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Abstract

This chapter introduces the use of X-ray absorption spectroscopy (XAS) in studying the
local electronic and atomic structure of high-entropy materials. The element selectivity of
XAS makes it particularly suitable to address the challenges posed by the study of mul-
ticomponent compounds. By analysing different parts of the X-ray absorption spectra for
each element, one can obtain information on its chemical state from the X-ray absorption
near-edge structure (XANES) and its local environment, distortions, and lattice dynamics
from the extended X-ray absorption fine structure (EXAFS). The theoretical background
underlying X-ray absorption spectra and existing data analysis procedures are briefly de-
scribed, with particular emphasis on advanced atomistic modelling techniques that enable
more reliable extraction of structural information. Finally, an overview of the applications

of the XAS technique in studying high-entropy materials is presented.
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6.1. Introduction

High-entropy materials (HEMs) are a class of materials that contain five or more principal

elements in equal or near-equal atomic fraction (Brechtl & Liaw| (2021)); George et al.| (2019)).

The first HEMs were high-entropy alloys (HEAs) or multicomponent alloys, discovered in

the early 2000s (Yeh et al. (2004); (Cantor et al|(2004)). The entropy engineering concepts
were later extended to many other materials (Lei et al.| (2019)), including oxides
(2015)); [Sarkar et al| (2018); Albedwawi et al.| (2021); Xiang et al.| (2021)), chalcogenides
(Fan et al| (2016); Wei et al.| (2020); Cavin et al| (2021); |Chen et al.| (2022)); Buckingham|
et al. (2022); Nemani et al.| (2023))), hydroxides (Teplonogova et al.| (2022); Kim et al.| (2022));
Ritter et al.|(2022))), metal-organic frameworks (Ma et al.|(2021); Hu et al. (2021)); Yuan et al.|

(2022)), and polymers (Qian et al. (2021); Huang et al. (2021)). One of the key features of

HEMs is their high configurational entropy, which arises from the mixing of multiple elements

(Brechtl & Liaw| (2021); George et al.|(2019)) and favors the formation of a compositionally
and site disordered atomic structure (Miracle & Senkov| (2017)); Zhang et al| (2022b)). At

the same time, the local atomic structure in HEMs can exhibit a certain degree of clustering
or chemical short-range ordering (SRO), which depends strongly on their composition. The
local coordination environment around each element is determined by its size, charge, and
electronegativity, as well as the presence of other elements. The bond lengths between atoms
depend on the types of atoms involved, as well as their relative positions in the structure.
Therefore understanding of the local atomic structure of HEMs and how it is related to their
chemical composition and properties is essential for designing and optimizing these materials
for various applications.

X-ray absorption spectroscopy (XAS) is a well-established experimental method that
provides information on the local electronic and atomic structure of a particular element
in a material. The method is complementary to X-ray diffraction and is especially suitable
for investigating local lattice distortions or the local environment around impurities with
concentrations down to the ppm level, in crystalline, nanocrystalline and disordered materi-
als. XAS is well-adapted to the study of multicomponent compounds because of its element
selectivity, which is achieved by tuning the photon energy in the X-ray absorption edge re-

gion of the desired element. Samples in different aggregate states, such as solids, liquids,



and gases, can be probed equally well under a wide range of external conditions, including
temperature, pressure, external magnetic or electric fields, as well as in oxidising or reducing
environments. Suitable solid samples can be prepared in the form of single crystals, powders,
thin films or nanoparticles. Samples of metals or alloys can be used either in the form of foil
or as a single piece. Time-dependent X-ray absorption experiments are possible using fast
scanning techniques, special experimental setups (such as dispersive ones), or pulsed X-ray
sources (such as X-ray free electron lasers).

Recent advances in XAS are related to the progress and availability of synchrotron radi-
ation sources, which ensure high-quality experimental data and open up new possibilities for
time-dependent and extreme condition studies. In addition, laboratory XAS spectrometers
using different X-ray tubes as a source of X-rays are also available today and are becoming in-
creasingly popular. While they cannot compete with synchrotron radiation sources in terms
of intensity and various other parameters, their daily availability and relative affordability
make X-ray tubes attractive for such applications as prescreening of samples, industrial use,

and user training.

6.2. Basics of X-ray Absorption Spectroscopy

X-ray photons with energies sufficient to excite an electron from the core level (1s, 2s
or 2p) in an atom are usually employed in XAS when one is interested in the structural
information. However, the upper levels (3s, 3p, 3d, ...) can be also used in the case of
transition metals and more heavy elements to probe the local electronic structure.

The X-ray absorption spectra are designated following to the absorption edges as K, L, M,
etc., which are classified according to the electron principal quantum number n values of 1, 2,
3, respectively. In the X-ray absorption spectra, the electric-dipole-induced transitions play
the most important role, so that the electric dipole selection rules apply for the orbital angular
momentum Al = +1. For example, the K-edge X-ray absorption spectrum corresponds to
transitions from 1s;/; level to empty np states, L;-edge from 2s; /5 level to empty np states,
Ly-edge from 2p; /2 level to empty nds/; states, and Lz-edge from 2ps/; level to empty nds/,
and nds/, states. The transitions from the 2p levels to ns states are also allowed but have

weak intensity and, therefore, are usually neglected.



The electron excited by an X-ray photon is often called the photoelectron. The minimum
(threshold) energy FEj required to eject the photoelectron is equal to the electron binding

energy. Therefore, the wavenumber k of the photoelectron is related to the incident X-ray

photon energy E and to the threshold energy Ey as k = \/ (2m./h?)(E — Ey), where m, is
the electron mass, and A is Plank’s constant.

When a core-shell electron is excited by an X-ray photon, the absorbing atom goes to an
excited state with a positively charged core hole (inner shell vacancy) located at the electron
initial core level. The excitation lifetime At can be estimated from Heisenberg’s uncertainty
principle AEAt ~ h/2, where AFE is the core shell natural width, and is equal to about
10715-1071¢ seconds. Note that this time is much smaller than the characteristic time of
thermal vibrations equal to 107!3-107!* seconds, so that the absorbing and surrounding
atoms remain frozen on their positions during the photoabsorption process. At the same
time, the presence of the core hole leads to a relaxation of other (passive) electrons in the
absorbing atom. Finally, the return of an excited atom to the ground state occurs through
various relaxation channels. Light elements with small atomic numbers Z relax mainly
nonradiatively via the production of Auger electrons, whereas relaxation of heavy elements
is mostly radiative via the emission of X-ray fluorescence (XRF) photons.

When monochromatic X-rays with an energy F travel through a homogeneous sample of
thickness z, they are absorbed in a material so that their incident Io(E) and the transmitted

I(F) intensities are given by the Beer-Lambert law:
[(B) = Ip(E)e "o (1)

where u(E) is the linear X-ray absorption coefficient.

The experimental measurements of the X-ray absorption coefficient p(F) can be per-
formed in transmission mode or using indirect detection modes, such as XRF mode, Auger
electron yield and total electron yield (TEY) modes, and X-ray excited optical luminescence
(XEOL) mode (Fig.[I). The fluorescence detection is advantageous for dilute samples and
heavy elements. The Auger and TEY modes are suitable for light elements and surface
limited (depths up to about 100 A) studies. XEOL mode provides site-selective information

on the local structure of luminescent centres.
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Figure 1: Four different detection modes of X-ray absorption spectrum. X-ray absorption experiment in
transmission, XRF, TEY, and XEOL modes. TEY, Total electron yield; XEOL, X-ray-excited optical

luminescence; XRF, X-ray fluorescence.

The X-ray absorption coefficient x(F) in the one-electron approximation is proportional
to the transition rate between the initial core-state i and the final excited-state f of an
electron, which is given by Fermi’s Golden rule:
‘2

H(E) o ; (fIH0)| 8(Ey - E: - E) (2)

where F = hw is the X-ray photon energy, and the transition operator H = ¢-7in the dipole
approximation. Note that the final state of the electron is the relaxed excited state in the
presence of the core-hole screened by other electrons.

It is common to divide the X-ray absorption spectrum into two parts: X-ray absorption
near edge structure (XANES), located near the absorption edge, and extended X-ray ab-
sorption fine structure (EXAFS), which extends far beyond the edge. Though the two parts
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have the same physical origin, their distinction is convenient for the interpretation. The
XANES region (typically within 30-50 eV of the absorption edge) contains information on
the local electronic structure and is sensitive to the oxidation state of the absorbing atom,
the type and distribution of empty electron states, the local symmetry and multi-electron
effects. The EXAFS part contains information on the local atomic structure, including pair
and many-atom distribution functions. Its analysis can provide structural information such
as the coordination numbers, interatomic distances and their variations due to static and
thermal disorder.

The oscillating part of the absorption coefficient, that is, EXAFS, x!(E) (Fig. [2) located
above the absorption edge of orbital type [ is defined as

1(E) — po(E) — m(E)
fio(E)

where 1,(E) is the background absorption, and po(E) is the atomic-like absorption due to an

X' (k) = (3)

isolated absorbing atom (Lee et al.| (1981)). It is common to display the EXAFS spectrum
as a function of the wavenumber k, often multiplied by &" (where n = 1,2,3) (Fig. [3{(a)).
The contributions of different coordination shells to the EXAFS spectrum can be visualized
in the R-space by calculating the direct Fourier transform (FT) (Fig. B(b)). The peaks in
FT can be observed up to certain values of R, which correlate with half of the mean-free
path (MFP) of the photoelectron. However, the presence of static and/or thermal disorder
can significantly reduce contributions from the distant coordination shells in the FT.

It is important to note that while the shape of the Fourier transform may appear similar
to that of the radial distribution function (RDF), there is a fundamental difference between
these two functions. The positions of peaks in the F'T are always shifted to shorter distances
compared to their crystallographic values due to the presence of the phase shift in the
EXAFS equation, and the shape of peaks in the FT is distorted due to the presence of the
scattering amplitude. Furthermore, the FT also includes the contributions from high-order
distribution functions, known as multiple-scattering (MS) effects (Natoli et al.| (1990)); Rehr
& Albers| (2000)).

The theoretical description of EXAFS in the framework of the MS theory (Rehr & Albers
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Figure 2: Extraction of the EXAFS from the X-ray absorption coefficient. The W Ls-edge X-ray absorption
spectrum p(E) (a) and extracted W Lg-edge EXAFS x(E) (b) of BCC tungsten at 300 K. Background
up(E) and atomic po(E) contributions are shown in (a). BCC, body-centered cubic; EXAFS, extended

X-ray absorption fine structure.

(2000); Rehr et al.| (2009)) is given using a series:

V(k) = ix;<k>,

Xn(k) = > A, (k Rj)sin[2kR; + ¢, (k, R;)] (4)

which includes contributions !, (k) from the (n—1)th-order scattering processes of the excited
photoelectron by the neighbouring atoms, before it returns to the absorbing atom (Rehr &
Albers (2000); Ruiz-Lopez et al| (1988)). The fast convergence of the MS series occurs at
least at high-k values due to the finite lifetime of the excitation, the scattering path lengths,
interference cancellation effects, and path disorder. In practice, the MS contributions up to
the eight-order can be calculated, for example, using ab initio FEFF code (Ankudinov et al.
(1998); Rehr et al. (2010)).

An alternative description of the EXAFS x!(k) in terms of the nth-order distribution

functions g, (R) is also known:
Nk = [AmRp0ga(R)NG"(K) + X2°(K) + .. JaR

+ // 87T2R%R§ Sin(e)pggZS(Rla RQa 9)
[2x57°(k) 4+ 2x37° (k) + x57" (k) + x77°(k) + . . ]JdR1dR,d6
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Figure 3: The W Lg-edge EXAFS spectrum and its FT for BCC tungsten at 300 K. The W Ls-edge EXAFS
spectrum y(k)k? (a) and its Fourier transform (b) for BCC tungsten at 300 K. Both the modulus (thick line)
and imaginary (thin line) parts are shown (b). The inset in (b) shows the calculated mean free path A(k)
of a photoelectron, including the core—hole effect, plotted versus wavenumber k for the W Ls-edge. BCC,
Body-centered cubic; EXAFS, extended X-ray absorption fine structure; F'T, Fourier transform.

+ /////SWQR?RgRﬁSin[9]p894(R1>R2,9,RS,Q)
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where pyg is the average density of a system, and x,,(k) are the MS EXAFS contributions of
the (m — 1) order generated within a group of atoms (o, i, j, ...) described by g, (Filipponi
et al.| (1995)); Filipponi & Di Ciccol| (1995])). This approach was implemented in the GNXAS
code (Di Ciceo| (1995); Filipponi & Di Cicco (2000)), which is able to account for the two-
body (g2), three-body (g3), and four-body (g4) distribution functions.

Note that there is a relation between the MS contributions x,, and many-body distribu-
tion functions g, (Fig. [). Each function g, accounts for all scattering processes involving
the respective group of n-atoms, whereas each MS contribution y,, accounts for the MS

processes of the (m — 1)th-order involving all possible atomic configurations.

6.3. Multicomponent extended X-ray absorption fine structure analysis

The analytical expression for EXAFS can be greatly simplified when one needs to extract

information only from the first coordination shell of the absorbing atom.



2-atoms 3-atoms 4-atoms

) g3 84
o
B
Single-scattering X2 O/
A
oB
Double-scattering | X3 O</—'é
A C
OB OB DO\»OB
Triple-scattering X4 O@ O/ g f l
A A C AO\OC

Figure 4: The relation between the scattering paths due to the multiple-scattering contributions y, and
many-body distribution functions g,,. The scattering paths involving two atoms (A and B), tree atoms (A-
C), and three atoms (A-D) are shown. y2 corresponds to the SS contribution for a pair of atoms A and B.
X3 represents the double-scattering contribution generated within a group of three atoms A—C. x4 includes
three triple-scattering contributions generated within three groups of two (A and B), three (A-C), and four

(A-D) atoms. S8, Single-scattering.

The contribution of the first coordination shell to the total EXAFS spectrum can be
isolated by the Fourier filtering procedure and analysed within the single-scattering approx-
imation, since the lengths of all MS paths are longer than the first coordination shell radius.
Thus only the first term of the series given by Eq. remains. In the case of a Gaussian

distribution (or in the harmonic approximation), the EXAFS expression takes a simple form

L(k, R; 2R;
Xé(k) = 502 ; Ni‘feﬁliR? ) exp l_)‘(k)]
x  sin[2kR; + ¢'(k, R;)] exp(—202k?) (6)

where S is the amplitude reduction factor (typically between 0.8 and 1.0); N; is the coor-
dination number; R; is the interatomic distance; A(k) is the photoelectron MFP; flt(k, R)
and ¢'(k, R) are the photoelectron effective scattering amplitude and phase shift functions;

0?(T) = 02 +02,(T) is the Debye-Waller (DW) factor or mean-squared relative displacement
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(MSRD), accounting for static 0% and thermal o(T) disorder effects (Sayers et al.| (1971);
Lee & Pendry| (1975)). The sum in Eq. is taken over groups of atoms located at different
distances from the absorber.

For moderate disorder, when the distribution of interatomic distances becomes asym-
metric, the EXAFS equation can be expressed using the cumulant decomposition (Bunker
(1983); Dalba et al. (1993)). The cumulant model is often useful for the analysis of anhar-
monic and thermal expansion effects (Tranquada & Ingalls (1983); [Fornasini et al.| (2017))),
nanoparticles (Clausen & Ngrskov| (2000); |Sun et al.| (2017))), and disordered materials (Dalba
et al.| (1995); Okamoto et al.| (2002)).

Temperature-dependent MSRD J?j (T') for the i-j pair of atoms with the mean-square
displacement (MSD) amplitudes MSD;(T") and MSD;(T") are related as follows:

0%(T) = MSD,(T) + MSD;(T) — 2¢,/MSD;(T)/MSD;(T), (7)

ij

where ¢ is a dimensionless correlation parameter (Booth et al.| (1995)). Note that for atoms
located at large distances (in distant coordination shells), the correlation effects become
negligible (Jeong et al.| (2003); Sapelkin & Bayliss (2002)) so that the value of 7;(T') can be
used to estimate the sum of two mean-square displacement amplitudes. The MSD values are
traditionally obtained from diffraction measurements or lattice dynamics calculations, but
molecular dynamics (MD) simulations and reverse Monte Carlo analysis of EXAFS data can
be also used for this purpose (Jonane et al.| (2018))).

The analysis of the outer coordination shells using Eq. [6] is often inaccurate due to the
presence of the MS contributions. In fact, when MS effects are taken into account, the
number of scattering paths increases rapidly for distant shells resulting in a huge number of
fitting parameters required. To illustrate this problem, three cases of the face-centered cubic
(FCC) Fe, body-centered cubic (BCC) Ni, and hexagonal close-packed (HCP) Zn structures
were consider (Fig.[5), and the numbers of unique (accounting for a structure symmetry) and
total scattering paths were compared with those evaluated according to the Nyquist criterion
[Nyar = 2AKAR/7 (Bordiga et al| (2013))] for a long EXAFS spectrum with Ak =20 A1,
as a function of radial distance (cluster radius around the absorbing atom). Note that

the Nyquist criterion estimates the maximum number of independent variables for EXAFS

10
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Figure 5: The dependence of the number of scattering paths on cluster size for the FCC Fe, BCC Ni, and

HCP Zn structures. Solid circles — total number of paths, solid squares — unique number of paths, open

diamonds — number of fitting parameters according to the Nyquist criterion. Note the logarithmic scale on

the vertical axes. BCC, Body-centered cubic; FCC, face-centered cubic; HCP, hexagonal close-packed.

model. As one can see, the Nyquist criterion is not satisfied already at R ~ 4 A when
symmetry is broken as is in the case of HEAs due to the compositional disorder.

Note that only the effect of radial disorder is accounted in Eq. [0 while both scatter-
ing amplitude and phase shift functions of a photoelectron demonstrate non-linear angular
dependence and are sensitive even to small variations of angles along the scattering path,
especially in the case of linear atomic chains (Kuzmin & Purans (1993)); Teo| (1986])). This
problem has been addressed in the past for small disorder using the low-order Taylor expan-
sion for the amplitude and phase of the EXAFS signal (Filipponi et al.| (1995); [Filipponi &
Di Cicco (1995)).
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6.4. Advanced extended X-ray absorption fine structure analysis

To overcome the problems related to disorder effects and properly account for the MS
contributions, the methods based on atomistic simulations (Fig. @, such as MD
et al. (1994); Merkling et al. (2001); Cabaret et al.| (2001)); D’ Angelo et al.| (2002)); |Okamoto
(2004); [Farges et al.| (2004)); [Ferlat et al.| (2005); Kuzmin & Evarestov| (2009); Price et al.|
(2012)); [Yancey et al.| (2013)) and RMC (Winterer| (2000); McGreevy, (2001)); Di Cicco &|
Trapananti (2005)); Gereben et al.| (2007)); Krayzman et al.| (2009)); Krayzman & Levin| (2010));
Levin et al| (2014)); [Timoshenko et al] (2014c]bla))), have been developed in the past. In both

methods, the configuration-averaged (CA) EXAFS signal is calculated using coordinates of

atoms obtained from one or more atomic configurations (“snapshots”) during the simulation

(Kuzmin et al| (2020)). It is important that these configurations naturally include both

static and dynamic disorder. The CA-EXAFS spectra for different absorption edges can
be calculated from the same set of atomic coordinates and used in the analysis. Note that

in addition to atomic coordinates, two nonstructural parameters (AE, and S3?) should be

also provided for comparison with experimental EXAFS spectra (Kuzmin & Chaboy]| (2014)).

These parameters can be determined a priori by analyzing reference materials or by achieving
the best match between experimental and calculated EXAFS spectra.
Apart from the similarities, there is also a principle difference between using MD and

RMC methods to interpret EXAFS, which will be considered below.

6.4.1. Molecular Dynamics
In MD simulation, the 3D atomistic model of a material evolves for a fixed period of time

following the trajectories which are determined by numerically solving classical Newton’s

equations of motion (Gale & Rohl (2003); Gowthaman| (2023))). As a result, MD technique

tends to be effective at high temperatures, enabling the modeling of the anharmonic motion
of atoms. At the same time, the calculated amplitudes of thermal vibrations at low tem-
peratures are underestimated due to a neglect of the zero-point (quantum) atomic motion

(Markland & Ceriotti (2018); Yang & Kawazoe (2012)). To address this problem, alternative

methods such as, for example, path integral MC or path integral MD, should be employed
instead (Berne & Thirumalai (1986)); Marx & Parrinello| (1996); Tuckerman et al.| (1996])).

12
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Figure 6: Scheme of EXAF'S analysis using RMC and MD methods. The simulations are performed based on

the initial structural model and the ab initio multiple-scattering formalism. In the case of the RMC approach,
the agreement between the experimental and calculated data is used to optimize the structural model, while
the configuration-averaged EXAFS spectrum obtained after MD simulation is employed to validate the
interatomic potential model. In both cases, the atomic configurations are finally used to determine different
distribution functions that describe the structure of a material, including disorder effects. EXAFS, Extended

X-ray absorption fine structure; MD, molecular dynamics; RMC, reverse Monte Carlo.

MD simulations are performed using different ensembles (Abraham/ (1986)) such as the

microcanonical ensemble (NVE), the canonical ensemble (NVT), or the isothermal-isobaric
(NPT) ensemble, in which the number of atoms (N), the system’s volume (V), the temper-
ature (T), the pressure (P), or the energy (E) remain conserved during the simulation. The
MD method provides a dynamic representation of the system’s evolution, effectively simu-
lating thermal disorder. Depending on the description of atomic interactions, the method
can be classified as either classical or ab initio MD.

In classical MD, the forces between the atoms and their potential energies are calcu-
lated using empirically defined interatomic potentials (frequently called force fields). This
significantly reduces the total computational time and required resources but allows one to

model large systems, including millions of atoms on a long time-scale up to milliseconds
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(Delaye, (2001); [Pierce et al.| (2012)). At the same time, the reliability of such MD simula-
tions depends directly on the accuracy of the empirical potential. Designing the interatomic
potential is a complex task, involving choosing its functional form and obtaining a set of
parameters on which it depends. Conventionally, two strategies are used to optimize the po-
tential parameters: They are fitted to reproduce material properties such as structure, elastic
constants, and phonon frequencies, or the potential-energy surface determined directly from
ab initio density functional theory (DFT) simulations (Gale & Rohl| (2003)).

The EXAFS spectrum, which includes information on both structural and dynamic dis-
order, represents an additional “property” that is well-suited for testing the quality of MD
simulation or interatomic potentials. For this, a set of atomic configurations obtained dur-
ing MD simulation is used to calculate the CA-EXAFS spectrum for an element of interest
based on the ab initio multiple-scattering theory using, for example, FEFF (Ankudinov et al.
(1998); Rehr et al| (2010))) or GNXAS (Filipponi & Di Ciccol (2000)) code. It can then be
compared with the experimental data, and the degree of agreement between the two EXAFS
spectra can be used as a criterion to validate the interatomic potential model. Examples of
such applications to SrTiO3, ZnO, UOy, BCC W, and ScF3 can be found in (Bocharov et al.
(2017, 2020); Jonane et al.| (2018]); | Kuzmin & Evarestov| (2009); Kuzmin et al.| (2016])).

Machine learning (ML) (Behler| (2016])) has recently emerged as an alternative method
for representing potential-energy surfaces, wherein large datasets derived from electronic
structure calculations are fitted. ML potentials combine the strengths of empirical potentials
and first-principles models, making them a valuable tool for atomistic simulations. However,
the need for verification of ML potentials remains. Recently, the accuracy of moment tensor
potentials has been successfully validated by comparing the EXAFS spectra of four metals
(BCC W and Mo, FCC Cu and Ni) obtained experimentally and computed from the results
of MD simulations (Fig. [7)) (Shapeev et al| (2022)). The method allows one to account
for both SS and MS contributions to the total EXAFS spectrum while also considering
disorder effects. This is important for achieving good agreement in the region of distant
coordination shells (above 3.5-4 A), especially in materials with many linear atomic chains
in their structure, such as BCC and FCC metals. Note that the MS contributions extend

over the entire k-range, whereas the MS peaks appear at long distances in the R-space due
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multiplescattering; PDFs, pair distribution functions; SS, single-scattering. From (Shapeev et al| (2022)).

Copyright (2022), with permission from Elsevier.
to the large lengths of the MS paths.

6.4.2. Reverse Monte Carlo Simulations
The RMC simulation method employs a variation of the Metropolis algorithm (Metropolis
(1953)) and aims to identify an atomic configuration which is consistent with specific

material properties, such as, for example, an EXAFS spectrum, neutron, or X-ray scattering

data (Woicik et al.[(2023))). It is important that the selected properties are directly connected

to the material structure. In this scenario, the structural model is adjusted at each simulation

step to match experimental data, and no information on interatomic potentials is required,
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which is an advantage over MD simulation.

The RMC method was originally proposed in the late 1980s as an approach to extract
structural information such as atomic pair distribution functions from X-ray or neutron
scattering data (Keen & McGreevy| (1990); McGreevy & Pusztai (1988)). Shortly after,
its application expanded to include the analysis of EXAFS spectra (Gurman & McGreevy
(1990)). A recent review discussing the strengths and weaknesses of the method for the
modeling of EXAFS data can be found in (Di Cicco & lesari (2022)).

The use of the RMC method in EXAFS analysis additionally benefits from the sensitivity
of EXAFS spectra to high-order atomic distribution functions, which contribute through
MS effects (Rehr & Albers (2000)). This additional information, exclusively present in the
EXAFS spectra, has a positive effect on the stability of the solution and, ultimately, on
the reliability of the resulting structural model. Moreover, the element selectivity of XAS
allows one to obtain experimental EXAFS spectra of different chemical elements present in
a multicomponent compound independently. These spectra can be simultaneously employed
in RMC simulation to determine a single structural model that is in agreement with all
available experimental data.

In an RMC simulation, the model is represented by atoms placed according to the mate-
rial density within a simulation box (often referred to as a cell or supercell) that matches the
desired size and shape. Periodic boundary conditions (PBC) are commonly employed to mit-
igate surface-related effects. However, it is important to note that PBC imposes a limitation
on the maximum cluster radius for EXAFS calculations, restricting it to half the minimum
size of the box. This restriction helps to avoid the occurrence of artificial correlation effects.

During RMC simulation, the positions of all atoms in the box are typically randomly
modified in each iteration (simulation step), and the CA-EXAFS signal is calculated. The
decision to accept or reject the new atomic configuration is made based on the Metropolis
algorithm, taking into account the difference (residual) between the experimental and simu-
lated data in either k or R space, or both simultaneously through the wavelet transformation
(Timoshenko & Kuzmin| (2009))). Additionally, chemical or geometrical constraints can be
incorporated into the residual value to prevent scenarios where atoms excessively approach

or distance themselves from each other, certain bond angles acquire non-physical values,
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or unexpected deviations occur in the coordination number of specific atoms (Tucker et al.
(2007)).

The efficiency of RMC simulation can be significantly improved using an evolutionary

algorithm alongside a simulated annealing scheme (Timoshenko et al| (2014c, 2012)). The

RMC technique is based on stochastic processes and typically converges towards the most

disordered solution that aligns with the experimental data (Tucker et al.| (2007))). Executing

the simulation multiple times with various initial conditions yields distinct sets of final atomic
coordinates, which are then used to obtain information about configuration-averaged atomic
and bond-angle distribution functions.

To perform RMC analysis of EXAFS spectra, several software packages exist, including
RMC-GNXAS (D1i Cicco & lesari (2022); Di Cicco & Trapananti| (2005)), RMC++/RMC_POT
(Gereben & Pusztai (2012); (Gereben et al.| (2007)), EvAX (Timoshenko et al.| (2014c)), RM-
CProfile (Tucker et al|(2007); Zhang et al.| (2020)), RMCXAS (Geiss et al.|(2022); Winterer|
(2000)), m-RMC (Fujikawa et al. (2014)), EPSR-RMC (Bowron, (2008)), and SpecSwap-
RMC (Leetmaa et al. (2010))).

6.5. Applications to High-Entropy Materials

The use of XAS to investigate the local environment in HEMs dates back to 2009
(2009)), but until recently it has been rather sporadic (Rost et al| (2015); Tamm et al.
(2015); Maulik et al.| (2017)); |Zhang et al.| (2017, 2018); Braun et al.| (2018); |[Harrington et al.
(2019)). Most studies published in the past have been devoted to HEAs (Chen et al.| (2009);
Tamm et al.| (2015)); Maulik et al.|(2017)); Zhang et al.| (2017, 2018)); Fantin et al. (2020); Tan|
et al| (2021); He et al| (2021); Morris et al.| (2021)); [Wu et al.| (2021); |[Fantin et al.| (2022);
'Smekhova et al| (2022a)b)); Zhang & Song| (2022)); [Pugliese et al| (2023)); [Tan et al. (2023));
Smekhova et al,| (2023)); Gornakova et al|(2023))) and high entropy oxides (HEOs) (Rost et al.
(2015); Braun et al| (2018); Ghigna et al.| (2020); Tavani et al.| (2020, 2021)); Dupuy et al.|
(2021)); Sushil et al.| (2021)); Han et al.| (2022)); Walczak et al.| (2022)); Luo et al.| (2022)); Wang
et al. (2022); [Molenda et al| (2023)); Jacobson et al. (2023); [Bakradze et al| (2023))), but a

few works have been dedicated to high-entropy metal carbides (Harrington et al. (2019)),

diborides (Gaboardi et al.[(2022)), and metallic glasses (Zhang et al.| (2022a))). Below several
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examples of XAS studies of HEA and HEO materials will be discussed.

It should be mentioned that the high concentration of principal elements in HEMs sim-
plifies the measurement of their experimental X-ray absorption spectra. However, the com-
positional disorder and often proximity of the elements constituting HEM in the periodic
table of elements make the analysis of these spectra challenging, requiring the use of simple
structural models or specific constraints between model parameters. Therefore, existing and
emerging advanced methods of data analysis will contribute greatly to the development of

the field in the future.

6.5.1. High-Entropy Alloys

In the earlier study (Chen et al| (2009)), the authors successfully prepared a binary
to octonary Cu-—Ni-—Al—Co-—Cr—Fe—Ti-—Mo alloy series using mechanical alloying (MA)
and investigated their phase evolution and amorphisation behavior during milling. The
formation of FCC and BCC structures was observed in the binary CugsNi alloy and the
ternary Cugs;NiAl alloy, respectively, both of which remained crystalline even after 60 h of
milling. However, the FCC phase was first formed in the quaternary CugsNiAlCo alloy and
alloys with more components, but it transformed into the amorphous phase after prolonged
milling. Qualitative analysis of Fourier transformations of the Cu, Ni, Co, Cr, Fe, and Ti
K-edge EXAFS spectra was employed to examine the local atomic configuration of each
element in the alloys (Chen et al.| (2009)). The presence or reduction of peaks in the FTs
was used to confirm the formation of the FCC or amorphous phase (Chen et al.| (2009)).

The SRO of equimolar ternary NiCrCo and quaternary NiCrCoFe alloys in the FCC
phase was theoretically studied using a lattice MC method combined with DF'T calculations
by [Tamm et al. (2015)). The structural model consisted of a supercell with 108 atoms, and
the MC simulation was followed by an MD run to allow for atomic relaxations. The MC
simulations suggested a significant degree of SRO in both alloys compared to fully random
distributions (Tamm et al.| (2015)). Specifically, in the ternary NiCrCo alloy, a 40% decrease
in the number of Cr—Cr pairs was observed, accompanied by an increase in the number of
Ni-Cr and Cr—Co atom pairs (Tamm et al. (2015))). Similarly, the quaternary NiCrCoFe

alloy exhibited a decrease in the number of Cr—Cr, Fe—Fe, Ni-Ni, and Co—Co pairs, along
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with an increase in Ni-Cr, Ni-Fe, Cr—Co, and Co—Fe atom pairs (Tamm et al.| (2015)). An
attempt was also made to validate the theoretical models using the experimental Fe K-edge
EXAFS spectrum of the NiCrCoFe alloy. However, the difference between the calculated
Fe K-edge EXAFS spectra for quasi-random and SRO structures was negligible, and both
spectra aligned quite well with the experimental data (Tamm et al. (2015))).

The local atomic structure in a medium entropy alloy (MEA) NiCoCr was studied using
three structural methods such as X-ray or neutron total scattering and XAS at the Cr, Co,
and Ni K-edges in (Zhang et al.| (2017))). Total scattering methods are complementary to
XAS and provide the pair distribution functions (PDFs) extending up to 20-30 A. However,
the analysis of the total PDFs was not able to discriminate partials contributions and to
evidence any detectable lattice distortion (Zhang et al. (2017))). At the same time, the SRO
was revealed from the analysis of EXAFS spectra using the multicomponent analysis (Zhang
et al| (2017)). It was found that the bond lengths and DW factors of Ni-Cr and Co—Cr
pairs are different from those of Ni-Ni(Co) and Co—-Co(Ni) pairs. Also, some evidence of the
SRO enhancement by ion irradiation was proposed based on the EXAFS results (Zhang et al.
(2017))). The local structure and lattice distortion in NiCoFeMnCr HEA were also studied by
the same group (Zhang et al. (2018)). Independent analysis of the K-edge EXAFS spectra for
five metallic elements indicates close (within the error reported) nearest interatomic distances
of 2.53-2.54+0.01 A and the DW factors of 02=0.007£0.001 A? (Zhang et al|(2018)).

The local lattice distortions and their correlations with chemical compositions were in-
vestigated in CrCoNi MEA, CrFeCoNi and CrMnFeCoNi HEAs using synchrotron radiation
based X-ray diffraction and EXAFS techniques by [Tan et al.| (2021]). The distortion of the
first coordination shell around each alloying element was estimated from the analysis of the
EXAFS contribution from the first peak in the FTs (Tan et al.| (2021)). The study revealed
that the distortions are not severe and are highly element dependent, following the order of
Ni > Co > Fe > Cr > Mn in all three alloys (Tan et al. (2021))). Additionally, the averaged
strain around each alloying element was also calculated; it was positive around Ni, while,
negative around Cr (Tan et al|(2021)). However, it is important to approach these findings
with caution due to the simplicity of the model used.

To overcome the limitations of single-element catalysts, FeCoNiXRu (X = Cu, Cr, or Mn)
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HEA nanoparticles with different active sites for water splitting in alkaline conditions were
reported by |[Hao et al.| (2022). The authors found that the Co and Ru sites in the HEA can
simultaneously stabilize OH* and H* intermediates, thus enhancing the efficiency of water
dissociation (Hao et al.| (2022))). XAS was used to investigate the chemical states and bond
structures of Co and Ru in the HEA before and after the stability test. The analysis of the
Co and Ru K-edges XANES shows that Co and Ru are in metallic states and surrounded
by different metallic species, suggesting the formation of a single-phase HEA (Hao et al.
(2022)). The EXAFS results also confirm that Co and Ru keep their metallic states and
bond lengths after the long-term stability test, demonstrating the excellent durability of the
HEA catalyst (Hao et al.|(2022)).

The local environment of six alloying elements in the AlgCri;Coj;CugFei7Niss (at.%)
compositionally complex alloy (CCA) with the FCC-type lattice was studied by |Fantin et al.
(2020). The analysis of the contribution of the first coordination shell to the metal K-
edge EXAFS spectra, based on the multiparameter fit approach, allowed the determination
of coordination numbers, interatomic distances, and DW factors. A higher affinity of Al
for the heavier 3d metals, especially Cu, and the absence of Al-—Al pairs were discovered
(Fantin et al.| (2020)). Thus the EXAFS results indicated the presence of SRO in the alloy
(Fantin et al| (2020)). A comparative analysis of the K-edge XANES in the alloy and pure
metals suggested charge redistribution between Ni/Cu and Al due to orbital hybridization,
which is responsible for the shrinkage of the Al metallic radius (Fantin et al.| (2020))). In
the subsequent study (Fantin et al| (2022)), the effect of heat treatment up to 1150°C on
the AlgCri7Co17CugFe;7Niz3 CCA was addressed, since the alloy exhibits a high temper-
ature single-phase v state above 900°C and a two-phase state with " precipitates below
that temperature. A multi-edge analysis of the first coordination shell for each transition
metal edge was performed, utilizing simultaneously two data sets for the transition metal
and aluminium (Fantin et al. (2022)). Such an approach allows one to constrain the total
coordination number to 12 nearest neighbours, as expected in the FCC lattice, and account
for mixed coordination (Fantin et al| (2022)). The obtained results suggest that the heat
treatment at 910°C, which is just above the 4’ formation temperature, does not affect the

microstructure, hardness, local atomic or electronic structure of the alloy (Fantin et al.
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(2022)).

The combination of XAS with the RMC simulations was utilized to investigate the lo-
cal crystallographic ordering and specific structural relaxations of each constituent in the
equiatomic single-phase FCC CrMnFeCoNi (Cantor) HEA at room temperature (Fig.
by Smekhova et al| (2022a)). The study demonstrated the reliability of the RMC method
(Timoshenko et al.| (2014¢))) in analysing complex multicomponent systems like HEAs. This
method enabled multi-edge analysis and simultaneous fitting of the same structural model
to wavelet transforms (Timoshenko & Kuzmin| (2009))) of all available experimental EXAFS
spectra (Smekhova et al| (2022a)). Consequently, a set of partial and total distribution
functions was generated for a detailed analysis from the final atomic configuration obtained
in the RMC simulations. The findings revealed that all five elements of the alloy are dis-
tributed at the nodes of the FCC lattice with statistically similar averaged interatomic
distances (2.54-2.55 A), without exhibiting any signs of atomic-scale ordering (Smekhoval
et al.| (2022a))). Notably, Cr atoms displayed larger structural displacements compared to
the other elements, potentially influencing the magnetic properties of the alloy (Smekhova
et al.| (2022a)).

The same group (Smekhova et al. (2022b))) employed a similar approach to explore the
Al-driven peculiarities of the local structure in single-phase FCC Alj 3-CrFeCoNi and bcc
Al3-CrFeCoNi HEAs. The analysis of the Cr, Fe Co, and Ni K-edges EXAFS spectra by
the RMC method revealed unimodal and bimodal distributions of all five elements, along
with their correlation with the magnetic properties of the alloys (Smekhova et al.| (2022h)).
Furthermore, soft X-ray XANES at the L, 5 -edges of the metals uncovered a degree of surface
atoms oxidation, suggesting different kinetics of oxide formation for each type of constituents
(Smekhova et al.| (2022Dh)).

In a recent study (Smekhova et al. (2023)), element-specific XAS techniques were em-
ployed to probe the structural, electronic, and magnetic properties of individual constituents
in a nanocrystalline CrogMnygFe8Co19Niy7 thin film with a single-phase FCC structure. The
EXAFS analysis, using the RMC method, revealed a homogeneous short-range FCC atomic
environment around each absorber with close interatomic distances (2.54--2.55 A) to their

nearest-neighbors and enlarged structural relaxations of Cr atoms (Smekhova et al.| (2023))).
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Figure 8: Analysis of the Cr, Fe, Co, and Ni K-edge EXAFS spectra of the FCC CrMnFeCoNi HEA at
300 K using the RMC method: (a) Comparison of the experimental and RMC-calculated Cr, Fe, Co, and Ni
K-edge EXAFS spectra x(k)k? and their Fourier and Morlet wavelet transforms. (b) Starting and final atom
configurations used in the RMC simulations for simultaneous fit to EXAFS spectra at four absorption edges.
(c) Total and partial pair distribution functions (PDFs) g(r) for the FCC CrMnFeCoNi HEA calculated from
the final atom configuration. EXAFS, Extended X-ray absorption fine structure; FCC, face-centered cubic;
HEA, high-entropy alloys; PDFs, pair distribution functions; RMC, reverseMonte Carlo. From (Smekhoval

ot ] (20223)).

Copyright (2022), with permission from Elsevier.

The XANES analysis indicated that Cr and Mn atoms were oxidized at the surface, whereas

Fe, Co, and Ni atoms remained predominantly metallic (Smekhova et al.| (2023)). Further-

more, the analysis of X-ray magnetic circular dichroism spectra revealed that Fe, Co, and

Ni atoms exhibit significant spin and orbital magnetic moments, whereas Cr and Mn atoms

possess small magnetic signals with opposite signs (Smekhova et al.| (2023).

The element-specific local lattice distortions in the BCC TiZrHfNbTa refractory HEA

were quantified before and after a tensile test using a combination of synchrotron radiation X-

ray diffraction and EXAFS methods by Tan et al. (2023)). The averaged atom pair distances

obtained from diffraction patterns using Rietveld refinement and the distances for atom

pairs determined from the Zr and Nb K-edge EXAFS spectra were used to estimate element
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specific local distortions (Tan et al.|(2023))). It was found that the local environment around
Zr experienced stronger distortion than that around Nb in the as-prepared HEA, and this
distortion increases after the tensile test (Tan et al. (2023)).

A temperature-dependent Zr K-edge EXAFS study was conducted on polycrystalline
superconductors by [Pugliese et al| (2023), including CoZry (T, = 6.2 K), medium entropy
Coo.33Rhg 3410 33212 (T, = 8.7 K), and high entropy Cog oFeq oNigoRhg oIrg2Zrs (7. = 5.3 K).
It was found that the temperature effect on the interatomic distances was marginal, how-
ever, an increase in static disorder around Zr was observed with increasing mixing entropy
(Pugliese et al.| (2023)). The temperature dependences of the EXAFS Debye-Waller factors
for near neighbor distances, such as Zr-Co(Fe,Ni), Zr-Ir(Rh), Zr—Zr;, Zr—Zry, Zr—7Zr3, were
determined, demonstrating close behaviour except for the longest Zr—7ry and Zr—7r3 bonds,
which exhibited increased stiffness in the HEA (Pugliese et al.| (2023)).

The influence of heat treatment and high-pressure torsion (HPT) on the structure of
the TiZrHfMoCr high-entropy alloy was investigated by Gornakova et al.| (2023)). XAS was
employed at the Ti, Cr, Zr, and Mo K-edges, as well as at the Hf Ls-edge, to probe the
local atomic structure of two samples: one in the as-cast (AC) state and another after HPT
treatment. The normalized XANES spectra of the HEAs (Fig. [0) indicate the similarity of
the local environment around metal atoms before and after HPT treatment. A pre-edge peak
(or shoulder) A arising from the 1s—nd (n = 3 for Ti and Cr, n = 4 for Zr and Mo) transition
(Muller et al.| (1978); Miiller et al.|(1982)) is present in all K-edge XANES spectra. It becomes
less prominent at higher excitation energies due to an increase in the natural line width of the
1s core level for heavier elements (Keski-Rahkonen & Krause| (1974)). The strong resonance
just above the Hf Ls-edge, known as the white line (WL), is produced by the dipole-allowed
transition 2pz/»(Hf) —5d (Qi et al|(1987)). The EXAFS results also indicated that the local
environment around metal atoms was preserved after HPT, except for some increased static
disorder, presumably in the grain boundary region (Gornakova et al. (2023)). Additionally,
distinct local environments around Mo/Cr, Zr/Hf, and Ti atoms were revealed through the
analysis of their EXAFS spectra, which were consistent with the crystallographic phases
identified by XRD (Gornakova et al.| (2023)).
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XANES, X-ray absorption near-edge structure. From (Gornakova et al| (2023))). Copyright (2023), with

permission from MDPI.

6.5.2. High-Entropy Ozides

In a pioneering study of HEO (Rost et al.| (2015)), five binary oxides were equimolarly
mixed, forming an entropy-stabilized (Mg,Ni,Co,Cu,Zn)O system with the rock-salt struc-
ture, confirmed by diffraction. It is important to note that pure MgO, NiO, and CoO oxides
have the crystal structures identical to HEO, but CuO and ZnO possess different tenorite
and wurtzite structures, respectively. Therefore a structural transition takes place upon mix-
ing (Rost et al.| (2015)). EXAFS results obtained at the metal K-edges show that the local
structures of each cation species in HEO are similar and consistent with a random cation

distribution, supporting the entropy stabilization hypothesis (Rost et al. (2015)). The metal-
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to-oxygen nearest-neighbour distances for each metal species were found to be close within
experimental error and comparable to the values reported for rocksalt structures (Rost et al.
(2015)). The absence of SRO or clustering in HEO was demonstrated based on the shape of
the EXAFS oscillations (Rost et al.| (2015))).

In a subsequent study (Braun et al.| (2018))), the effect of an additional sixth element (Sc,
Sb, Sn, Cr, Ge) on the properties of the (Mg,Ni,Co,Cu,Zn)O system was investigated. It was
observed that entropy-stabilized oxides have very low thermal conductivity and high elastic
modulus attributed to a disorder in the interatomic forces caused by local ionic charge
disorder (Braun et al.| (2018)). The EXAFS results for the first and second coordination
shells showed that the addition of a sixth cation to a five-cation HEO leads to a significant
distortion of the oxygen sublattice and a change in the local coordination environment around
the cobalt absorber (Braun et al. (2018)). These structural changes indicate that the ionic
bonds in HEOs are highly disordered and affect the phonon scattering rate, which in turn
determines the thermal conductivity (Braun et al. (2018)).

The lithiation/delithiation mechanism in the (Mg,Ni,Co,Cu,Zn)O HEO anode for appli-
cation in Li-ion batteries was elaborated upon by |Ghigna et al.| (2020). It was shown that
the insertion of lithium is a complex and irreversible process, resulting in the reduction of
transition metals (Co, Ni, Cu, Zn) to their metallic state and the formation of an alloy with
Li ions (Ghigna et al.| (2020)). Operando XAS studies at the metal K-edges supported this
finding by demonstrating the changes in the local structure and oxidation state of the metal
cations during the lithiation/delithiation process (Ghigna et al.| (2020))). The multivariate
curve resolution (MCR) and principal component analysis (PCA) methods were employed to
quantitatively determine the number and identity of key metal-related species that appear
during the HEO anode evolution and to monitor their concentration changes throughout the
reaction (Tavani et al| (2020)). XANES and EXAFS results also revealed that the HEO
rock-salt structure collapses after a certain degree of lithiation, leading to the segregation of
metals and oxides (Ghigna et al.| (2020)).

In the recent paper, the XAS method was employed to further advance our understanding
of the behaviour of the (Mg,Ni,Co,Cu,Zn)O HEO during electrochemical cycling with lithium

(Wang et al.| (2023)). The remarkable electrochemical performance was demonstrated to
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result from the synergetic effect of the cations in the HEO during the conversion reaction
with lithium. The analysis of the Co, Ni, Cu, and Zn K-edge XANES and EXAFS spectra
revealed that the metal ions in the HEO are reduced to metallic state during the initial
discharge, forming FCC Co, Ni, and Cu phases, as well as an FCC LiZn alloy (Wang et al.
(2023))). After recharging to 3.0 V, the metal ions exhibit different behaviors: Ni and Cu
remain in the metallic state, whereas a significant fraction of Co participates in the redox
reaction, with some Co remaining in a metallic state. Zn is almost fully deoxidized to the
2+ state (Wang et al. (2023))). Thus, the elements with higher electronegativity (Cu and Ni)
are responsible for creating an electrochemically inert conductive network, whereas the Zn
cations stabilize an oxide nanophase, allowing for the accommodation of lithium ions (Wang
et al. (2023)).

A novel catalyst (Pd;@HEFO), combining Pd single-atom with a high-entropy fluorite
oxide (CeZrHfTiLa)O, (HEFO) used as a support, was synthesized using a mechanochemical-
assisted method by Xu et al.| (2020)). It demonstrated superior CO oxidation activity as well
as thermal and hydrothermal stability compared to a conventional Pd@CeO, catalyst. The
formation of single Pd atoms was confirmed by an atomic-resolution transmission electron
microscopy image and the energy-dispersive X-ray spectroscopy mapping image of Pd (Xu
et al.|(2020)). XANES and EXAFS measurements performed at the Pd K-edge were used to
confirm the formation of single Pd atoms in Pd;@HEFO and to investigate their electronic
structure and coordination environment (Xu et al.| (2020))). The EXAFS spectra showed that
the Pd atoms are incorporated into the HEFO sublattice by forming stable Pd—O-M bonds
(M = Ce, Zr, La), with no Pd-Pd or Pd-O-Pd bonding (Xu et al.| (2020)). The XANES
results revealed that the valence state of Pd ranges between 0 and +2. These features
contribute to the enhanced catalytic performance of Pd;@QHEFO (Xu et al.| (2020)).

A cobalt-free spinel (CrMnFeNiCu);04 HEO is a candidate for the use as an anode ma-
terial in lithium-ion batteries. Its charge-discharge mechanism was studied using operando
quick-scanning XAS by [Luo et al.| (2022). Valence and coordination states of transition
metal elements were determined from the edge positions and shapes of their K-edge XANES
spectra. The results reveal that all the constituent elements (Cr, Mn, Fe, Ni, and Cu) in

the HEO participate in the redox reactions during LitT uptake/release, but with different
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transition steps, redox sequence, reversibility, and overpotential (Luo et al.| (2022)).

The concept of high entropy was employed by |Han et al.| (2022)) to synthesize nanoporous
NiFeCoMnAl oxide with an amorphous structure on carbon paper through electrochemical
deposition followed by the dealloying technique aimed at reducing the amount of aluminium
and creating a nanoporous structure. This HEO was proposed as an efficient electrocatalyst
for the oxygen evolution reaction (OER) (Han et al. (2022))). The authors attributed the
high OER activity to the synergistic effect of multiple elements, especially Mn doping, which
promoted the formation of S-NiOOH intermediates with higher intrinsic activity compared to
~v-NiOOH intermediates. The Ni K-edge XANES and EXAFS were employed to understand
the influence of Mn doping on the valence state of nickel ions in NiFeCoMnAl before and
after OER (Han et al. (2022)). The emergence of a higher oxidation state of Ni and shorter
Ni-O distances after the OER were observed (Han et al.| (2022))).

A medium-entropy (MnNiCuZn)WO, and high-entropy (MnCoNiCuZn)WO, tungstates
with monoclinic crystal structure and a random distribution of 3d metal cations were recently
synthesized (Bakradze et al. (2023))) and demonstrated different degree of local structure
distortions. The XANES spectra at the Mn, Co, Ni, and Zn K-edges of both the medium-
entropy tungstate (MET) and the high-entropy tungstate (HET) exhibit shapes similar to
those found in pure tungstates, indicating a resemblance in the local atomic environment
around each of these metal ions and the proximity of their oxidation states (Bakradze et al.
(2023)). However, the Cu K-edge XANES spectra of the MET and the HET differ from that
of CuWOQy, suggesting differences in the distortion of the copper environment (Bakradze
et al. (2023)). EXAFS spectroscopy, combined with RMC simulations, allowed for a detailed
examination of the atomic environments around metal cations in these compounds by de-
termining the partial RDFs for metal-oxygen distances (Fig. (Bakradze et al. (2023))).
The EXAFS analysis revealed that Ni®>T ions have the strongest tendency to organize their
local environment and form regular [NiOg| octahedra, whereas Mn?*, Co?", Zn?**, and WO+
ions exhibit distorted octahedral coordination (Bakradze et al. (2023)). Perhaps the most
intriguing result is that the shape of [CuOg| octahedra in both tungstates differs from that in
pure CuWOy,, where a strong Jahn-Teller distortion is present (Bakradze et al. (2023)). The

authors proposed that the increase in configurational entropy indirectly affects the longest
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Figure 10: Results of the EXAFS study of MET (MnNiCuZn)WO, and HET (MnCoNiCuZn)WO4
at 10 K using the RMC method: (a) Crystallographic structures of monoclinic NiWQy4, monoclinic
(MnCoNiCuZn)WOy, and triclinic CuWOy. (b) Experimental (black dots) and calculated (red lines) EX-
AFS spectra x(k)k? and their Fourier transforms (FTs) for HET (MnCoNiCuZn)WO, at K-edges of Mn,
Co, Ni, Cu, and Zn, and at the Ls-edge of W at 10 K. (c¢) Radial distribution functions (RDFs) g(r)
in (MnNiCuZn)WO, MET and (MnCoNiCuZn)WO, HET at 10 K. Vertical dashed lines indicate the re-
spective bond lengths in pure MnWOQO,, CoWO,, NiWO,, CuWO,, and ZnWO, as determined by X-ray
diffraction at 300 K. The inset shows partial RDFs for Cu-O atomic pairs in CuWO4 and (MnNiCuZn)WO,4
or (MnCoNiCuZn)WO,. EXAFS, Extended X-ray absorption fine structure; FTs, Fourier transforms; HET,
high-entropy tungstate; MET, medium-entropy tungstate; RDF's, radial distribution functions; RMC, reverse

Monte Carlo. From (Bakradze et al| (2023])). Copyright (2023), with permission from Elsevier.

Cu-O bonds in [CuOg| octahedra (Bakradze et al.| (2023)).

6.6. Conclusions

XAS provides a great opportunity to study the local environment in multicomponent
compounds such as HEMs. By tuning the X-ray energy across the absorption edge of each
element in HEM, information on their oxidation state, chemical bonding, and local structural
distortions can be obtained. However, care should be taken when analysis is extended
beyond the nearest coordination shell(s), since MS contributions originating from many-
atom distributions may become important and, thus, should be taken into account in the
analysis. The similarity of atomic scattering amplitudes can also be a limiting factor when

HEM include elements neighboring in the periodic table, such as in Cantor alloys.
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The use of advanced methods of EXAFS analysis based on atomistic simulations (Ferrari
et al| (2020))) opens up many additional opportunities. The EXAFS spectra can be used
to validate MD simulations, allowing the selection and optimization of potential models.
The RMC method allows one to perform multi-edge EXAFS analysis and to determine a
structural model of HEM being in agreement with all available experimental EXAFS spectra.
This provides the possibility of obtaining a set of partial distribution functions that can
be used further to determine such structural parameters as average interatomic distances,
MSRDs for pairs of atoms, and mean-squared displacements for atoms of each type.

Further development of methods for analyzing XANES/EXAFS spectra, such as ML
techniques (Timoshenko et al. (2017));|Liu et al.| (2023)), is expected to offer new opportunities

for obtaining information on the local structure and its distortion in HEMs.
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