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Talk Outline

 X-ray Absorption Spectroscopy (XAS)

* Experiment
* Theory
* Advanced Methods of Data Analysis (MD/RMC/ANN-EXAFS)

* Applications to Functional Materials

* Thermochromic Copper Molybdate and its Solid Solutions
* Polaronic Centers in Proton-intercalated Scheelite-type Tungstates
* Photochromic Yttrium Oxyhydride

* Conclusions
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Non-destructive Direct Structural
Experimental Methods
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X-ray Absorption Spectroscopy

Short range order
<6-10 A (0.6-1 nm)

X-ray Absorption (a.u.)

8500 9000 9500 10000 10500 11000

Energy E (eV)
H(E) — iy (E) = o (E)
EXAFS y(E): (E)s——mMm7—F—
xE: X RG)
€ Ni K-edge in NiO
-
< 3
x
E -3
-
2 4 6 10
Distance R (A)
(k) = /I:If",w/.(l\’r[\"."“th FAT(k) + .. )dR

.. )dR ARy
4 RIRS sin(0)ppga( Ry, Ra. 0. Ry, Q)

X (20750 (k) + 2070 () + 23 P™ (k) + ... )dRyd Rydfd Ryd

N-body
distribution
functions

Materials Modelling Day, 12 September 2025, Tartu, Estonia

%




Basics of X-ray Absorption Spectroscopy
(XANES/EXAFYS)
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What can EXAFS Spectroscopy do?

Most elements
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Typical uses of X-ray Absorption Spectroscopy
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Basics of EXAFS Theory

Multiple-scattering

N-body expansion:
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What Information (Shortlist) can be obtained
from XAS Spectra?

Conventional analysis:
* Interatomic distances (+0.02 A)
e Coordination numbers (+ 10%)
« Mean square relative displacements (MSRD) (+0.0005-0.002 A2)
* Oxidation states (from the absorption edge shift)

Advanced analysis:
» Radial distribution functions (RDF)
* Bond-angle distribution functions (BADF)
 Mean square displacements (MSD)
* Nanoparticle size
e Theory validation

7/
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Advanced Methods of XAS Analysis
using Atomistic Simulations

Simulations

Structural Model

X-ray Absorption Theory

or

O

N \
Reverse Monte Carlo Simulation Interaction Model Artificial Neural Network
% Ga 00% o o% U:ZU(n(ﬁ)JrZU(Z)(ﬁF}H
0 .
o =P 0o 00 i i
\_ J J
( L . R
Evolutlona ry Algorlthm Molecular Dynamics Simulation (NVT, NPT, NVE)
i £ o o
‘*;’»‘”".' 0p° o000 %ol .. Og
% ol g0 |9 0 o©°
\_ Selectlon Crossover Mutatlon J L i=1 2 3 n -/
(" Distribution Functions )
A. Kuzmin, J. Timoshenko, A. Kalinko, . Jonane, J. Timoshenko and A.l. Frenkel,
A. Anspoks, Rad. Phys. Chem. 175 (2020) 108112. 3 A . ACS Catal. 9 (2019) 10192-10211.
\_ J

Experiment

Sample

@iﬂw

( Synchrotron Facility )

~

J

A

é X-ray Absorption

xmnes] EXAFS

~

.\é
a
<<

X-ray Energy

Materials Modelling Day, 12 September 2025, Tartu, Estonia



Computer Codes for XAS Analysis

XAESA

SOFTWARE FOR X-RAY ABSORPTION AND
EMISSION SPECTROSCOPY ANALYTICS

« Conventional XANES/EXAFS/RXES data treatment

* Analysis of the experimental EXAFS spectra using a
multi-shell model or regularization-like method

_ aessasen

https://gitlab.desy.de/aleksandr.kalinko/xaesa

EDACA

SIMULATION-BASED MD-EXAFS ANALYSIS

+ Based on Molecular Dynamics (MD) simulation of
material's 3D structure

* Accounts for multiple-scattering effects and thermal
disorder

Ideally suited to validate theoretical models of
interatomic potentials (force-fields/MLIPs/ab initio)
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EVAX

SIMULATION-BASED EXAFS ANALYSIS

Based on reverse Monte Carlo (RMC) modeling of
material's 3D structure

+ Probes the local structural and thermal disorder in
crystalline and nanocrystalline materials

+ Fits the experimental EXAFS spectra in k- and R-spaces
simultaneously using Morlet wavelet transform

+ Accounts for multiple-scattering effects

Ideally suited for multicomponent compounds
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X-ray Absorption Spectroscopy of
Chromogenic Materials

1. Thermochromic copper molybdate and its solid solutions.

2. Structure of polaronic centers in proton-intercalated AWO,
scheelite-type tungstates.

3. Local structural distortions in photochromic yttrium oxyhydride.
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Thermochromic Copper Molybdate and
its Solid Solutions
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Thermochromic Copper Molybdate and
its Solid Solutions

Multi-edge (K-Cu, K-Mo, L;-W) RMC simulations
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Thermochromic Copper Molybdate and
its Solid Solutions
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Polaronic Centers in Proton-intercalated AWO,
Scheelite-type Tungstates

(Multi-edge) RMC simulations
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Polaronic Centers in Proton-intercalated AWO,
Scheelite-type Tungstates
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Photochromic Yttrium Oxyhydride (YHO)

100
gw z
. b
£ i
]
£ 20f Pds (b) £
0 T L :
500 1000 1500 2000 2500 26 28 30 32 34 36
Wavelenght (nm) 20 (°)
(e) 7 (9)'. WV (5273A) 7 (h) W V: (5226 A)
] RNV (53084) ] W VE (5328A)
£ { £
s . s
> 4 Shift= 0.219° ‘5‘. Shift= 0.329°
2 4 2
2 ]
N & &
[+
B
28 30 32 34
26 () 26 (9)
TABLE |. Refined structure parameters for yttrium oxyhydride powder from x-ray
powder diffraction. Standard deviations are in parentheses. The cubic [space group
h v Fm-3m (225)] lattice parameter a = 5.404(3) A. Crystallite size d = 16(2) nm.
1+ > 1-
VH VH Wyckoff Atomic Biso
V 2+ V 2 Element position coordinates Occupation (A%
o ) (o] Y 4a 0,0,0 1 1.5(1)
O 8c 0.25, 0.25, 0.25 0.40(2) 5.2(3)

5.400

o o
w

g 8
S o

£ 5385

Lattice constant (A)

5.380

o L)
(d)
Ts Pds Bs

Visual State

H. Arslan, I. Pudza, A. Kuzmin, S. Karazhanov, Appl. Phys. Lett. 124 (2024) 151901.
H. Arslan, A. Kuzmin, V. Kumar Kasi, I. Aulika, D. Moldarev, D. Primetzhofer, M. Wolff, I. Pudza, @. Nordseth, S. Karazhanov, Commun. Mater. 6 (2025) 154.

-
o

— Transparent — Transparent
] —Dark (@) & — Dark (b)
; 1.0} ; < 05 \
~
2 X A
® 0.5} @~ V v V N
£
5 YHO thin film % YHO thin film
z Y K-edge woost Y K-edge ]
0.0 L " " " N . . .
17050 17100 0 2 4 6 8 10 12 14
Energy (eV) Wavenumber k (A™)
0.8 T T T 50 T T T
’ —Transparent  (C) = YHO thin film Y-0 ,(d)
o« — Dark % 40F  irans dark ]
< 0.4 £ - ee YO vy
8. Q30F [ — .. Yv | l ]
X 3
- —
< 00 T2} YO A | ]
a o
b YHO thin film & 10t | JXRB
L 4 1
-0.4 Y K-edge @ ) x',“’ XIID
0 2 4 6 8 2 3 4 5
Distance R (A) Distance (A)

Materials Modelling Day, 12 September 2025, Tartu, Estonia

%



CONCLUSIONS

 X-ray absorption spectroscopy is a versatile experimental method to
study local atomic structure and its distortions in functional materials.

e Extraction of structural information remains challenging but can be
handled based on advanced simulation methods.

J. Timoshenko and A. Kuzmin, Reverse Monte Carlo and molecular-dynamics approaches to EXAFS analysis,
in International Tables for Crystallography,

Volume I: X-ray Absorption Spectroscopy and Related Techniques,

Eds. C. Chantler, F. Boscherini and B. Bunker (IUCr) (Wiley-Blackwell, 2024).

I A. Kuzmin, X-ray absorption spectroscopy in high-entropy material research,

in High-Entropy Alloys: Design, Manufacturing, and Emerging Applications,
G. Yasin, M. Abubaker Khan, M. Afifi, T. Anh Nguyen, Y. Zhang (Eds.)
(Elsevier, 2024).
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https://www.dragon.lv/exafs/
EXAFS Spectroscopy Lab ¢ #5282

Institute of Solid State Physics, University of Latv ‘1! OeE
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