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WELCOME TO THE HAXPES Workshop 2025

We cordially welcome you to the HAXPES workshop 2025: Fundamentals, Instrumentations and
applications, supported by the Swiss National Science Foundation (SNSF), by Empa and by our
sponsors from industry.

This workshop introduces the fundamentals and applications of Hard X-ray Photoelectron
Spectroscopy (HAXPES) for investigating the chemistry and electronic structure of material
surfaces, thin films, and their buried interfaces.

This workshop offers a platform for researchers, scientists, and PhD students from diverse
backgrounds to explore the latest developments and applications of HAXPES in fields such as
catalysis, materials science, batteries and nanotechnologies.

Throughout this workshop, participants will have the opportunity to engage in insightful
presentations, interactive discussions with leading experts, to network and to start new scientific
collaborations. We aim to foster collaboration and innovation, encouraging attendees to share
their research findings and practical experiences with HAXPES methodologies.

Thank you for joining us in this journey of discovery and exploration. We look forward to an
enriching exchange of ideas and knowledge that will enhance our collective understanding of
hard x-ray photoemission spectroscopy and its impact on materials science!

Finally, we would like to thank all the speakers, presenters, participants and sponsors for their

participation and support.

Wishing you a rewarding HAXPES workshop!

May 2025

Workshop organizers

Claudia Cancellieri Lars P.H. Jeurgens
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08:30-
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OPENING — WELCOME - INTRODUCTION TO THE WORKSHOP
09:00-
09:20 Lars P.H. Jeurgens, Claudia Cancellieri, Lorenz Herrmann
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09:20-
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CHEMICAL STATE ANALYSIS FOR THE ACCELERATED DEVELOPMENT OF
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11:50 Sebastian Siol 12
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12:10 Mounir Mensi
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14:35 Luca Artiglia
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HAXPES-XPS COMBINATION REVEALS EXTENDED SURFACE STRUCTURE I5
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14:55 Andreas Borgschulte
Chemical Energy Carriers and Vehicle, Empa, Diibendorf, CH
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""" 16:30. | SUMMARY AND CLOSING OF THE DAY/DISCUSSION
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11:50-
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14:55 Kostiantyn Kravchyk INVITED
Thin films and photovoltaics, Empa, Diibendorf, CH I8
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15095 COFFEE BREAK
15:25-
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The Development of Laboratory-
Based High Energy Sources for XPS

John F Watts
The Surface Analysis Laboratory, School Engineering, University of
Surrey, Guildford GU2 7XH, UK

j.watts@surrey.ac.uk

XPS with higher energy X-ray sources is now a commercial reality with a number of systems dedicated to HAXPES
available. Against this background is a rich history, and over the last fifty years a number of higher energy X-ray
sources have been suggested as alternatives for the usual AlKa source, found in the first commercial XPS systems,
and still the standard anode material for XPS today.

This presentation will review the development of a number of such sources, predominantly in the author’s
laboratory, and the rationale behind the desire to extend the binding energy range of the technique, which was
mainly focussed on the desire to probe deeper core levels, rather than the increase in kinetic energy and attendant
analysis depth, that has received much attention in HAXPES in recent years. The achromatic sources SiKa, ZrLa and
TiKa are described along with monochromatic sources AglLa and CrKB, both based on the standard quartz
monochromator geometry but taking higher orders of diffraction. The driving force for much of this development
was the desire to probe deeper core levels and attendant CCC Auger transitions. These could be combined into initial
or final state Auger parameters as described in much of the work cited in this review. The additional benefits of
moving Auger peaks in conventional XPS to higher binding energies, thus providing better definition of the core XPS
lines of ferrous alloys with transition metal additions, will also be illustrated. The highest energy source considered
is the CuKa source (hu = 8048 e V) based around an external X-ray tube, which provides much insight into the
electronic structure of steels by measurement of the Fels and FeKLL peaks.

The last decade or so has seen a significant increase of interest in HAXPES, and all manufacturers of turn-key XPS
instruments offer HAXPES options of one form or another, there are three dedicated HAXPES systems commercially
available, which are very briefly described.

J F Watts, J E Castle, “The Development of Laboratory-Based High Energy Sources for XPS” Surf Interf Anal 56, 408-424, (2024).
https://doi.org/10.1002/sia.7300
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Charge Redistribution and Valence Band
Occupancy on Metallic Alloy Formation: The
Role of HAXPES using Auger Parameters and
Plasmon Features

Marie-Laure Abel, John F Watts

The Surface Analysis Laboratory, School of Engineering University of Surrey Guildford Surrey GU2 7XH UK
m.abel@surrey.ac.uk j.watts@surrey.ac.uk

The use of higher energy sources for XPS has been carried out for more than fifty years. During this time such X-ray
sources have generally been developed in-house by interested researchers or offered as an option by manufacturers
of conventional XPS systems. Such developments have recently been reviewed [1] and there are now three
dedicated HAXPES systems available from different manufacturers. Much recent activity has centred on the increase
of analysis depth of conventional XPS transitions achievable with HAXPES, but alternative studies have made use of
the additional information accrued with deeper core levels, particularly when combined with the attendant Auger
transition in the form of the Auger parameter. Studies of inorganic compounds focus on changes in relaxation
energies which can be related to materials chemistry and sometimes structure [1]. In the studies of metals, the
situation is not so straightforward, and this contribution will cover work carried out on a systematic series of metallic
alloys using Auger parameters not accessible with conventional XPS.

The starting point for such investigations was the seminal work of Thomas and Weightman [2] who studied alloys of
gold with zinc and magnesium. The availability of a higher energy source than AlKa enables deeper 1s core levels to
be probed that the Mgls in the work of Thomas and Weightman. The spectrometer used in the current work was a
Scienta ESCA300 system equipped with a high-power rotating anode. In addition to the usual aluminium coating on
the anode an additional stripe of chromium was added, the attraction being that the CrKp satellite line meets Bragg
conditions for fourth order reflections, with only minor adjustments of the usual quartz crystal monochromator, to
provide a very convenient HAXPES source with a photon energy of 5946.7 eV [3]. This provided much useful
information of on a number of important alloy systems [4-7]. This gave valuable data regarding charge redistribution
that occurred on alloying but, from a metallurgical perspective, the systems that really attracted attention were the
steels based around iron with a variety of alloying elements. The best approach was to make use of the Fe 1s-FeKLL
Auger parameter, which required a source able to access the Fels at a binding energy of approximately 7112 eV.
The solution was the development of a CuKaui source with a photon energy of 7805 eV [8, 9], for the ESCA300
spectrometer. This source was used to good effect to study charge distribution in a variety of steels [10] and
vanadium compounds [11]. The versatility of the source was illustrated by the quality of the 1s spectra of the 3d
metals scandium through to cobalt [12].

An additional, and somewhat unexpected benefit of the study of deeper 1s orbitals is the presence of plasmon loss
structures associated with many of the spectra. In conventional XPS such features are rarely observed (Al2p being
the most common) and are certainly not used analytically. In HAXPES the situation changes somewhat and initial
work with the CrKB source on a series of Al alloys with Mg and Si indicated that although no charge transfer was
indicated by Auger parameter measurements, in the case of the Al-25Mg alloy a common shift in plasmon energy
was observed for all core levels compared to the pure metals. This shift in plasmon energy is accounted for by the
formation of an intermetallic phase AlsMg, rather than a solid solution [13]. Using this approach, it is possible to
calculate valence band occupancy in a manner similar to that used in electron energy loss spectroscopy in the TEM.

[1] J F Watts, J E Castle, Surf Interf Anal, 56, 408, (2024). [2] T D Thomas, P Weightman, Phys. Rev. B 33, 5406.

[3] S Diplas, J F Watts, S A Morton et al, J Electron Spec, 113, 153, (2001).  [4] S Diplas, J F Watts et al, Intermetallics, 7, 937, (1999).

[5] T Mitchell, S Diplas, P Tsakiropoulos et al, Phil Mag, 82, 841, (2002). [6] S Diplas, J F Watts et al, Acta Materialia, 50, 1951, (2002).
[7] M-L Abel, J F Watts, J A D Matthew, Surf Interf Anal, 33, 775-780, (2002). [8] N Moslemzadeh, J F Watts, Surf Interf Anal, 36, 1119-1121.
[9] G Beamson, S R Haines et al, J Elec Spec, 142, 151 — 162, (2005). [10] N Moslemzadeh, S Diplas, Surf Sci, 602, 216-225, (2008).

[11]G Beamson, N Moslemzadeh, J F Watts, J Elect Spec, 162, 19-24, (2008). [12] N Moslemzadeh, J F Watts et al, J Elec Spec, 152, 129-133.
[13] M-L Abel, J F Watts, J A D Matthew, Surf Interf Anal, 33, 775-780, (2002).
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Chemical bonding and electronic structure of _ m'{
metal dihydrides 3s

C. Kalha?, L. E. Ratcliff?, G. Colombi?, C. Schlueter?, B. Dam?, A. Gloskovskii*, T.-L. Lee®,
P. K. Thakur®, P. Bhatt?, Y. Zhu?, J. Osterwalder®, F. Offi’, G. Panaccione®, and

A. Regoutz'?

1 Department of Chemistry, UCL, 20 Gordon Street, London WC1H 0AJ, UK.

2 Centre for Computational Chemistry, School of Chemistry, University of Bristol, Bristol BS8 1TS, UK.

3 Materials for Energy Conversion and Storage, Department of Chemical Engineering, Delft University of
Technology, Delft NL-2629HZ, The Netherlands.

4Deutsches Elektronen-Synchrotron (DESY), Notkestraf3e 85, Hamburg 22607, Germany.

> Diamond Light Source, Diamond House, Harwell Science and Innovation Campus, Didcot 0X11 ODE, UK.
6 Physik-Institut, Universitdt Ziirich, Ziirich CH-8057, Switzerland.

” Dipartimento di Scienze, Universita di Roma Tre, Rome 00146, Italy.
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9 Department of Chemistry, University of Oxford, Inorganic Chemistry Laboratory, Oxford OX1 3QR, UK.

i

Kos
~——

anna.regoutz@chem.ox.ac.uk

Metal hydrides hold significant promise in various hydrogen-related technologies, encompassing energy storage,
hydrogen compression, and hydrogen sensing. Although metal hydrides appear simple compared to many other
energy materials, understanding the electronic structure and chemical environment of hydrogen within them
remains a key challenge. This work presents a new analytical pathway to explore these aspects in technologically
relevant systems using Hard X-ray Photoelectron Spectroscopy (HAXPES) on thin films of two prototypical metal
dihydrides: YH2-s and TiH2-5.[1,2] By taking advantage of the tunability of synchrotron radiation, a non-destructive
depth profile of the chemical states is obtained using core-level spectra. Combining experimental valence band
spectra collected at varying photon energies with theoretical insights from density functional theory (DFT)
calculations, a description of the bonding nature and the role of d versus sp contributions to states near the Fermi
energy are provided. Moreover, a reliable determination of the enthalpy of formation is proposed by using
experimental values of the energy position of metal s band features close to the Fermi energy in the HAXPES valence
band spectra.

AHf

Experiment Theory

Fig. 1. Schematic overview of the core themes of this work including the comparison of experimental
HAXPES spectra (top left) with density of states calculations (top right).

[1] C. Kalha, L. E. Ratcliff, G. Colombi, C. Schlueter, B. Dam, A. Gloskovskii, T.-L. Lee, P. K. Thakur, P. Bhatt, Y. Zhu, J. Osterwalder, F. Offi, G.
Panaccione, A. Regoutz, “Revealing the Bonding Nature and Electronic Structure of Early-Transition-Metal Dihydrides”, PRX Energy, 3, 013003,
2024, https://doi.org/10.1103/PRXEnergy.3.013003.

[2] C. Kalha, N. K. Fernando, P. Bhatt, F. O. L. Johansson, A. Lindblad, H. Rensmo, L. Zendejas Medina, R. Lindblad, S. Siol, L. P. H. Jeurgens, C.
Cancellieri, K. Rossnagel, K. Medjanik, G. Schonhense, M. Simon, A. X. Gray, S. Nem3dk, P. Ldmker, C. Schlueter, and A. Regoutz, "Hard X-ray
Photoelectron Spectroscopy — A Snapshot of the State-of-the-Art in 2020", J. Phys. Condens. Matter, 33, 233001, 2021,
https://doi.org/10.1088/1361-648X/abeacd.

13



K4

Lab-scale HAXPES : issues to worry about
towards improved analysis

0. Renault?, R. Charvier?, T. Bure!, N. Gauthier?, C. Robert-Goumet?, B. Domenichini®
and R. Lazzari*

Y Univ. Grenoble Alpes, CEA, Leti, F-38000 Grenoble, France.

2 Univ. Clermont-Auvergne, Institut Pascal, 4 av. Blaise Pascal, F-63178 Aubiére, France.
3 Univ. Bourgnogne-Europe, 9 av. A. Savary, F-21078 Dijon Cedex, France.

4INSP, Sorbonne Université, 4 place Jussieu, 75252 Paris Cedex 05, France.

olivier.renault@cea.fr

With the advent of laboratory monochromatized hard.X-ray sources, HAXPES has become more and more popular
over the recent years thanks to accessible instruments providing enhanced sub-surface sensitivity with decent
enough energy resolutions for chemical fingerprinting [1-3]. Yet, the more regular use of lab-scale HAXPES faces
many challenges when it comes to provide reliable and reproducible results [4]. For example, the combination of
dramatically decreased ionisation cross-sections and characteristics of hard X-ray sources may result in more
pronounced beam damages due to longer acquisition times or higher photon flux densities. Another challenge is
related to the uniformity of a much larger sampled volume, in which non-uniform elemental depth distributions [5]
and/or a potential gradient may occur. This has a big impact on the reproducibility of the elemental quantification,
for which no well established, standardized procedure currently exist despite an increasing awareness on the
challenges [4, 6] and some existing results in the field of transmission function correction [7]. In this talk, we will
present selected examples of lab-scale HAXPES analysis which highlight some of these challenges, and in some case
the solutions provided to come up with improved diagnostics. These will address the field of Mo compounds [6, 8],
multilayer structures and semiconductor interfaces.
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Fig. 1. The use of high-energy core lines at constant information depth for increasing the
internal consistency in the quantification of sub-stoechiometric molybdenum oxide films

[8].

[1] O. Renault et al., “New directions in the analysis of buried interfaces for device technology by hard X-ray photoemission”, Faraday Disc. 236,
288-310 (2022).

[2] B. Spencer et al., “Characterization of buried interfaces using Ga Ka hard X-ray photoelectron spectroscopy (HAXPES)”, Faraday Disc. 236, 311-
337 (2022).

[3] S. Siol, C. Canciellieri, L. Jeurgens et al., “Concepts for chemical state analysis at constant probing depth by lab-based XPS/HAXPES combining
soft and hart X-ray sources”, Surf. Interface Anal., 220, 802-810 (2020).

[4] K. Artyushkova, R. Leadley and A. Shard, “Introduction to reproducible laboratory hard x-ray photoelectron spectroscopy”, J. Vac. Sci. Technol.
A 42(5), 052801 (2024).

[5] T. Bure, O. Renault, C. Robert-Goumet et al., “Assessing advanced methods in XPS and HAXPES for determining the thicknesses of high-k
oxide materials: From ultra-thin layers to deeply buried interfaces”, Appl. Surf. Sci. 609, 155317 (2023), and references therein.

[6] A. Boyer, N. Gauthier, O. Renault, Surf. Sci. Spectra 31(2), 024018 (2024).

[7] D. Alamarguy, N. Gauthier, T. Conard, O. Renault, R. Lazzari et al., “Intensity-energy response function of Al/Cr-Ka x-ray photoemission
instruments: An inter-laboratory study”, J. Electron Spectrosc. Relat. Phenom. 276, 147486 (2024).

[8] R. Charvier, O. Renault, B. Domenichini et al., Appl.Surf. Sci. 2025 (under review).

Acknowledgment : This work, carried out on the Platform for Nanocharacterisation (PFNC), was supported by the “Recherche Technologique de
Base” and "France 2030 - ANR-22-PEEL-0014" programs of the French National Research Agency (ANR)
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Advancing XPS Methodologies: 1) Transition
Metals, 2) Rare Earth Elements, and 3) The Role of
Adventitious Carbon

M.C. Biesinger®?, J.D. Henderson?, S. Buchanan'3, L. Grey'?, L. Pearson'

1 Surface Science Western, ?Dept. of Chemistry, 3Dept. of Physics and Astronomy, Western University,
London ON, Canada

biesingr@uwo.ca

Chemical state X-ray photoelectron spectroscopic (XPS) analysis of first row transition metals and their oxides and
hydroxides is challenging due to the complexity of the 2p spectra resulting from peak asymmetries, complex
multiplet splitting, shake-up and plasmon loss structure, and uncertain, overlapping binding energies. Our work has
shown that all the values of the spectral fitting parameters for each specific species, i.e. binding energy (eV), full
width at half maximum (FWHM) value (eV) for each pass energy, spin-orbit splitting values and asymmetric peak
shape fitting parameters, are not all normally provided in the literature and databases, and are necessary for
reproducible, quantitative chemical state analysis.

We have worked toward a consistent, practical, and effective approach to curve fitting based on a combination of
1) standard spectra from quality reference samples, 2) a survey of appropriate literature databases and/or a
compilation of literature references, 3) specific literature references where fitting procedures are available and 4)
theoretical fittings, where available, of multiplet split reference spectra. The use of well characterized standard
samples and fitting of the entire peak shape has been shown to increase our ability to accurately identify and (semi)
quantify the various species present in mixed oxide/hydroxide systems. Additional chemical information has also
been elucidated from Auger parameters and by using Wagner plots for compounds of Ni, Cu, Ga, In, Cd, and Zn. The
unique spectral shapes of the LMM Auger peaks for these transition metals, particularly for Cu, as well as for Zn, In
and Cd, have also been shown to be of use for chemical speciation. These methods have been shown to be effective
in a wide variety of applications and are now being extended to rare earth element spectra (e.g. Er, Ce, La).
Additionally, a recent assessment of available charge corrections procedures for insulating samples will also be
shown including recent work on defining the nature of adventitious carbon (AdC) and improving its merit for charge
correction usage. The effect of the presence of AdC as it relates to the interpretation of the oxygen 1s spectrum will
also be presented.
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Fig. 1. Curve-fitting examples of Cr 2ps;; of Cr oxide (upper, left), Cu LLM of a mixed copper sample (upper, center), C 1s of an average of
adventitious carbon samples (lower, left), standardized C 1s of graphitic type carbon (lower, center), and a Cu 2ps/2 — Cu LMM Wagner Plot (right).
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One-step Photoemission Model: Core Levels
to Valence Bands in Quantum Materials

J. Minar!

! New Technologies-Research Centre, University of West Bohemia, 30100 Pilsen,
 Republic

Czec

Jjminar@ntc.zcu.cz

Angle-integrated and angle-resolved photoemission in the soft and hard X-ray regimes have become essential tools
for investigating the bulk properties of various materials. In practice, enhanced bulk sensitivity can be achieved
through threshold photoemission. To accurately replicate experimental results, key effects such as matrix elements,
photon momentum, phonon excitations, and lattice vibrations must be properly accounted for. In this work, we
present a generalized one-step photoemission model implemented within the Munich SPR-KKR program package [1,
2]. This computational framework coherently describes photoelectron excitation, transport to the surface, and
emission into the vacuum. Moreover, it is applicable across a wide photon energy range, from a few electron volts
to over 10 keV. The model’s ability to incorporate correlation and thermal effects, in combination with the coherent
potential approximation (CPA) method [3], is demonstrated through various examples. The analysis of ARPES data
in terms of three-dimensional electron dispersions typically relies on the free-electron approximation for the
photoemission final states. However, at high excitation energies, these final states can become significantly more
intricate, involving multiple Bloch waves with distinct out-of-plane momenta. The interpretation and related
treatment for multiband final states will be discussed [4]. Special emphasis is placed on the implementation of X-ray
photoelectron diffraction, including the treatment of Kikuchi fine structure and circular dichroism in angular
distributions (CDAD) for the core levels [5]. Furthermore, the model has been instrumental in confirming the
altermagnetic lifting of Kramers spin degeneracy, a key feature of altermagnetism [6], which represents a novel class
of magnetism with significant implications for both fundamental research and technological applications.

[1] Ebert, H., Koedderitzsch, D., & Minar, J. . Calculating condensed matter properties using the KKR-Green's function method—recent
developments and applications. Reports on Progress in Physics, 74(9), 096501, (2011).

[2] H Ebert et al. The munich spr-kkr package, version 8.5, (2022).

[3] Braun, J., Mindr, J., & Ebert, H. . Correlation, temperature and disorder: Recent developments in the one-step description of angle-resolved
photoemission. Physics Reports, 740, 1-34, (2018).

[4] Strocov, V. N., Lev, L. L., Alarab, F., Constantinou, P., Wang, X., Schmitt, T., ... & Minar, J. . High-energy photoemission final states beyond the
free-electron approximation. Nature Communications, 14(1), 4827, (2023).

[5] Vo, T. P., Tkach, O., Tricot, S., Sebilleau, D., Braun, J., Pulkkinen, A., ... & Minar, J. . Layered Multiple Scattering Approach to Hard X-ray
Photoelectron Diffraction: Theory and Application. arXiv preprint arXiv:2411.09669, (2024).

[6] Krempasky, J., Smejkal, L., D’souza, S. W., Hajlaoui, M., Springholz, G., Uhlifova, K., ... & Jungwirth, T. . Altermagnetic lifting of Kramers spin
degeneracy. Nature, 626(7999), 517-522, (2024).
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HAXPES Inelastic Background for
Characterization of Nano-Structured Materials

Sven Tougaard

Department of Physics, Chem. and Pharm., University of Southern Denmark, Odense M,
Denmark

svt@sdu.dk

Quantitative characterization of nanostructures by analysis of the inelastic background in photoelectron
spectroscopy (XPS and HAXPES) is now a widely used method. [1,2] The method is non-destructive, and the probing
depth is considerably larger than the usually quoted 3 IMFP because the inelastically scattered electrons originate
from larger depths than the electrons in the peak and it is typically ~10 IMFP but can be ~20 IMFP in cases where
the background can be followed over several hundred eV. The latter is often the case with HAXPES because the
separation between deep lying core electrons can be much larger compared to those excited with conventional XPS.
With HAXPES, the photo electron energy and thereby the IMFP and the probing depth is also increased and several
examples with analysis of structures at > 100 nm depth have been reported [2]. Since lab based HAXPES is now
commercially available it is being installed in many labs and its application in nanotechnology is expected to rapidly
increase considerably.
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Fig. 1. QUASES analysis of a PS coated nanoparticle. The analysis Fig. 2. QUASES analysis of a Ta layer in a stack. From [5]

shows that the coating of the PTFE core is incomplete. Data from
[4]. For detailed step by step analysis, see: Video 13 in [6].

In the talk, we will discuss several practical applications of the QUASES [3] software. Fig. 1 shows how it can be used
to determine the core-shell thickness and determine that the shell material doesn’t fully encapsulate the core [4].
Fig. 2 demonstrates its ability to determine the depth and thickness of a Ta layer in a stack [5]. The method is non
destructive and in [5] the gradual diffusion of Ta atoms (both towards the surface and into the bulk) could be
followed quantitatively as a function of annealing time and temperature.

[1] ST, Practical guide to the use of backgrounds in quantitative XPS. J Vac Sci Technol A. 2021;39:011201; https://doi.org/10.1116/6.0000661;
[2] ST, HAXPES: Inelastic background for characterization of nanostructured materials Surf Interface Anal. 2024;56:259-266

[3] http:quases.com

[4] A. Miiller et al, Nonuniformities of core-shell nanoparticle coatings Surface and Interface Analysis. 2020;52(11):770-777

[5] C. Zborowski, O. Renault, ST. et al Diffusion from deeply buried | ayers studied by HAXPES, J. Appl. Phys 124 (2018) 657

[6] ST. Tutorial videos; https://zenodo.org/records/5499741
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The application of photoelectron spectroscopy using hard X-rays (HAXPES) is becoming increasingly popular as a
powerful spectroscopic tool in materials science. In HAXPES, electrons are excited by photons in the energy range
of 2.4 — 10keV and their energy dispersion is analysed. The obtained spectra yield valuable information, not only
on the chemical composition, but also on the chemical state of the elements in the sample. Analysis of their
angular distribution reveals additional information on electronic band structure and atomic structure of the
sample. Owing to their high kinetic energy these electrons interact weakly with matter and can travel through:
tens of nanometres of solid — allowing for the study of buried layers,
+ tens of micrometers of gas — allowing for the study catalytic reactions under realistic conditions.

This makes HAXPES particularly interesting for in situ and operando experiments. X-ray standing wave
generation and photoelectron diffraction further adds the possibility to correlate electronic and atomic structure.

The X-ray undulator beamline P22 at PETRAIII is fully dedicated to hard X-ray photoelectron spectroscopy (HAXPES)
techniques. As such, the beam line hosts four specialised experimental end stations for high-resolution studies of
the electronic and chemical structure of complex materials, realistic device-like structures and catalytic interfaces.

The ‘workhorse’ instrument at P22 is a HAXPES hemisphere which is offering ample opportunities for operando
device characterisation, depth profiling, and chemical analysis. The ambient pressure XPS system (POLARIS)
addresses catalytic properties of surfaces in industrially relevant conditions. Anovel hard X-ray momentum
microscope (HarMoMic) explores the electronic and atomic structure by wide-field imaging of band dispersions
and electron diffraction patterns. The HAXPEEM setup is dedicated to investigations of laterally resolved chemical
and elemental structure. All instruments are now in full user operation implemented and operated in close
collaboration with external user groups and as such reflect the wide range of scientific fields currently covered by
the international HAXPES community.

The P22 beamline at PETRA Ill received first light in November 2017 with first user experiments conducted in June
the following year. Since then P22 has produced more than 100 publications.
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The interplay between charge, spin, and orbital degrees of freedom at oxide interfaces gives rise to emergent
electronic and magnetic states, offering pathways to novel functionalities in spintronic and electronic devices.
In this talk, | will present a comprehensive investigation of the electronic and magnetic structures at buried
interfaces in LaNiO3/CaMnQOs3, CaMnQOs/CaRu0Os, and VO2/LaAlOs3/TiO2 heterostructures using a hard x-ray
photoelectron spectroscopy (HAXPES), in conjunction with standing-wave photoelectron spectroscopy and
resonant magnetic reflectivity. Our studies reveal that interfacial ferromagnetism can be stabilized in
nonferromagnetic systems through precise interface engineering and thickness control, as demonstrated in
LaNiO3/CaMn0O3 and CaMnOs/CaRuOs superlattices. In LaNiO3/CaMnQOs, we establish a direct correlation
between the depletion of Ni 3d eg states and the suppression of interfacial ferromagnetism on Mn sites in
CaMnOs [1]. In CaMnOs/CaRuOs, we show that defect chemistry, particularly the presence of oxygen vacancies,
can play a crucial role in modifying the magnetic moments at the interface [2]. Finally, we show that interfacial
charge transfer in VO2/LaAlO3/TiO2 enables modulation of the VO, metal-insulator transition temperature over
a range of 65 K without doping or strain [3]. These findings underscore the power of combining bulk-sensitive x-
ray techniques to probe and manipulate interfacial phenomena, offering insights into the design of tunable
correlated oxide interfaces for future electronic and spintronic applications.

[1] J. R. Paudel, M. Terilli, T.-C. Wu, J. D. Grassi, A. M. Derrico, R. K. Sah, M. Kareev, C. Klewe, P. Shafer, A. Gloskovskii, C. Schlueter, V. N.
Strocov, J. Chakhalian, and A. X. Gray, “Direct experimental evidence of tunable charge transfer at the LaNiOs/CaMnOs; ferromagnetic
interface”, Phys. Rev. B 108, 054441 (2023).

[2] J. R. Paudel, A. Mansouri Tehrani, M. Terilli, M. Kareeyv, J. Grassi, R. K. Sah, L. Wu, V. N. Strocov, C. Klewe, P. Shafer, J. Chakhalian, N. A.
Spaldin, and A. X. Gray, “Depth-resolved profile of the interfacial ferromagnetism in CaMnQs/CaRuOs superlattices”, Nano Lett. 24, 15195
(2024).

[3] D. Mondal, S. R. Mahapatra, A. M. Derrico, R. K. Rai, J. R. Paudel, C. Schlueter, A. Gloskovskii, R. Banerjee, A. Hariki, F. M. F. DeGroot, D.
D. Sarma, A. Narayan, P. Nukala, A. X. Gray, and N. P. B. Aetukuri, “Modulation-Doping a Correlated Electron Insulator”, Nature Comm. 14,
6210 (2023).
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Materials create functionalities, and functionalities form the foundation of our technical world. Quantum materials
open up the possibility of developing efficient or even novel functionalities. In these materials, it is the complex
qguantum mechanical interaction of electrons that leads to quantitatively new behaviour. To understand and
eventually tune the emerging functionalities, one needs to see how electrons behave in real-world devices. A
powerful tool to access electronic phenomena in materials and devices is hard x-ray photoelectron spectroscopy.
HAXPES has recently transformed to a true operando technique to directly probe dynamic electronic functions using
nanofocused x-rays and bias-driven nonequilibrium conditions [1].

Here, | will give examples for electronic functionalities of quantum materials and the possibilities of probing real-
world devices. The focus will be on results obtained with ferroelectric oxides and nitrides sandwiched between
metallic electrodes in prototype capacitor structures. The interplay between electronic interaction on sub-
nanometer length scales ultimately determine the electrical switching, performance (in)stability and fatigue of
macroscopic devices. Spectroscopic electronic fingerprints include i.a. chemical shifts, rigid binding energy shifts and
valence band offsets, which give snapshots of the local and global electron distribution within a heterostructure [2].
Excitingly, defects are a key aspect of ferroelectricity — but their spectroscopic detection is much more subtle than
that of atomic properties, as it means detecting something absent. This requires access to indirect signatures, often
of very low intensities, and experimental condition that is difficult in practice. Our recent development includes
detecting defects and oxygen/nitrogen vacancies in ferroelectric HfO2- and AIXN-based ferroelectrics. Scenarios for
electronic compensation mechanisms are discussed in the frame of band alignment analyses [3].
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Fig. 1. Interface formation between ferroelectric HfO, and TiN electrodes Fig. 2. Scheme of operando HAXPES experiments under
studied by HAXPES, directly correlated to the ferroelectric polarization applied bias voltage. Example of a AIScN ferroelectric
characteristics of TiN/HfO2/TiN capacitors. The maximum ferroelectric capacitor measured in pristine and biased state. The
remanent polarization is tied to a threshold oxygen vacancy concentration, Sc2p core level shifts indicate accelerated oxidation
enabling the controlled design of ferroelectricity in HfO2-based capacitors [1]. when electrically switched [2].

[1] M. Miller, P. Lomker, P. Rosenberger, M. Hamed, D. Mueller, R. A. Heinen, Th. Szyjka, L. Baumgarten, ,Hard x-ray photoelectron spectroscopy
of tunable oxide interfaces”, J. Vac. Sci. Techn.A 40, 013215 (2022) — DOI: 10.1116/6.0001491

[2] O. Rehm, L. Baumgarten, R. Guido, P. M. During, A. Gloskovski, C. Schlueter, T. Mikolajick U. Schroeder, M. Miiller, “Long-term stability and
oxidation of ferroelectric AIScN devices: An operando HAXPES study”, Phys. Status Solidi 2400307 (2024) — DOI: 10.1002/pssr.202400307

[3] L. Baumgarten, T. Szyjka, T. Mittmann, A. Gloskovski. C. Schlueter, T. Mikolajick, U. Schroeder, and M. Miiller, “Smart design of Fermi level
pinning in HfO2-based ferroelectric memories”, Advanced Functional Materials 34, 2307120 (2024), DOI: 10.1002/adfm.2023071
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Final-state effects in XPS correspond to the relaxation of electronic subsystem in response to the core-hole creation.
Such effects can be effectively isolated experimentally by measuring Auger parameter shifts with respect to a
reference phase, with HAXPES enabling characterization of bulk material by extracting Auger electrons well below
the surface. Classical electrostatic theory enables interpretation of final-state effects in compounds dominated by
extra-atomic relaxation i.e., polarization of nearest-neighbor ligands [1]. We have demonstrated that such theory
combined with ab-initio-accurate atomistic simulations can describe Al-O-based compounds, predicting effective
polarizabilities of O and OH ligands (see Fig. 1 and Ref. [2]). Alternatively, quantum assessment of final-state effects
can be done using A-Kohn-Sham scheme [3], as shown in Fig. 2 for bayerite. However, to avoid Coulomb interactions
across periodic boundaries in bulk supercells, the compensating charge has to be added to the system after core-
electron removal, which leads to an underestimation of the extra-atomic relaxation component. In this talk, we will
discuss the strategies to bridge classical and quantum approaches for solids to enable predictive modeling.
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Fig. 1. Predicted vs. experimental Auger parameter shifts for Fig. 2. -OH ligand polarization visualized by charge density change
amorphous alumina thin films (atomic layer deposited at different in response to the core-hole insertion in the central Al atom, with
temperatures) as well as crystalline compounds [2]. The -O and - blue and red isosurfaces indicating charge depletion and charge
OH ligand polarizabilities are extracted from atomistic simulations gain areas, respectively [unpublished]. Calculations are done with
and the electrostatic theory of extra-atomic relaxation [1]. AiiDA + Quantum Espresso using the A-Kohn-Sham scheme [3].

[1] G. Moretti, J. Electron Spectrosc. Relat. Phenom. 95 (1998) 95-144, doi:10.1016/50368-2048(98)00249-7;
[2] S. Gramatte et al., arXiv:2408.08255 (2024);
[3] M. Walter et al., Phys. Rev. B 94 (2016) 041112, doi:10.1103/PhysRevB.94.041112.
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Functional thin films are critical for advancing technologies across various applications. As the demand for tailored
material properties grows, the complexity of materials and their associated parameter spaces increases significantly.
To address these challenges, high-throughput experimental approaches have become increasingly prevalent in
research laboratories worldwide.

Despite its importance in conventional materials development, X-ray photoelectron spectroscopy (XPS) remains
rather underutilized in high-throughput materials development. This presentation will demonstrate how XPS
analysis can complement other high-throughput characterization techniques, offering unique advantages for
accelerating materials discovery and optimization.

Results will be presented for a range of material systems, including oxides [1] and nitrides [2,3]. Additionally, the
discussion will include best practices for analyzing insulating or semiconducting materials. These materials often
exhibit differential charging and sometimes even X-ray-induced photovoltages. A particular focus will be placed on
Auger parameter (AP) measurements as a robust tool for chemical state analysis. This method is uniquely suited for
insulating materials as it is insensitive to surface charging of erroneous calibration of the binding energy scale.[4] In
addition, the AP is highly sensitive to changes in the local chemical environment and can provide important insight
into chemical state and binding environment of the constituent elements. It will be shown that using the AP even
changes in coordination can be resolved making it a valuable tool in the exploration of new phase spaces. This is
especially useful in materials with low crystallinity where conventional phase screening via X-ray diffraction often
leads to ambiguous results (see Fig. 1). The concepts and methodologies discussed are applicable to both XPS and
HAXPES analysis. Whereas HAXPES enables access to previously inaccessible transitions.

Wurtzite Zn,TaN;

xinZn,,Ta,N,

Fig. 1. Chemical state analysis offers great utility in the exploration
of new materials with low crystallinity.

[1] Siol et al., 2020, Surface and Interface Analysis, 52 (12), 779-1190

[2] S. Zhuk et al. Appl. Surf. Sci., 2022, 601, 154172

[3]1S. Zhuk et al. 2023, Chemistry of Materials 35 (17), 7069-7078

[4] A. Wieczorek et al. 2023, Advanced Materials Interfaces 10 (7), 2201828
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As materials grow more complex, the demand for advanced analytical techniques rises. These techniques are
essential to (i) unravel the chemical and physical structures of materials and (ii) link these structures to their
properties and performance. X-ray Photoelectron Spectroscopy (XPS) stands out as a powerful method, delivering
rich, detailed data. Yet, the intricate nature of XPS signal formation presents serious challenges to anyone willing to
extract reliable insight from the measurement spectra. These challenges can be mitigated by the appropriate use of
statistical methods, simulations techniques such as density functional theory (DFT), and more recently digital
innovations such as machine learning (ML) and artificial intelligence (Al). For what matters to us - namely XPS
predictions and data interpretation; DFT has the ability to provide robust estimates of binding energies within
established limits. These computationally intensive estimates can then be extended by ML into larger ‘predicted’
datasets at a fraction of the cost. Finally, Al has the ability to analyzes these extended datasets, enhancing the
potential to interpret XPS spectra.

This presentation will center on molecular structures - often introduced into materials for passivation, band structure
tuning, interfacial effects, or biomedical surface chemistry, with e.g., DNA interactions with functionalized
substrates. Molecular structures might be seen as deceptively simple: a series of atoms bound together following
some sets of rules. Nevertheless, the complexity explodes combinatorially. Moreover, the surjective nature of XPS
signals complicates matters, as multiple structures can produce nearly identical spectra within experimental
resolution. This raises a critical question: even with flawless simulations and digital tools, how far can we go in
retrieving molecular structures from experimental data? Drawing on a digital workflow firmly grounded in
experimental reality, | will outline the steps needed to gain insight and assess the inherent boundaries of translating
XPS spectra into molecular candidates.

LB SR L]

00D v/ aXpxa|

1000¢ IRNAND
FRag
Rolave intensiy
8 8
3
=y
I

r & P

3

N~ H=o

2

s
Jd o
g 2

cs
T 204 22 20

2 26 @ 20
Biding energy (eV)

experimentaiSpecirum

@ aiGenerated — @ predictonSpectrum

g

Fragmers

2 | [ Lt o fragmnts and prodicted vaiwos.
S Mo |veden | Max | Boxplt

0Options for spectra
generation:

Peak width |1
ek shepe
oy
o
P
|
wopoms (100000 ]
conthoses [0

a0

methods. The signal from each atom can be interactively revealed.

25



In situ HAXPES at SLS: achievements and
perspectives

e

Luca Artiglia, Zbynek Novotny?, Claudia Cancellieri?, Lars Jeurgens?, Jiirg Osterwalder3, ‘
Thorsten Bartels-Rausch?, Markus Ammann?, Jeroen A. van Bokhoven'*

! Center for Energy and Environmental Sciences, Paul Scherrer Institute, 5232 Villigen

(Switzerland).

2 Laboratory for Joining Technologies and Corrosion, Empa, Swiss Federal Laboratories for Materials Science
and Technology, Diibendorf (Switzerland).

3 Department of Physics, University of Ziirich, 8057, Ziirich (Switzerland).

4Department of Chemistry and Applied Biosciences, Institute for Chemical and Bioengineering, ETH Zurich,
8093, Zurich (Switzerland).

luca.artiglia@psi.ch

Since 2012, research groups at PSI and ETH have designed and built an ambient pressure X-ray photoelectron
spectroscopy setup consisting of a commercial Scienta R4000 HiPP-2 analyzer connected to suitable experimental
chambers.[1] Such a setup has been commissioned to investigate solid-gas and liquid interfaces with soft and tender
X-rays at the Swiss light source synchrotron.[2,3] In 2018, the endstation has been permanently connected to the
X07DB site and named In Situ spectroscopy (ISS) beamline. Meanwhile, first the university of Zurich and then EMPA
have joined the consortium and expanded the research activity towards the investigation of buried (solid-liquid)
interfaces by means of tender X-rays.[4]

In my presentation, | will describe the main research activities at ISS and focus on results obtained in the investigation
of buried interfaces. | will describe the development of the solid-liquid interface chamber (see Figure 1), showing
some scientific highlights regarding the dip and pull technique. Positive and negative aspects will be listed, with some
emphasis on possible future developments.

Scienta HiPP R4000 Analysis Transfer 2 Ppreparation
analyzer with differentially ~ chamber chamber chamber

pumped electrostatic lens

Fig. 1. Sketch of the solid-liquid interface chamber connected to the Scienta R4000 Hipp-2 analyzer available at the ISS beamline.

[1] M. Ammann, M. Brown, J. A. van Bokhoven, SNSF R’Equip Grant n. 139139.

[2] M. Brown, et al., A new endstation at the Swiss Light Source for ultraviolet photoelectron spectroscopy, X-ray photoelectron spectroscopy,
and X-ray absorption spectroscopy measurements of liquid solutions, Rev. Sci. Instrum. 84, 073904 (2013).

[3] F. Orlando, et al., The Environmental Photochemistry of Oxide Surfaces and the Nature of Frozen Salt Solutions: A New in Situ XPS Approach,
Top. Catal. 59, 591-604, (2016).

[4] Z. Novotny, et al., Probing the solid-liquid interface with tender x rays: A new ambient-pressure x-ray photoelectron spectroscopy endstation
at the Swiss Light Source, Rev. Sci. Instrum. 91, 023103 (2020).
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Only the chemical state of the surface of a catalyst defines its performance. However, the surface depends on the
applied external conditions and the underlying bulk. We will present two examples from thermo-catalysis and
electrocatalysis showcasing how the interplay of external conditions and bulk chemistry affects the performance of
a catalyst. The chemical analysis of surface and bulk is a great challenge as most methods reveal either the surface
or the bulk. We demonstrate the use of the HAXPES-XPS combination as a powerful, practical and non-destructive
tool for quantitative surface (~1 nm) and subsurface/bulk (~10 nm) chemical composition analysis of catalysts.

As a first example, we introduce the perovskite-type material Ero.1sLao.155r0.55Tio.osCUo.0sO3 (ESTN) as a promising
cataluminescence material, which converts chemical energy directly into light [1]. The chemical composition of its
surface and the subsurface changes upon reduction and reoxidation, a behavior, which is very typical in doped
perovskites. The corresponding optical changes are visible even by eye and are relevant for the cataluminescence
performance. The observed diffusive reflectance UV-Vis spectra (DRUVS) are typical for light-plasmon interactions,
indicating the formation of Cu-nanoparticles on the surface. The HAXPES-XPS analysis confirms the exsolution of Cu
upon reduction and reveals the associated electronic structure changes as a function of depth.

After the introductory example of a thermo-catalytic system, we will showcase the methodology of XPS/HAXPES
combination on an electro-catalytic surface. Fe-Ni surfaces are known for their excellent performance for the oxygen
evolution reaction (OER) [2]. Here reduction and oxidation are induced by the electro-chemical potential applied to
the electrode. Like the thermo-catalytic example, optical changes give insights into the chemical and structural
changes of the oxide formed during OER. However, the complexity of the associated redox-reactions and segregation
phenomena led to a controversial debate in the community on the active surface/sites. The XPS/HAXPES unravels
the various oxide-, hydroxide- and oxyhydroxide- phases, and the segregation of Fe. The results underscore the
complexity of the system, however, being a post-mortem method, the question of the active surface remains elusive.

We will conclude the talk with an overview of catalytic systems studied by post-mortem XPS/HAXPES combination
and discuss its advantages and limitations.

[1] A. Borgschulte, et al., Cataluminescence in Er - Substituted Perovskites, Advanced Science 8, 2101764 (2021).
[2] F. Longo, et al., Hard X-ray Photoelectron Spectroscopy Probing Fe Segregation during the Oxygen Evolution Reaction, ACS Applied Materials
& Interfaces 16, 59516-59527 (2024).
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After the first long shutdown (LS1) that included venting of the Large Hadron Collider (LHC) beam vacuum system,
an increment of the beam-induced heat load to the cryogenic system, which was distributed irregularly across the
sectors of the accelerator ring, occurred during operation throughout the experimental run 2 [1,2]. After the second
shutdown (LS2), a further degradation was noticed [3], which is indicating critical limitations for the future when the
system is planned to be operated at higher proton bunch population to achieve higher luminosity [4]. The process
of electron cloud formation was identified as the reason for the observed changes. The resulting electron density is
strongly dependent on the secondary electron yield (SEY) of the beam pipe material, which is sensitive to chemical
surface transformations and work function changes.

In LS2, several beam screens from sectors with different heat load were removed from selected superconducting
LHC magnets. Samples from the Cu surfaces that face the proton beam were extracted for material analysis.
Measurements by classical X-ray photoelectron spectroscopy with Al K« radiation revealed the formation of a cupric
oxide (CuO) surface layer in regions with high heat load, while magnets with relatively low heat load exhibit merely
a Cu0-like surface oxide layer [5]. This difference in chemical nature has also consequences on the SEY of the surface
during operation, and thus on the density of the formed electron cloud. Considering the special environmental
conditions of pressures in the 10"*2 mbar range in the cryogenic beam vacuum of the LHC and beam screen surface
temperatures between 5 and 20K, the formation of CuO was surprising and could only be explained by
radiochemical transformation processes on the Cu surface due to exposure of the adsorbate-loaded surface by
electrons. Model experiments on lab scale revealed that the CuO formation process requires cryogenic temperatures
and depends on the quantity of surface adsorbates, e.g. hydrocarbon and hydroxide bonds.

Moreover, as the CuO surface layer significantly influences the SEY, it is essential to know its thickness and ideally
its composition profile. There are several technical challenges for such analyses on copper surfaces: 1. depth profiling
leads to immediate decomposition of the CuO layer, thus falsifying results in XPS or TOF-SIMS, 2. the kinetic energy
of the Cu 2p electrons excited by Al Ka photons is very low as is their depth of information which limits angular-
dependent measurements, 3. a proper identification of the oxidation state of Cu requires the comparative analysis
of photoelectron spectra, including binding energy and shape of satellite features, and Auger-Meitner [6] electron
spectra, and 4. technical Cu surfaces with different adsorbates and mixed compounds are complicated to
characterise. We have addressed the thickness and film composition determination using Cr Ko based HAXPES
measurements of the extracted beam screen samples and of artificial CuO layers on Cu created in a remote oxygen
plasma. | will discuss the results of the measurements and thickness estimations, the limitations of this methodology
and potential pathways for further analysis refinement using additional available photon lines for photoelectron
spectroscopy.

[1] B. Bradu, K. Brodzinski, G. Ferlin, “Cryogenic management of the [4] G. Arduini et al., “High Luminosity LHC: challenges and plans”,
LHC run 2 dynamic heat loads”, IOP Conf. Ser.: Mater. Sci. Eng. 755, Journal of Instrumentation 11, C12081 (2016).

012099 (2020). [5] V. Petit, M. Taborelli, D. A. Zanin, M. Himmerlich, H. Neupert, P.
[2] G. Arduini et al., “LHC Upgrades in preparation of Run 3”, Chiggiato, G. ladarola, “Beam-induced surface modifications as a
Journal of Instrumentation 19, P0O5061 (2024). critical source of heat loads in the Large Hadron Collider”, Commun.
[3] L. Delprat, B. Bradu, K. Brodzinski, G. Ferlin, F. Ferrand, V. Gahier, Phys. 4, 192 (2021).

L. Herblin, U. Wagner, “First results of the cryogenics operation [6] D. Matsakis, A. Coster, B. Laster, R. Sime, “A renaming proposal:
from the LHC physics Run 3 at the increased energy to 6.8 TeV”, IOP “The Auger—Meitner effect””, Physics Today 72, 10 (2019).
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All-solid-state batteries (ASSBs) offer a promising alternative to conventional Li-ion batteries by increasing the
volumetric energy density and enhancing safety. However, their performance is often hindered by the limited Li-ion
transport across the solid electrolyte (SE)/active materials (AMs) interfaces. This limitation arises primarily from the
SE’s narrow thermodynamic stability windows and the parasitic (electro-)chemical side reactions with the AMs.
These interfacial processes lead to the rise of cell impedance and performance degradation over time. [1, 2]

The comprehensive understanding of the SE oxidation/reduction byproducts and the interface chemical evolution
remains elusive, largely due to the buried nature of these interfaces and the limitations of conventional surface-
sensitive analytical techniques, especially during operando conditions.

In this talk, we will present recent advancements in operando X-ray photoelectron spectroscopy (XPS),[3] enabling
real-time monitoring of the interfacial (electro-)chemical evolution in operational ASSB working electrodes.
Operando XPS measurements are made possible thanks to the low vapor pressure of the SE in ultra-high-vacuum
(UHV) and to the unique and versatile electrochemical custom-made cell, ensuring reliable electrochemistry.[4] We
will demonstrate how the in-house operando XPS using Al Ka X-ray source is a powerful method to probe the
electrified solid-solid interfaces, providing valuable insights into: (i) identifying and quantifying the potential-
dependent redox byproducts of the SE, (ii) the (electro-)chemical evolution of the SE/AMs interfaces, (i) unveiling
the complex reversible redox reactions of cathode or anode AMs, and (iv) determining the electrical properties of
the interface byproducts. Through various case studies on working electrodes (e.g., LisPS4:VGCF, LizPS4:LiCoO,[5]
and LisPS4:Sn02,[6]), we will illustrate the dynamic surface and interfacial processes occurring in real-time during
battery cycling.

Finally, we will discuss the versatility of our operando electrochemical cell for applications beyond soft XPS including
hard XPS, Auger/XPEEM imaging,[7] and XAS measurements at laboratory or synchrotron facilities.

[1] B. Lelotte, C. AF Vaz, L. Xu, C. N Borca, T. Huthwelker, V. Pelé, C. Jordy, L. Gubler, M. El Kazzi, “Spatio-Chemical Deconvolution of the
LiNio.6C00.2Mno.202/LisPSsCl Interphase Layer in All-Solid-State Batteries Using Combined X-ray Spectroscopic Methods”, ACS Applied Materials &
Interfaces, (2025).

[2] L. Holtschi, F. Jud, C. Borca, T. Huthwelker, C. Villevieille, V. Pelé, C. Jordy, M. El Kazzi, P. Novak, “Study of graphite cycling in sulfide solid
electrolytes”, Journal of The Electrochemical Society, 167, 110558 (2020).

[3] X. Wu, C. Villevieille, P. Novak, M. El Kazzi, “Insights into the chemical and electronic interface evolution of LisTisO12 cycled in Li>S-P,Ss enabled
by operando X-ray photoelectron spectroscopy”, Journal of Materials Chemistry A, 8, 5138-5146 (2020).

[4] X. Wu, C. Villevieille, P. Novdak, M. El Kazzi, “Monitoring the chemical and electronic properties of electrolyte-electrode interfaces in all-solid-
state batteries using operando X-ray photoelectron spectroscopy”, Physical Chemistry Chemical Physics, 20, 11123-11129 (2018).

[5] X. Wu, M. Mirolo, C. AF Vaz, P. Novak, M. El Kazzi, “Reactivity and Potential Profile across the Electrochemical LiCoO2-Li3PS4 Interface Probed
by Operando X-ray Photoelectron Spectroscopy”, ACS Applied Materials & Interfaces, 13, 42670-42681 (2021).

[6] M. Mirolo, X. Wu, C. AF Vaz, P. Novdk, M. El Kazzi, “Unveiling the Complex Redox Reactions of SnO2 in Li-lon Batteries Using Operando X-ray
Photoelectron Spectroscopy and In Situ X-ray Absorption Spectroscopy”, ACS Applied Materials & Interfaces, 13, 2547-2557 (2021).

[7]1 M. Mirolo, D. Leanza, L. Héltschi, C. Jordy, V. Pelé, P. Novak, M. El Kazzi, C. AF Vaz, “Post-Mortem and Operando XPEEM: a Surface-Sensitive
Tool for Studying Single Particles in Li-lon Battery Composite Electrodes”, ACS Analytical chemistry, 92, 3023-3031 (2020).
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The current battery research landscape is witnessing a significant shift toward substituting liquid electrolytes in Li-
ion batteries with safer, nonflammable solid alternatives, particularly focusing on LizLasZr.012 (LLZO) with garnet-
type structure [1, 2]. LLZO solid-state systems hold promise not only in addressing the pressing need for safe and
temperature-tolerant batteries but also in enhancing their energy density and cycle life compared to traditional
liquid-electrolyte-based counterparts. Such prospects stem from intrinsic properties of LLZO including its superior
thermal stability, high Li-ion conductivity of up to 1 mS cm™ at room temperature (RT), relatively low electronic
conductivity of ca. 10®S cm™ at RT, and chemical stability in contact with metallic Li. However, integrating LLZO
solid-state electrolytes (SSEs) into batteries has encountered substantial challenges, particularly in sintering
processes. Major issues revolve around maintaining the proper Li stoichiometry (cubic LLZO structure, c-LLZO) after
sintering, ensuring reproducibility of the LLZO microstructure, and addressing cost and scalability concerns
associated with the sintering process. In response, recent efforts have focused on innovative sintering technologies
for LLZO ceramics, including microwave-assisted sintering, spark plasma sintering, flash sintering, and ultrafast (UF)
sintering.

This study presents an in-depth analysis of the surface chemistry of UF-sintered LLZO using comprehensive
techniques, including hard X-ray photoelectron spectroscopy (HAXPES), depth-profiling X-ray photoelectron
spectroscopy (XPS) and focused-ion-beam time-of-flight secondary ion mass spectroscopy (FIB-TOF-SIMS) [3, 4]. Our
investigation uncovers a striking difference between the surface of UF-sintered and conventionally sintered LLZO,
revealing predominant surface contamination by Li2O up to ca. 40 nm depth in the case of UF processing.
Comparative synchrotron X-ray diffraction data during UF and conventional sintering elucidate the origin of surface
contamination. We propose a viable solution to this issue through an additional heat treatment (HT) step at 900 °C
after UF sintering, as corroborated by XPS and FIB-TOF-SIMS measurements. Furthermore, we present a comparative
assessment of the electrochemical performance of Li/LLZO/Li symmetric cells based on UF-sintered LLZO pellets,
both with and without the post-HT step, underscoring the pivotal role of an uncontaminated LLZO surface.

[1] K. J. Kim, M. Balaish, M. Wadaguchi, L. Kong, J. L. M. Rupp, “Solid-State Li—-Metal Batteries: Challenges and Horizons of Oxide and Sulfide Solid
Electrolytes and Their Interfaces”, Adv. Energy Mater, 11, 2002689 (2021).

[2] K.V. Kravchyk, D.T. Karabay, M.V. Kovalenko, “On the feasibility of all-solid-state batteries with LLZO as a single electrolyte”, Scientific Reports,
12, 1177 (2022).

[3] H. Zhang, G. Paggiaro, F. Okur, J. Huwiler, C. Cancellieri, L.P.H. Jeurgens, D. Chernyshov, W. van Beek, M.V. Kovalenko, K.V. Kravchyk, “On High-
Temperature Thermal Cleaning of Li;LasZr.01. Solid-State Electrolytes”, ACS Appl. Energy Mater., 6, 6972-6980 (2023).

[4] H. Zhang, M. Klimpel, K. Wieczerzak, R. Dubey, F. Okur, J. Michler, L.P.H. Jeurgens, D. Chernyshov, W. van Beek, K.V. Kravchyk, M.V. Kovalenko,
“Unveiling Surface Chemistry of Ultrafast-Sintered LLZO Solid-State Electrolytes for High-Performance Li-Garnet Solid-State Batteries”, Chem.
Mater., 36, 11254-11263 (2024).
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Fundamental characteristics of solid-state systems such as electron dispersions, Fermi surface, electron-boson
coupling, etc. resolved in k-space are essential for understanding their physical properties. This information can be
gained with angle-resolved photoelectron spectroscopy (ARPES). Pushing this technique to soft-X-ray energies
around 1 keV adds larger probing depth, sharper definition of three-dimensional k, and chemical-state specific
resonant photoexcitation. At the same time, the Debye-Waller factor and recoil effects, depleting the coherent
spectral intensities, remain moderate in this energy range. These properties make soft-X-ray ARPES ideal for 3D bulk
materials, buried interfaces/heterostructures and impurity systems relevant for electronic and quantum devices.

Bulk materials. — Applications of soft-X-ray ARPES to bulk materials employ sharper definition of out-of-plane k due
to delocalization of photoelectrons over larger escape depth. Examples include 3D-nested Fermi surface of VSe:
forming exotic charge-density waves [1], 3D topological structures such as Weyl cones and chiral fermions [2], etc.

Buried heterostructures. — Semiconductor systems are illustrated by AIN/GaN high-electron-mobility transistor
(HEMT) heterostructures. Soft-X-ray ARPES resolves band dispersions and an anisotropic Fermi surface (Fig. 1) of
interfacial quantum-well states [3]. A representative semiconductor/superconductor interface is GaN/NbN. We
identify a large k-space separation between the valence band maximum of GaN and the Fermi states in NbN (Fig. 2)
which protects its superconductivity [4]. A paradigm example of an oxide interface is LaAlO3/SrTiOs. Here, resonant
photoexcitation at the Ti L-edge resolves the interfacial charge carriers, whose peak-dip-hump spectral lineshape
identifies multiphonon polarons with intrinsically small mobility [5].
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Fig. 1. Fermi surface of the interfacial quantum-well states in Fig. 2. Bandstructures of GaN and NbN matching at tGaN/NbN
AIN/GaN HEMTs. Its anisotropy propagates to anisotropy of the heterojunction. Large separation of GaN bands from the Fermi
saturation current in these HEMTs. states in NbN (magenta semicircle) protects superconductivity.

Impurity systems. — A paradigm impurity system is Ga(Mn)As, a dilute magnetic semiconductor. Resonant
photoexcitation at the Mn L-edge identifies energy alignment and hybridization of Mn impurities with host GaAs,
elucidating their ferromagnetic interaction [6]. Further topics include magnetic impurities in topological matter.

[1] V. N. Strocov et al., "Three-dimensional electron realm in VSe, by soft-X-ray photoelectron spectroscopy: Origin of charge-density waves",
Phys. Rev. Lett. 109, 086401 (2012)

[2] N. B. M. Schroter et al. "Observation and control of maximal Chern numbers in a chiral topological semimetal", Science 369, 179 (2020)

[3] L. Lev et al., "k-space imaging of anisotropic 2D electron gas in GaN/AlIGaN high-electron-mobility transistor heterostructures", Nat. Commun.
9, 2653 (2018).

[4] T. Yu et al., "Momentum-resolved electronic structure and band offsets in an epitaxial NbN/GaN superconductor/semiconductor
heterojunction”, Sci. Adv. 7, eabi5833 (2021).

[5] C. Cancellieri et al., "Polaronic metal state at the LaAlO3/SrTiOs interface", Nat. Commun. 7, 10386 (2016).

[6] M. Kobayashi et al., "Unveiling the impurity band induced ferromagnetism in the magnetic semiconductor (Ga,Mn)As", Phys. Rev. B 89, 205204
(2014).
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This study employs Hard X-ray Photoelectron Spectroscopy (HAXPES) to investigate the chemical
composition of native oxides on steel surfaces, with a focus on their interaction with hydrogen.

In the context of a growing hydrogen economy, a detailed understanding of hydrogen interactions with
steel surfaces is becoming increasingly critical. While the detrimental effects of hydrogen embrittlement
in steels are well documented, the role of the thin native oxide layer that spontaneously forms on steel
surfaces has received comparatively little attention.

Native oxides, only a few nanometers thick, are known to offer some protection against corrosion but
may also influence hydrogen ingress, trapping, and diffusion. Understanding the role of native oxides in
hydrogen uptake and transport is essential for developing effective mitigation strategies.

This study focuses on the chemical changes occurring within native oxide layers on steel surfaces upon
hydrogen exposure. Hydrogen was introduced electrochemically using a custom-designed flow cell
operating inside an argon-filled glovebox, vacuum-connected to the HAXPES instrument. This setup allows
precise control of the environment during hydrogen charging, minimizing surface contamination and
preventing unwanted oxidation or reduction processes. One side of each sample was exposed to hydrogen
through electrochemical charging, while the opposite side remained in contact with inert gas, preserving
the surface of interest from oxygen exposure.

XPS/HAXPES was used to characterize the native oxide layer before and after hydrogen charging. The
results reveal significant changes in the oxide composition, including the reduction of Fe3* to Fe?* and
metallic Fe, as well as the reduction of Cr3* to metallic Cr.

This work demonstrates the potential of HAXPES as a powerful tool for studying hydrogen interactions
with steel and other materials. The findings contribute to a deeper understanding of hydrogen
interactions with native oxides and pave the way for the development of more resistant steel alloys for
industrial applications.
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