20227-20231(2022).
[2] Alldritt, B., Hapala, P., Oinonen, N., Urtev, F., Krejci, O., Canova, F. F., Kannala, J., Schulz, F.,Liljeroth, P., Foster, A. S., Sci. Adv. 6, eaay6913 (2020).
[3] Carracedo-Cosme, J., Perez, R., npj Comput. Mater. 10, 19 (2024).
[4] Oinonen, N., Kurki, L., Ilin, A., Foster, A.S., MRS Bulletin 47, 895-905 (2022).
[5] Kurki, L., Oinonen, N., Foster, A. S. , accepted arXiv:2312.08854 (2024).
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From first principles to the macroscopic realm; metal (Ag, Au,
Cu, Li) diffusion in vertical MoS2 memristors

T. Lehenkari1 S. D. Huang1 H. P. Komsa1

1University of Oulu, Microelectronics research unit
Vertically grown MoS2 has been used to make memristors [1,2]. The switchingmechanism has been identified as the formation of metals within MoS2. Inthis work, we study the formation and migration of metallic adatoms usingdensity functional theory calculations and generalize the results into deviceoperation conditions using kinetic monte carlo simulations. Our results givedirect information on atom/ion speed and diffusion under any temperature andelectric field which is advantageus in in device design. Vertically grown MoS2is a great ionic conductor for all the metals studied. Both Ag and Cu are foundto be viable active electrode materials for MoS2 memristors and the choicebetween the two could lead to different memristive capabilities.
[1] Kamalakannan Ranganathan, Mor Feingenbaum and Ariel Ismach, Advanced Functional

Materials 30, 2005718 (2020).
[2] Durjoy Dev, Adithi Krishnaprasad, Mashiyat S Shawkat, Zhezhi He, Sonali Das, Deliang Fan,Hee-Suk Chung, Yeonwoong Jung, and Tania Roy, EEE Elec- tron Device Letters 41,936–939 (2020).
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Structural characterization of MXene and its heterostructures
with TEM, X-ray scattering, and simulation

Z. Lyu(Lv)1 X. Hong1 H. Komsa2 B. Peng1 O. Ikkala1

1Department of Applied Physics, Aalto University
2Microelectronics Research Unit, Faculty of Information Technology and Electrical Engineering,University of Oulu
Two-dimensional (2D) transition metal carbides and nitrides (MXenes) withmetallic conductivity, rich surface chemistry, and layered structure, suggest un-commonly broad combination of important functionalities amongst two-dimensionalmaterials. For a comprehensive understanding of the structure-property rela-tionship of MXenes, the quantitive structural characterization methods fromatomic scale to mesoscopic scale are becoming extremely important. Transmis-sion electron microscopy (TEM) is a powerful tool for acquiring detailed struc-tural information about MXenes, such as crystal structure, mapping chemicalcomposition, morphologies, etc. However, it is difficult to use TEM as a statisti-cal analysis tool, which means the measurement bias coming from the objectivelyselected area can hardly be removed. On the other hand, the X-ray scatter-ing methods, including small- and wide-angle X-ray scattering (SAXS/WAXS),are widely used tools for statistical structural analysis from sub-nanometers tohundreds of nanometers. The combination of TEM and SAXS/WAXS has beenproven to be an efficient method for comprehensive structure investigation in thestudy of many low-dimensional nanomaterials. However, for MXene, the rele-vant research is still sparse. In our work, we have combined electron microscopyand X-ray scattering to study the structures of Ti3C2Tx MXene stacking andits heterostructure with layered double hydroxides (LDH) at different lengthscales. From the cross-sectional TEM, we found a mesoscopic porous structurein the MXene stackings, which is caused by the 2D flake stacking deficiency.Then we employed SAXS/WAXS for statistical analysis of the porous size dis-tribution and morphologies, as well as the anisotropic alignment degree of the2D flakes. The results from electron microscopy and X-ray scattering showgood coherency, proving the efficiency and wide applicability of our combin-ing methods. For the study of MXene-LDH heterostructures, the combinationof electron microscopy, X-ray scattering (diffraction), and various simulationmethods also provides useful structural information. Specifically, we found adecreased crystalline domain size of LDH growth on MXenes. By comparingthe TEM and X-ray diffraction results, we also found the changing texture ofLDH, where the preferred growth direction was altered in the heterostructure.The simulation based on our experimental results indicates the various sur-face chemistry of MXenes may affect the growth of LDH. With this combination

Po
st

e
rs



Poster presentations 57

method, we have proposed new a guided growth mechanism of LDH on MXenesurface. We further demonstrate the high performance of the MXene stackingand MXene-LDH heterostructure with desirable structures in electromagneticshielding and electrocatalysis respectively, where a better understanding of thestructure-property relationship can facilitate further material design.
[1] H. Alnoor, A. Elsukova, J. Palisaitis, I. Persson, E. N. Tseng, J. Lu, L. Hultman, and P. O. Å.Persson, Mater. Today Adv. 9, 100123 (2021).
[2] J. Ilavsky and P. R. Jemian, J. Appl. Crystallogr. 42, 347–353 (2009).
[3] S. Wan, X. Li, Y. Chen, N. Liu, Y. Du, S. Dou, L. Jiang, and Q. Cheng, Science 374, 96-99(2021).
[4] R. Ibragimova, M. J. Puska, and H.-P. Komsa, ACS Nano 13, 9171–9181 (2019).
[5] S. Venkateshalu, G. M. Tomboc, S. P. Nagalingam, J. Kim, T. Sawaira, K. Sehar, B. G. Pollet, J.Y. Kim, A. Nirmala Grace, and K. Lee, J. Mater. Chem. 11, 14469–14488 (2023).
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Effect of Strain on Electro-Optical Properties of 2D Materials
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Two-dimensional materials like transition metal dichalcogenides (TMDCs) andgraphene (Gr), have gotten a lot of interest from researchers in the field of semi-conductor devices and electronics in recent decades [1]. However, many of thesenewly developed 2D materials are not capable of absorbing mechanical tension.The strain causes causes changes to their electronic band structures, which sig-nificantly affects their electronic and optical properties [1,2]. In this work, westudy the growth of 2D layered transition metal di-chalcogenides (TMDCs)such as WS2, MoS2 and graphene by chemical-vapor deposition (CVD) revealtheir optical and electronic properties by introducing strain. Strain engineeringis an encouraging strategy for probing the optical, mechanical, and electronic,properties of 2D-materials [3]. To apply the strain successfully and avoid majorslippage between the 2D materials and the substrate, we utilize a straightfor-ward strain designing technique by compressing the monolayer 2D material inan adaptable PDMS substrate through a peeling approach. The strong connec-tion force between PDMS and the 2D material guaranteed that the mechanicalstrain was successfully applied with insignificant slippage or decoupling. Dif-ferent electrical, electronic, and optical techniques were employed to investigatethe characteristics of the synthesized 2D materials and strain achieved in 2D-layered materials[3]. Raman spectroscopy was used to provide the structuralfingerprint of the material when strain was applied and to probe the vibrationalmodes and confirm the number of layers grown. The surface morphology of the2D layers was studied by atomic force microscopy (AFM). Current-Voltage (IV)measurements were used to investigate the effect of strain on the conductivity.The band structure of grown 2D layers was studied by photoluminescence (PL)spectroscopy at room temperature.
[1] Liu, Y., Duan, X., Huang, Y. and Duan, X., Chemical Society Reviews 47(16), 6388-6409(2018).
[2] Cong, C., Shang, J., Wang, Y. and Yu, T., Advanced Optical Materials 6(1), 1700767 (2018).
[3] F. Guinea, Solid State Communications 152, 1437-1441 (2012).
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2School of Chemistry, University of Nottingham, Nottingham NG7 2RD, U.K.
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We have studied the response to external strain of h-BN, graphene, MoSe2,and phosphorene, four archetypal 2D materials, which contain substitutionalimpurities, using first-principles calculations. We find that the formation energyof the defect structures can either increase or decrease with bi-axial tensilestrain, depending on the atomic radius of the impurity atom which can be largeror smaller than that of the host atom. Analysis of the strain maps indicates thatthis behavior is associated with the compressive or tensile local strains producedby the impurities that interfere with the external strain. The discovered trendsare consistent across all studied 2D materials and are likely to be general.Our findings open up opportunities for combined strain- and defect-engineeringto tailor the opto-electronic properties of 2D materials, and specifically, thelocation and properties of single-photon emitters.
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and experiment
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This study explores the resistance of thin films of Gallium Nitride (GaN) tostrongly ionising radiation, using Two-Temperature Model - Molecular Dy-namics (TTM-MD) simulations along with Transmission Electron Microscopy(TEM), Electron Energy Loss Spectroscopy (EELS) and Rutherford Backscat-tering Spectrometry in Channelling mode (RBS/C). Our results reveal a strongpropensity of GaN to recrystallise along the ion paths, significantly reducingthe formation of permanent radiation-induced defects, even at high fluences[1]. This recovery mechanism contributes to the high radiation resistance ob-served in GaN, a promising property for the next generation of radiation-harddevices. Moreover, we found distinct regimes of defect formation depending onthe radiation energy, ranging from point and extended defects at moderate en-ergies to N2 bubbles and complex structures like voids at high energies [2].Thiswork showcases the possible synergy between simulations and experiments, in-cluding TEM-HAADF image analyses and EELS interpretations derived fromTTM-MD results. Additionally, we used a Binary Collision Algorithm to sim-ulate RBS/C experiments on the TTM-MD cells, which resulted in excellentagreement with experimental observations, even in the presence of complexstructures such as extended defects and voids. This integration of theoreticaland experimental approaches, spamming from single ion impacts, observable atnanometer scales through TEM, to the cumulative effects of overlapping impactsassessed by RBS/C, led to an improved understanding of defect dynamics inirradiated GaN across several orders of magnitude.
[1] Miguel C. Sequeira, Jean-Gabriel Mattei, Henrique Vazquez, Flyura Djurabekova, KaiNordlund, Isabelle Monnet, Pablo Mota-Santiago, Patrick Kluth, Clara Grygiel, Shuo Zhang,Eduardo Alves, Katharina Lorenz, Communications Physics 4, 51 (2021).
[2] Miguel C. Sequeira, Flyura Djurabekova, Kai Nordlund, Jean-Gabriel Mattei, IsabelleMonnet, Clara Grygiel, Eduardo Alves, Katharina Lorenz, Small 18, 2102235 (2022).
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