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Machine learning for X-ray absorption spectroscopy  

A. Kuzmin, I. Pudza, and P. Žguns   

Institute of Solid State Physics, University of Latvia, Riga, Latvia  

a.kuzmin@cfi.lu.lv  

Knowledge of material structure is required to predict, understand, and optimize material properties. 

X-ray absorption spectroscopy (XAS) is a local structural method [1] that is widely used nowadays due to 

the accessibility of synchrotron radiation sources and the availability of commercial laboratory setups. XAS 

can probe the local environment of a desired chemical element in both bulk and diluted materials with 

ordered or disordered structures under various experimental conditions. The theoretical foundations of 

X-ray absorption spectra are well established [2, 3]; however, their interpretation remains a complex task, 

especially in multicomponent compounds [4], due to the ill-posed nature of the problem. State-of-the-art 

approaches to XAS data analysis (Figure 1) are based on atomistic simulations [5], such as molecular 

dynamics (MD) or reverse Monte Carlo methods. Besides, over the last ten years, efficient machine 

learning (ML) methods have started to emerge for solving forward and inverse problems, i.e., predicting 

spectroscopic data from material structure and extracting structural information from experimental 

spectra. ​
In this presentation, examples of ML applications in XAS will be given. In particular, the use of ML 

interatomic potentials for predicting X-ray absorption spectra based on the results of MD simulations will 

be discussed [6]. The application of an artificial neural network for reconstructing atomic structures 

during a phase transition will also be presented.  

 

 ​
Fig. 1: A workflow for structure determination using X-ray absorption spectroscopy.    
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Analysis of highly disordered structures by Reverse Monte Carlo constrained by 
EXAFS, scattering structure factor and interatomic potentials  

C. Janusz, R. Felici, A. Di Cicco, and A. Trapananti 

University of Camerino, School of Science and Technology, Camerino, Italy​
​

cezary.janusz@unicam.it  

The Reverse Monte Carlo (RMC) method [1] is widely used for modelling disordered materials, where 

information beyond pair distribution functions is necessary for a full structural analysis. RMC allows the 

generation of atomistic models consistent with multiple measured experimental datasets, thus allowing to 

exploit the structural sensitivity of each experimental technique.  

Within this contribution, recent developments in the RMC-GnXAS code for Extended X-ray Absorption 

Fine Structure (EXAFS) analysis [2] are presented, introducing a multi-constraint approach combining 

EXAFS, total scattering structure factors, coordination constraints, as well as some interatomic potentials 

(Lennard-Jones and Buckingham–Coulomb [3] in the current implementation), using a Hybrid Reverse 

Monte Carlo approach [4, 5]. This scheme enables reliable structural modelling of multi-element materials 

based on complementary experimental data while maintaining consistency with realistic interatomic 

interactions.   

We report on the validation and application of this data analysis approach to different cases, such as GeO₂ 

and GeS₂ glasses at high pressure, and Ni2+ aqueous solutions. Interatomic potentials allow the 

suppression of unphysical pair correlations insufficiently constrained by experimental data. For the 

glasses, the resulting models are consistent with both our EXAFS data and the structure factors reported 

from previous X-ray and neutron scattering experiments [6-8]. The obtained models made it possible to 

investigate the glass network topology in terms of distributions of bond angles and coordination numbers, 

and their evolution as the compressed system evolves toward a higher-coordinated amorphous structure, 

as suggested by other experimental and computational studies.   

These results demonstrate that simultaneous incorporation of complementary experimental and potential 

constraints provides a robust framework for modelling complex disordered systems. Future developments 

will focus on increasing the range of available potentials and improving computational efficiency through 

optimized minimization and sampling strategies.  

 

 

 

 

 

 

[1] R. L. McGreevy and L. Pusztai, Mol. Simul. 1, p. 359–367 (1988), 

[2] A. Di Cicco et al., J. Chem. Phys. 148, 094307 (2018). 

[3] R. D. Oeffner and S. R. Elliott, Phys. Rev. B 58, 14791 (1998). 

[4] C. Cuillier et al., J. Appl. Crystallogr. 57, p. 1780–1788 (2024).  

[5] G. Opletal et al., Comput. Phys. Commun. 178, p. 777–787 (2008). 

[6] P. S. Salmon et al., J. Phys.: Condens. Matter 19, 415110 (2007). 

[7] P. S. Salmon et al., J. Phys.: Condens. Matter 24, 415102 (2012). 

[8] A. Zeidler et al.,  J. Phys.: Condens. Matter 21 474217 (2009). 

mailto:cezary.janusz@unicam.it


Detailed adsorption geometry of magnetically ordered metal-centered 
porphyrinoid monolayer systems 

 

F. Schirdewahn1,2, T. A. Jung1,2, and M. Muntwiler1 

1Paul Scherrer Institute, Villigen, Switzerland 
2University of Basel, Basel,  Switzerland 

frederik.schirdewahn@psi.ch  
 

Single-ion molecular magnets (SMMs) are possible building blocks for future spintronic and quantum 

computing applications, due to long spin coherence times and tunable electronic and magnetic 

interactions [1]. As SMMs are embedded into molecular networks or assembled on surface supports, the 

interactions are governed by chemical state of the molecule, electronic structure of the substrate as well 

as adsorption geometry [2]. Geometrical details in these systems, especially the adsorption height (adh), 

i.e. the distance between the spin center and the interface atoms, as well as the adsorption site (top, 

bridge, bottom) are often not known precisely. Due to the small energy scale of the interactions, 

theoretical calculations are demanding and precise experimental values are required, further even subtle 

variations of the molecular structure or external fields can induce a shift of the type of magnetic order, 

e.g. from a ferrimagnetic to a ferromagnetic state [3]. In the present case of porphyrins interacting 

predominantly via the dz states of the spin-center, we expect the adh to exert the strongest effect on the 

characteristics of the magnetic exchange coupling.​
In this context, we fabricate diverse single- (CoPc, FeFPc, MnPc) and co-adsorbed (CoPc+FeFPc, 

MnPc+FeFPc) magnetically ordered central metal phthalocyanine (MPc) network samples on diamagnetic 

substrates (Au(111), Cu(111), Cu(100)) as well as central metal porphyrin monolayers (FeOEPCl, FeTPPCl) 

on magnetic substrates (Co/Cu(100), O/Co/Cu(100)). Scanning tunneling microscopy (STM) is used to 

validate sample quality of self assembled monolayer samples, cp. Fig(1, 2). To measure the adsorption 

geometry [4], specifically the adh on those samples, we perform x-ray standing wave (XSW), energy- and 

angular scanned photoelectron diffraction methods, (PhD) and (XPD) respectively. The PSI Multiple 

Scattering Cluster Optimization code (PMSCO) is used to build a molecular model sample, calculate 

photoelectron diffraction patterns and compare them to experimental data while optimizing the 

structural model using machine learning techniques, cp. Fig(3). To calculate electron multiple scattering 

PMSCO uses the packages EDAC [5] and the more advanced and maintained MsSpec-1.0 [6].​
Results of manufactured sample geometries will be discussed in this contribution, where we will identify 

bigger and brighter spots of the CoPc+FeFPc/Cu(111) corresponding to FeFPc molecules while CoPcs are 

squeezed in between, cp. Fig(1). Overall, this talk will focus on experimental- and theoretical diffraction 

methods and their application on former mentioned molecule clusters and show up result differences 

from the multiple scattering calculation packages EDAC and MsSpec. 
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Fig. 1: CoPc + FeFPc / Cu(111) Fig. 2: FeFPc / Cu(111) Fig. 3: Experimental- (black dots) and calculated  blue curve) 
modulation chi across the photon energy tuning. e here kinetic energy in eV. 

 



Ultrafast time-resolved X-ray spectroscopies at X-ray Free-electron Lasers   

F. Lima, Y. Uemura, X. Huang1, M. Biednov, H. Yousef, S. Hayes, A. Sarkar, D. Bregenholt Jakobsen, H. Wang, ​
H. Xu, M. Knoll, P. Frankenberger, S. Huynh, D. Khakhulin, P. Zalden, and C. Milne  

FXE Instrument, European XFEL, Schenefeld, Germany ​
​

frederico.lima@xfel.eu  

X-ray spectroscopies are widely used in the investigation of materials, providing detailed information 

about the electronic configuration and local structures around the absorbing element [1-3]. In the hard 

X-ray regime ( > 4.5 keV) they probe transition metals, with countless applications in materials’ science, 

physics, chemistry, biology, geology, etc [1-3]. Common to all variations of X-ray spectroscopy is the 

absorption of a high energy X-ray photon by a core electron, which is then ejected from the absorbing 

element and propagates in the material in the form of a photoelectron. X-ray Absorption Spectroscopy 

(XAS) explores this phenomenon, producing spectra that delivers distinct information depending on the 

energy of this photoelectron. Following the X-ray absorption process, the absorbing element is left with a 

hole in one of its core levels, which is quickly refilled and an X-ray photon is emitted.  This forms the basis 

of X-ray emission Spectroscopy (XES), which also has different sensitivity depending which electronic 

levels are involved in the refilling process [2, 3]. Combining XAS and XES in a single experiment, called 

resonant XES (RXES) leads to improved information content [2, 3]. ​
Over the last decades, X-ray spectroscopies have advanced significantly with the increased availability of 

X-ray Free-electron Laser (XFEL) sources [2]. Thanks to the unprecedented brilliance and short X-ray pulses 

provided by XFELs, the implementation of X-ray spectroscopies with < 100 fs resolution is now a reality, 

leading to major breakthroughs in ultrafast science [2]. The FXE instrument at the European XFEL stands 

out providing state-of-the-art capability for performing a variety of X-ray spectroscopy experiments with 

ultrafast time resolution [4-7]. The large suite of high-resolution X-ray spectrometers available at FXE, 

combined with the high repetition rate operation of European XFEL allows a variety of time-resolved X-ray 

spectroscopy experiments to be performed. Examples include a recent implementation of an X-ray 

spectrometer optimized for high photon energies [7] and measurements of extended range XAS (also 

known as EXAFS) with ~100 fs resolution. In this contribution I will introduce the instrumentation 

currently installed at FXE and present a few cases of ultrafast X-ray spectroscopies. Some data will be 

discussed in the context of computer-aided spectroscopy.   
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Probing metal oxide surface chemistry with core-electron binding energies  

J. Lischner   

Imperial College London, London, United Kingdom ​
​

j.lischner@imperial.ac.uk  

X-ray photoemission spectroscopy (XPS) is a powerful technique to gain insight into the chemical 

properties of oxide surfaces. However, the interpretation of XPS spectra is notoriously difficult as realistic 

surfaces contain different terminations, reconstructions, adsorbates and defects all of which leave 

(potentially overlapping) spectroscopic fingerprints. To address this challenge, I will present a 

first-principles approach based on the Z+1 method that allows us to predict XPS spectra of oxide surfaces 

which can directly be compared to experimental measurements. We present results for different SnO2 

(110) surfaces: the stoichiometric surface, surfaces with different types of vacancies (one of which is the 

fully reduced surface) and also the fully reduced surface with adsorbed OH and O2 molecules. For these 

systems, we calculate the O 1s core-electron binding energies of all oxygen atoms and then use this to 

predict the XPS spectrum. We find that the fully reduced surface gives rise to a highly symmetric peak 

shape in agreement with recent XPS measurements. In contrast, the spectrum of the stoichiometric 

surface exhibits an additional feature at low binding energies caused by the bridging oxygen atoms at the 

surface. For the reduced surface with OH and O2 adsorbates, the spectrum exhibits additional features at 

higher binding energies. The predicted spectra are in good agreement with experimental results obtained 

for reduced surfaces that have been exposed to oxygen gas. The presented method is general and can be 

straightforwardly applied to other surfaces.  
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Probing the influence of core-hole and atomic multiplets on L2,3 edges  

P. Chandrashekhar, P. Thunström,  O. Eriksson, and H. C. Herper 

Physics and Astronomy, Uppsala University, Uppsala, Sweden  
​

prathibha.chandrashekhar@physics.uu.se  

Core-level spectroscopies, such as X-ray absorption spectroscopy (XAS) and the associated X-ray magnetic 

circular dichroism (XMCD), provide powerful and element-selective probes of the unoccupied electronic 

structure, local symmetry, and magnetic properties of complex materials. We employ an ab initio 

framework based on density functional theory (DFT) plus a dynamical mean field theory (DMFT), as 

implemented in the RSPt code [1, 2], in combination with multiplet ligand field theory (MLFT), to simulate 

core-level spectra. We construct a single impurity Anderson model (SIAM), where the hybridization 

between the correlated impurity - the excited orbital (here, transition metal 3d states) and the 

surrounding ligand bath is explicitly taken into account. The effective Hamiltonian is subsequently solved 

including full multiplet interactions, enabling an accurate description of core-hole effects, spin–orbit 

coupling, and electron–electron correlations beyond standard DFT.  ​
We simulate the L2,3 edges of transition metals in Heusler alloys, aiming to explore the suitability of the 

method [3] for future high throughput studies. In this work we present the obtained spectra for Ni2MnGa 

in austenitic phase at ambient temperature. This material is studied for its fascinating tunable electronic 

and magnetic properties which finds applications in spin resolved conductance devices, magneto-calorics 

and spintronics with particular relevance as a shape memory alloy. With DFT(LDA), we accurately describe 

the electronic structure by capturing the highly spin polarized density of states of 3d transition elements 

at Fermi level. In the simulated absorption spectra, we show our method successfully reproduces the 

branching ratio between the L2,3 edges in both Ni and Mn. We capture fine structure details like the shape 

and position of shoulders to the main peaks in the XAS. We show the crucial effect of presence of 

core-hole on the relative intensities or the branching ratio. We remark that the overall good agreement of 

XAS and XMCD signals, for Ni and Mn in this work and other transition metals tested in other related 

studies [3, 4], enables us to reliably use the method for predicting the spectra in the future in a high 

throughput fashion.  

​

Fig. 1: Calculated XAS (red curve) of the Mn L2,3 edges in Ni2MnGa compared to experimental data ​
(dotted black curve).  

​
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Time-resolved Raman spectroscopy in photoexcited MoS2: transient doping, 
resonance effects and electron-phonon coupling  

 
C. Fasolato​

​
University of Rome La Sapienza, Rome, Italy 

 
claudia.fasolato@uniroma1.it  

 
MoS2 belongs to the class of graphene-like, layered materials called transition metal dichalcogenides 

(TMDs). Semiconducting TMDs, like MoS2, show an indirect to direct bandgap transition when the system 

is exfoliated down to the monolayer structure, which makes them promising materials for future 

applications in optoelectronics and related fields [1]. Unravelling the relaxation pathways of photoexcited 

electrons in such systems, and specifically their coupling with the lattice degrees of freedom, is of great 

applicative interest.​
Time-resolved Raman spectroscopy (TRRS) can provide direct access to the electron-phonon coupling 

dynamics, as well as the incoherent phonon relaxation [2]. The aim of our experiment is studying the 

deexcitation dynamics of MoS2 after impulsive optical pumping of the excitonic bandgap. At the 

SPRINT-NFFA facility, we have carried out a TRRS study on the system, monitoring the temporal evolution 

of two specific Raman active features, namely the out-of- plane A1g mode and the in-plane E’2g mode, after 

the photoexcitation. Equilibrium Raman spectroscopy studies have linked the modification of such 

phonon lineshapes to doping effects, providing the background for studying the optically induced, 

transient doping of the system [3, 4, 5]. To explore the effect of dimensionality on the system relaxation 

dynamics, the experiment was performed on both bulk and monolayer MoS2, revealing significant 

differences in the phenomenology and relaxation timescales. The role of the substrate on the monolayer 

deexcitation dynamics was explored by selecting substrates with different electrical and thermal 

properties. After presenting the results of the TRRS study [6], I will discuss their perspective integration in 

a multi-messenger, time-resolved spectroscopy study, coupling the time resolved photon and electron 

spectroscopies available at the SPRINT-NFFA facility (CNR IOM @Elettra, Trieste, Italy). 
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[5] M. Yamamoto et al., J Phys Chem C, Vol. 117, No. 48, 25643 (2013).​
[6] A. M. Finardi et al., npj 2D Materials and Applications, Vol. 9, No. 1, 79 (2025). 
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First-Principles Modeling o f Temperature-Dependent Raman Spectra in 2H-MoS2 
via Machine Learning Potentials  

S. Longo1 and M. J. Verstraete1,2 ​

 

1Nanomat group, Q-MAT, University of Liège, Liège, Belgium  
2ITP, Physics Department, Utrecht University, Utrecht, The Netherlands ​

​
samuel.longo@uliege.be  

Molybdenum sulfides are highly sought after in materials science for their versatile applications in 

optoelectronics, catalysis, and nanocomposites. While Raman spectroscopy is a primary tool for their 

structural characterization, interpreting empirical measurements is often complicated by large 

experimental variability and structural disorder. To fully understand these properties, theoretical models 

must go beyond basic approximations and accurately account for thermal and anharmonic effects. In this 

work, we outline a robust computational framework for predicting the temperature-dependent Raman 

spectrum of crystalline 2H-MoS2. To efficiently sample the configuration space, we employ MLACS to 

generate a comprehensive training dataset based on Moment Tensor Potentials (MTP). Using the 

Temperature Dependent Effective Potential (TDEP) method, we compute the phonons at finite 

temperatures and accurately determine their anharmonic linewidths. The final macroscopic Raman 

spectrum is then constructed by coupling the resulting phonon spectral function with the Raman tensor, 

which is computed via Density Functional Perturbation Theory (DFPT). Our results demonstrate an 

excellent agreement with experimental measurements. Notably, the computed temperature-dependent 

shifts in both frequencies and linewidths align remarkably well with empirical observations. This work not 

only validates our highly accurate computational pipeline for crystalline phases but also establishes a 

scalable and reliable framework for future investigations into the structural complexities of amorphous 

Molybdenum sulfides.  

 

Fig. 1: Calculated Raman spectra of 2H-MoS2 from 100 to 700 K.   
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First-principles spectroscopy of indirect materials including ​
exciton-phonon interactions 

F. Paleari 

CNR Nano S3, Modena, Italy ​
​

fulvio.paleari@nano.cnr.it  
 
The description of exciton-phonon interaction is becoming increasingly relevant to the spectroscopic 

characterization of low-dimensional semiconductors, since they often present indirect band gaps, bound 

excitons and strong electron-phonon coupling. It determines, for example, fine structures in optical 

absorption and luminescence spectra, the width of excitonic spectral peaks, and the out-of-equilibrium 

carrier dynamics (probed in ultrafast spectroscopy) in terms of lifetimes and intervalley scatterings. The 

main problems, from a computational point of view, are the ab initio calculation of the exciton-phonon 

coupling matrix elements, followed by that of the specific spectroscopic observables to be compared with 

experimental results. After introducing the main theoretical concepts related to the microscopic 

description of exciton-phonon coupling,we will present a newcomputationalworkflowthat interfaces the 

Bethe-Salpeter equation (BSE) – the state-of-the-art tool to compute excitons – with Density Functional 

Perturbation Theory – used for lattice vibrations. Our approach relies on exploiting symmetry operations 

on exciton wavefunctions and electron-phononmatrix elements in momentum space. In addition to a 

large computational speedup, we are thus also able to directly compute exciton symmetry properties, 

selection rules and pseudo-angular momenta. We will illustrate the spectroscopic applications of this 

methodology focusing on two different systems and observables: (i) phonon-assisted satellites 

luminescence spectra of boron nitride polytypes, and (ii) the resonant Raman spectra of MoSe2 (a 

monolayer transition metal dichalcogenide). In both cases, we find excellent agreement with experiment 

and are able to explain the observed spectroscopic features. [1–3] 

 
  

Fig. 1: Right: experimental cathodoluminescence spectra of hexagonal (blue) and rhombohedral (red) boron nitride 
[3]. Inset: calculated wavefunction of the finite-momentum recombining exciton.  

Left: sketch of the phononassisted exciton recombination process. 

 

​
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Nonlinear optics from first-principles real-time approaches  

M. Grüning1
 and C. Attaccalite2   

1Queen’s University Belfast, Belfast, Northern Ireland  
2CINAM, CNRS,  Marseille, France ​

​
m.gruening@qub.ac.uk  

  
Nonlinear optical techniques are offering access to ultrafast dynamics, symmetry properties, and 

light-matter interactions that go beyond the linear regime. However, accurately predicting nonlinear 

optical signals from theory remains challenging: these responses often depend on subtle 

electron-electron and electron-hole interactions that are not captured by independent particle 

calculations.  

The GW approximation and the Bethe Salpeter equation-computational many-body techniques have 

become central tools for describing excited state and optical properties of solids [1]. These computational 

techniques were originally developed for linear spectroscopy. In Refs.[2, 3], we put forward a 

first-principles approach that extends these approaches to nonlinear optical regimes and thus provides 

predictive insight into nonlinear optical phenomena in dielectric materials. After introducing the key ideas 

behind the approach, I will present applications to second- and third-harmonic generation, two-photon 

absorption [4], shift-current [5] and frequency-mixing spectroscopies [6].  
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Excited-State Absorption Drives Optical Limiting in Oligothiophenes 
 

M. Guerrini, M. Driouech, and C. Cocchi 

Friedrich-Schiller-Universität Jena, Institute for Solid State Theory and Optics, Jena, Germany 

michele.guerrini@uni-jena.de  

 

Nonlinear optical phenomena such as optical limiting (OL) arise from complex nonequilibrium electronic 

dynamics that cannot be fully captured within linear-response frameworks. Understanding the 

microscopic mechanisms governing these effects is essential for the rational design of functional photonic 

materials. In this work [1], we investigate the nonlinear optical response of oligothiophenes using the 

nonperturbative regime provided by real-time time-dependent density functional theory. By illuminating 

the molecules with a broadband excitation of increasing intensity [2], we observe the emergence of a 

pronounced absorption band in the infrared region, below the onset of linear excitations, exhibiting the 

typical saturation behavior of OL. To elucidate the origin of this nonlinear response, we employ 

pump–probe simulations targeting the lowest-energy excitation and analyze the resulting electronic 

population dynamics. The results reveal a sequential excitation process in which population is first 

transferred from the ground state to the first excited state and subsequently promoted to higher-lying 

excited states. This provides clear evidence that excited-state absorption is the dominant mechanism 

driving optical limiting in these systems. To quantify this behavior, we perform a refined population 

analysis that combines projections onto excited-state manifolds with reduced density-matrix–based 

population estimators. This approach enables a consistent and physically grounded characterization of 

state-resolved electronic dynamics in the nonlinear regime. Our results demonstrate that RT-TDDFT, 

coupled with state-resolved population analysis, is a powerful nonperturbative lens for disentangling the 

microscopic origins of complex nonlinearities. This theoretical insight is essential to identify 

oligothiophenes as a compelling platform for optical limiting in the infrared visible region, paving the way 

for new device applications. 

 

​
[1] M. Driouech, M. Guerrini, and C. Cocchi J. Phys. Chem. Lett., 16, p. 11867−11875 (2025).​
[2] C. Cocchi et al., Phys. Rev. Lett. 112, 198303 (2014). 

mailto:michele.guerrini@uni-jena.de


mailto:martino.silvetti@unimore.it


Bridging Laboratory and Synchrotron Operando Spectroscopies ​
for Multiscale Battery Interface insights 

 
M. El Kazzi1, V. Siller1, B. Lelotte1, and C. A. F. Vaz2 

1PSI Center for Energy and Environmental Sciences, Paul Scherrer Institute, Villigen, Switzerland 
2PSI Center for Photon Science, Paul Scherrer Institute, Villigen, Switzerland 

mario.el-kazzi@psi.ch  

 
All-solid-state batteries (ASSBs) promise high energy density and improved safety, yet their performance is 

limited by complex interfacial reactions and chemo-mechanical degradation at buried solid-solid 

interfaces. Gaining a fundamental understanding of these dynamic processes requires operando 

spectroscopic techniques capable of probing chemical and electronic changes in real time [1]. 

In this talk, we highlight recent advances in operando spectroscopies, combining laboratory-based X-ray 

photoelectron spectroscopy (XPS) [2, 3] with synchrotron techniques such as X-ray absorption 

spectroscopy (XAS) [4] and X-ray photoemission electron microscopy (XPEEM) [5, 6]. Dedicated 

electrochemical cells enable reliable measurements under realistic conditions while maintaining 

compatibility with photon-based probes. The complementarity between in-house and synchrotron 

approaches provides access to surface and bulk sensitivity, as well as spatially resolved chemical 

information. 

Using sulfide-based ASSBs as model systems, operando XPS reveals electrolyte decomposition pathways 

and the formation of interphase species, while operando XAS tracks transition-metal redox and oxygen 

activity in layered oxide cathodes. Nanoscale XPEEM further resolves local heterogeneities and the role of 

surface coatings in stabilizing interfaces. 

 

 

 
Fig. 1: Schematic overview of the in-house and synchrotron-based X-ray spectroscopy approaches employed to 

probe all-solid-state batteries across multiple length scales. Different cell configurations adapted to each technique, 
emphasizing their compatibility with ultra-high vacuum and photon-based probes. 
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In the framework of material science, core-level spectroscopies are established strategies to probe the 

electronic structure and chemical environment of materials. While these techniques provide valuable 

information, their interpretation in complex systems is not straightforward, emphasizing the importance 

of theoretical insights from ab-initio approaches. On the other hand, the time required for computing an 

X-ray spectrum increases with the number of nonequivalent atoms, becoming prohibitively expensive for 

complex amorphous materials. This drawback can be addressed by employing a surrogate model that 

combines the precision of ab initio methods with computational efficiency [1]. We trained a 

machine-learning (ML) model based on Kernel Ridge Regression (KRR) [2], using atom-density descriptors 

for predicting X-ray Photoelectron Spectroscopies (XPS), by using core-electron Binding Energies (BE) as 

the target quantity. A comprehensive automated AiiDA workflow [3], integrating first-principles XPS 

simulation with sample sub-selection via Farthest Point Sampling (FPS), was employed to generate the 

critical amount of data needed for the training process. The ML models were trained on a representative 

dataset comprising about 250 lithiated Si-based structures, previously obtained through ab initio 

molecular dynamics (MD), DeePMD and grand canonical Monte Carlo simulations [4]. Validation on a 

dataset of around 50 structures demonstrated an accuracy of 0.1 eV, aligning with typical XPS 

experimental resolution. We leveraged the model to construct a stoichiometry map in order to identify 

the LixSi phases that form at various potentials in Si-based anodes.  
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Machine learning (ML) is reshaping computational materials science by enabling accurate predictions of 

properties that are difficult to access directly from first principles. In this talk, I will discuss recent 

developments from our group that combine physical and ML models to predict the properties of energy 

materials under realistic, finite-temperature conditions. First, I will introduce HAMSTER [1], a 

physics-informed Hamiltonian-learning framework that predicts optoelectronic properties of complex 

semiconductors, including halide perovskites, across temperature, composition, and system sizes. Second, 

I will show how ML-accelerated Raman calculations [2] reveal spectral signatures of liquid-like ionic 

motion in solid electrolytes, providing a route to rapidly identify fast ion conductors for solid-state 

batteries [3]. Finally, I will discuss equivariant neural-network models that couple ML force fields with 

Hamiltonian learning to describe electronic properties of semiconductor defects [4]. Together, these 

examples broadly demonstrate how interpretable and data-efficient ML can accelerate the discovery and 

understanding of functional energy materials. 
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Machine learning (ML) has become an effective tool for predicting spectroscopic observables with 

quantum-mechanical (QM) accuracy. In this talk, I discuss perspectives on ML approaches for modeling 

tensorial nuclear magnetic resonance (NMR) parameters and their connection to experimentally 

measurable spectra.  

First, I present a systematic study of graph neural network approaches for learning anisotropic magnetic 

shielding and electric field gradient tensors, and assess how numerical accuracy translates into 

experimentally relevant observables, including multidimensional spectra[1]. These methods are applied to 

structurally complex systems, including amorphous SiO2, zeolites, and dynamic phase transitions in 

crystalline materials.  

Next, I introduce a data-efficient training framework based on synthetic pre-training and targeted 

fine-tuning. Synthetic supervision biases models toward geometry–tensor correlations, yielding up to an 

order-of-magnitude improvement in data efficiency in low-data regimes while preserving accuracy in the 

data-rich limit. I further assess chemical transferability, demonstrating meaningful transfer even to 

previously unseen species.  

Finally, I highlight applications to zeolites[2], where ML models rained on a chemically diverse dataset 

enable accurate prediction of full NMR tensors and spectra for ²⁷Al, ²⁹Si, ¹⁷O, ²³Na, and ¹H, allowing direct 

comparison with experimental data.  

These approaches illustrate how ML can accelerate the prediction and interpretation of tensorial NMR 

observables, bridging first-principles simulations and experimental spectroscopy for complex materials.  
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Computer-aided spectroscopy is increasingly valuable when spectral observables depend on subtle 

structural and environmental effects, which are difficult to isolate experimentally. In this contribution, we 

present two complementary case studies showing how computational modeling can turn vibrational 

signatures into mechanistic insight. 

The first addresses a classic chemical problem in surface-enhanced Raman spectroscopy [1]: identifying 

the adsorption motif responsible for the Surface Enhanced Raman Scattering (SERS) response, in this case 

of nitrophenol/nitrophenolate adsorbed on silver-based nanostructured surfaces. By comparing 

experimental SERS data with DFT simulations of different silver clusters and adsorption geometries (see 

for instance Fig. 1, left panel), we show that the deprotonated species provides the most consistent 

interpretation of the measured spectrum. The calculations indicate that enlarging the metal cluster 

improves agreement with experiment and, more importantly, reveal an unexpected anchoring picture in 

which the interaction is not governed exclusively by the nitro or phenolate groups, but also by a 

significant involvement of the aromatic ring in the molecule-surface charge-transfer pathway. 

The second case study [2] moves from static structural assignment to a dynamical framework for 

vibrational spectral interpretation. Focusing on the anomalous blue-shift of the acetonitrile C≡N 

stretching mode in hydrogen-bonding environments, we combine Raman spectroscopy, 

electronic-structure calculations, and wavelet analysis of ab initio (at the DFT level) molecular dynamics 

trajectories to connect instantaneous local structure with time-dependent vibrational frequencies. This 

approach shows how hydrogen-bonding interactions can strengthen, rather than weaken, the nitrile bond, 

and provides a physically robust picture of the origin of the blue-shift in terms of charge redistribution and 

fluctuating local fields (see Figure 1, right panel). 

These results illustrate how computer-aided spectroscopy can bridge surface chemistry, solvation 

dynamics, and vibrational observables, offering predictive models for both interfacial SERS interpretation 

and hydrogen-bond-sensitive frequency shifts. 

​
Figure 1. Left panel: adsorption geometries of nitrophenolate on silver surfaces. Right panel: change of the C≡N 

stretching frequency with the distance from a Lewis acid (electrophile). 
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Photoemission measurements in the gas phase at low pressure enable investigation of the relationship 

between electronic and structural properties at the level of single molecules. Experiments on isolated 

systems, free from intermolecular interactions, provide an ideal benchmark for developing ab initio 

methods for interpreting and predicting photoemission spectra. Accurate prediction of atomand 

site-specific core ionization binding energies (BEs) is essential for interpreting X-ray photoemission 

spectroscopy (XPS) data, allowing assignment of contributions from non-equivalent atoms even when 

spectral features are unresolved.We developed and validated a computational protocol based on 

plane-wave/pseudopotential density functional theory (PW-DFT) within a ΔSCF framework to predict XPS 

spectra of molecules, molecular aggregates, and thin films on inorganic substrates [1]. 

The protocol was assessed using density functionals with increasing fractions of Hartree–Fock exact 

exchange (EXX): PBE, B3LYP (20% EXX), HSE (range-separated, 25% short-range EXX), and BH&HLYP (50% 

EXX). Results were benchmarked against 

equation-of-motion coupled-cluster with 

single and double excitations (EOM-CCSD). 

The approach was tested on a broad range 

of systems, including aromatic, 

heteroaromatic, and aliphatic compounds, 

as well as drugs and biomolecules, 

demonstrating good accuracy and 

robustness even with semilocal functionals. 

Valence photoemission complements 

core-level studies by probing delocalized 

and π-conjugated orbitals, which are 

sensitive to chemical modifications and 

non-covalent interactions. Using the same 

set of functionals, we evaluated their 

performance in predicting valence ionization 

spectra via Kohn–Sham eigenvalues. Finally, 

the PW-DFT dataset of C1s, N1s, and O1s binding energies was used to train machine learning models for 

predicting XPS spectra of isolated organic molecules. A web tool dedicated to C1s prediction is available at 

https://xps-ml-predictor-ism-cnr.streamlit.app/.To support reproducibility, we provide a public repository 

[2] containing pseudopotentials, input files for ab initio calculations, and datasets used for machine 

learning training. 
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Photolithography is the cornerstone technology enabling the rapid, reliable, and cost-effective production 

of microchips. Through a sophisticated optical system, light patterns are generated to define the 

structures required for transistor fabrication on silicon wafers. These patterns are transferred into a 

physical form by inducing a solubility switch in a photoresist layer. This patterned layer serves as a mask in 

the subsequent etching step to transfer the pattern into the underlying silicon. To achieve feature sizes 

close to ten nanometers, extreme ultraviolet (EUV) lithography is required and represents the current 

state of the art. Attaining ultimate pattern fidelity while minimizing line-edge roughness critically depends 

on precise optimization of the photoresist materials. However, optimizing them by unraveling the 

chemical reactions that are initiated by the absorption of the 92 eV photons in these amorphous, 

multi-component thin films remains a significant challenge.​
At imec’s AttoLab, we investigate these processes by intertwining in situ photoemission spectroscopy and 

computational spectroscopy. By exposing the resist with incremental, low-dose steps and using the same 

photons for electron emission spectroscopy, we obtain a detailed, dose-resolved view of the evolving 

spectral signatures during exposure. Systematic comparison of the measured spectra with first principles 

simulated spectra enables us to directly link observed spectral changes to the underlying atomistic 

processes.​
In this presentation, we will highlight the integrated methodology used to generate structural models and 

compute the corresponding spectra, including GW embedding approaches for core-level spectroscopy and 

force-based Monte Carlo structure optimization. We will illustrate the power of this framework with two 

case studies on distinct classes of resist materials, demonstrating how this combined 

experimental–computational approach leads to new and unexpected insights 
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Angle-Resolved Photoemission Spectroscopy (ARPES) stands as a cornerstone technique in condensed 

matter physics, offering deep insights into electronic structures and quantum many-body states. However, 

the precision of ARPES measurements critically depends on the exact calibration of the photon beam 

polarization, a persistent experimental challenge at synchrotron facilities. This study introduces a machine 

learning-driven methodology for precise, real-time calibration and tuning of photon beam polarization in 

synchrotron based ARPES, targeting the ideal of 100% circular polarization. 

At the heart of our approach is a neural network model trained on high-fidelity datasets generated by the 

one-step photoemission model implemented in the SPR-KKR [1] (Spin- Polarized Relativistic 

Korringa-Kohn-Rostoker) code and validated against experiments conducted at the Bloch beamline of the 

MAX IV Laboratory. Graphene serves as the target system for this calibration framework, chosen for its 

well-characterized and extensively benchmarked electronic structure, chemical robustness, and 

experimental availability. Interface with SPR-KKR is handled through the ase2sprkkr [2] package, enabling 

streamlined and reproducible generation of training data. 

To manage the scale and complexity of the simulation pipeline, we have developed a workflow engine, 

SparkkFLOW, purpose-built for the automated generation, manipulation, and monitoring of ARPES 

simulation data. At its core, SparkkFLOW is tightly coupled with OSCARpes, a structured database 

designed specifically to host, index, and serve one-step photoemission simulation results. OSCARpes 

enables efficient querying of previously computed data, systematic deduplication of redundant 

calculations, and integrity checks that prevent corrupted entries from propagating into the training 

pipeline. Together, these tools dramatically reduce the computational cost of data generation while 

ensuring that the model is trained on a clean, well curated dataset. 

This integration of machine learning with first-principles simulation infrastructure enables real-time 

prediction of optimal experimental conditions, allowing researchers to dynamically adjust their ARPES 

setups and ensure that every measurement is performed under well-defined, optimal polarization 

conditions, ultimately improving both the reproducibility and scientific fidelity of synchrotron ARPES 

experiments. 
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Accurate quantum-mechanical simulation of spectroscopic observables is essential for interpreting 

experimental spectra, particularly in materials governed by strong many-body and excitonic effects. 

State-of-the-art predictions often rely on dynamical electronic response functions derived from 

timedependent mean-field Hamiltonians, encompassing (screened) Hartree-Fock, Hybrid-DFT, and 

Bethe-Salpeter Equation (BSE) approaches. To advance the efficiency and reliability of these simulations, 

we present a novel variational formulation for electronic linear response functions.  

Traditionally, calculating these response functions utilizes a combination of screened and bare electronic 

vertices. We demonstrate an exact rewriting of the formalism entirely in terms of purely screened 

electronic vertices (‘screen-screen’) [1]. Within this framework, the response function can be evaluated as 

a stationary point of a functional of the exact density matrix. Consequently, any approximation of the 

response function yields an error that is strictly quadratic with respect to the error in the density matrix. 

This variational property drastically improves the efficiency and convergence of spectroscopic simulations. 

Crucially, we also show that the imaginary part of any electronic response— which directly dictates 

spectral absorption—can be rigorously cast as a generalized Fermi Golden Rule by introducing a 

complementary rewriting with complex-conjugated vertices (‘screen*-screen’). 

We showcase the practical effectiveness of our formalism by studying a tight-binding model of graphene 

[2]. Despite its simplicity, we capture the strong excitonic features in the optical conductivity spectrum of 

graphene . Furthermore, this framework has proven successful in explaining precisely the Kohn anomaly 

of graphene in the presence of exchange interactions [3]. In fact, since this ‘screen-screen’ formulation is 

an exact mathematical rewriting of linear response theory, virtually every simulation of linear response 

properties stands to benefit from the formalism developed in this work, without imposing any additional 

computational cost in numerical implementations. 

 

​
Fig. 1: Our tight-binding model of graphene, we are able to reproduce the redshift of the optical conductivity  

of graphene due to excitonic effects (labeled BSE), and our variational formulation allow for faster  

and more precise iterative algorithms for the calculation of response functions. 
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We present the Quantum ESPRESSO app [1], an intuitive graphical interface based on the AiiDAlab 

platform [2, 3], designed to enable automated and reproducible density functional theory (DFT) 

workflows. The app employs a modular Input–Process–Output framework combined with a plugin-based 

architecture, providing predefined protocols, robust automated error handling, and interactive 

visualization tools. Underlying these features, the AiiDA infrastructure [4] ensures efficient workflow 

management and data provenance, supporting full reproducibility. 

The platform includes spectroscopy-oriented plugins for several calculations, among them: electronic 

band structures, projected density of states, phonons, infrared and Raman spectra, X-ray and muon 

spectroscopies. It also offers workflows for computing Hubbard parameters, constructing Wannier 

functions, and performing advanced post-processing. By adhering to FAIR principles, the app improves 

data accessibility and reproducibility, bridging the gap between theory and experiment while serving as a 

flexible and extensible framework for automated first principles workflows in computational spectroscopy. 

 

 

Fig. 1: Overview of the result panels for various plugins: (a) XAS; (b) XPS; (c) muon spectroscopy; 

 (d) Hubbard U and V; (e) Wannier functions; (f) Post-processing plugin visualizing spin density data. 
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Accurate excited-state electronic properties are essential for the predictive design of electronic, 

optoelectronic and correlated materials.  However, the routine use of GW in high-throughput studies 

remains challenging because quasiparticle energies depend on a large set of interdependent numerical 

parameters, and achieving convergence across this multidimensional space is both complex and 

computationally demanding. As a result, the steep cost of GW calculations still limits their application in 

large-scale screening studies [1, 2].​
To address these challenges, we present a fully-automated open-source workflow for G0W0 calculations 

[3] within the AiiDA framework [4]. The workflow is based on an efficient estimation of the errors  due to 

basis-set truncation and ultra-soft PAW potentials norm violation, which allows a reduction in the 

dimensionality of the parameter space and avoids the need for multidimensional convergence searches. ​
To demonstrate the effectiveness of the approach,  a database of QP energies for a dataset of over 320 

bulk structures is developed in the high-throughput approach. ​
Using this database as a foundation, we then assess machine-learning models aimed at predicting GW 

quasiparticle corrections directly from DFT-level information. In particular, we investigate the role of 

state-resolved electronic descriptors [5], alongside structural and compositional descriptors, in learning 

quasiparticle corrections across the database. Our results show that descriptor-rich models can reproduce 

GW corrections with useful accuracy, supporting their potential use for accelerated exploratory screening.  

 

 

[1] A. Rasmussen, T. Deilmann, and K. S. Thygesen, npj Comput. Mater. 7, 22 (2021). 

[2] M.J. van Setten, et al., Phys. Rev. B 96, 155207 (2017). 

[3] L. Varrassi, F. Ellinger, E. Flage-Larsen et al., npj Comput. Mater. 11, 351 (2025). 

[4] Pizzi, G., Cepellotti, et al., Comput. Mater. Sci. 111, 218–230 (2016). 

[5] N. R. Knøsgaard and K. S. Thygesen, Nat. Commun. 13, 468 (2022). 

mailto:lorenzo.varrassi3@unibo.it


Exploring Disorder using Density Functional Theory ​
and X-ray Photoelectron Spectroscopy 

Laura E. Ratcliff1,2 

1School of Chemistry, University of Bristol, Bristol, United Kingdom 
2Hylleraas Centre for Quantum Molecular Sciences, Department of Chemistry, UiT The Arctic  

University of Norway, Tromsø, Norway 

laura.ratcliff@bristol.ac.uk  

While theoretical simulations are routinely performed for interpreting valence X-ray photoelectron 

spectroscopy (XPS), the interpretation of core XPS primarily relies on comparison to reference spectra. 

This is challenging, if not impossible, in the case of large molecules or complex solids containing many 

different local chemical environments, even more so for systems exhibiting disorder. Recently, however, 

theoretical approaches for calculating core binding energies (BEs) are becoming increasingly common. 

One approach, based on density functional theory, which has shown great promise for core BE 

calculations, is ΔSCF. However, its use in Gaussian basis codes is complicated by the need to use either 

very large or specifically constructed basis sets which are adapted for core-excited calculations. At the 

same time, such codes may also suffer from problems such as core-hole hopping, which can lead to poor 

convergence or inaccurate results. In this talk I will describe how an adaptive multi-wavelet basis can be 

employed to overcome these problems [1, 2]. When combined with a plane-wave basis set approach 

using core-hole pseudopotentials, it becomes possible to calculate core BEs of both molecules and solids 

using systematic basis sets, enabling core BE calculations of systems ranging from amino acids [1] to 

disordered molecular [3] and solid state materials [4], offering new opportunities for interpreting core XPS 

of complex and disordered materials. 
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[P10] Photoemission time delays in homonuclear diatomics within a Multiple
Scattering framework including long-range Coulomb interactions

Y. Miura1, Y. Tamura1,2, J-B Ji2,K. Ueda2,3, H. J. Wörner2, and K. Hatada1

1Department of Physics, University of Toyama, Toyama, Japan.
2Laboratorium für Physikalische Chemie, ETH Zürich, Zürich, Switzerland.

3Department of Chemistry, Graduate School of Science, Tohoku University, Sendai, Japan.

The photoemission time delay is often discussed in terms of the Wigner time delay arising from scat-
tering with the potential, and in the low energy region the contribution tlong from long-range potentials 
Vlong, such as the Coulomb potential of the residual ion typically dominates. While in the high-energy 
region one often uses the approximation ttot ≃ tshort + tlong, this additivity breaks down at low energies, 
calling for a framework that properly incorporates long-range scattering at large distances. Motivated by 
recent experimental reports of two-center interference in photoemission time delays at photoelectron 
energies below 20 eV [1], we employ a Multiple Scattering framework incorporating long-range 
poten-tials [2, 3] to calculate core-level photoemission time delays in the neon dimer and to 
investigate how two-center interference and multiple scattering on the photoemission time delay.
In Fig. 1(a) we compare the core-level photoemission time delays of Ne2 calculated with photoelec-
tron continuum states obtained in different scattering potentials, for light polarization parallel to the 
molecular axis and averaged over the photoelectron emission directions. The energy dependent gerade
and ungerade oscillations exhibit a larger amplitude in the black curves tt

g/u
ot,Ne2 

than in the yellow curves
tg/long

u 
,Ne2 

, indicating that multiple scattering enhances the two-center interference signal. In Fig. 1(b),
to connect with an experimentally accessible observable, we also consider the incoherent sum of the 
delays, ⟨t⟩IS = (σgtg + σutu) / (σg + σu), where σg/u are the photoionization cross-sections for the gerade
and ungerade. The black curve ⟨t⟩t

IS
ot,Ne2 

− ttot,Ne exhibits pronounced oscillations with approximately
twice the oscillation frequency of the blue and red curves t

g/u
tot,Ne2 − ttot,Ne, whereas the yellow curve

⟨t⟩ISlong,Ne2 − ttot,Ne remains nearly non-oscillatory.

We showed through numerical calculations considering the long-range Coulomb potential that 
photoemission time delay exhibits oscillations with energy due to two-center interference, and that 
multiple scattering amplifies this effect.

Figure 1: (a) Numerical core-level photoemission time delays of neon dimer for gerade (solid) and ungerade (dashed).
They are calculated using photoelectron continuum states obtained in three scattering potentials: the Ne+2 potential
(tg/utot,Ne2 , black), the Z = 1 Coulomb potential (tg/ulong,Ne2 , yellow) and the neutral Ne2 potential (t

g/u
short,Ne2 , green). The

difference tg/utot,Ne2 − tg/ulong,Ne2 is shown in purple. (b) Difference in core-level photoemission time delays between
the neon dimer and the neon atom: tg/utot,Ne2 − ttot,Ne for gerade (blue), ungerade (red), and ⟨t⟩IStot,Ne2 − ttot,Ne for
incoherent sum (black). The difference ⟨t⟩ISlong,Ne2 − ttot,Ne is shown in yellow.
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