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Talk Outline

History of synchrotron radiation research in Latvia
- Experiments — Effects — Data analysis

* Advanced methods for X-ray absorption spectra interpretation
- Effect of disorder & multiple-scattering (MS)

* Reverse Monte Carlo (RMC) simulations
- Capabilities and limitations
- Crystalline germanium
- Lattice dynamics in 2D compounds

 RMC applications to multicomponent materials
- NiWO,-ZnWO, solid solutions
- medium-entropy (MnNiCuzZn)WO, and a high-entropy (MnCoNiCuZn)WO, tungstates

 Conclusions
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Synchrotron radiation research in Latvia (ll)
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Preface

X-ray absorption spectroscopy (XAS) at synchrotron radiation sources is a structural tool
providing information on the local atomic and electronic structure around an atom of a
particular type. Today XAS is successfully applied to a study of crystalline, nanocrystalline
and disordered solids, liquids and gases in a wide range of external conditions defined by
temperature, pressure, etc. The size of the region, probed by XAS, depends on the degree
of thermal and static disorder present in a material and is limited by the mean-free path of
the excited photoelectron. Typically the information reach region extended up to 3-10 A
around the absorbing atom.

An advantage of the XAS method is its itivity to y-atom distribution giving
rise to multiple-scattering (MS) contributions, and to correlation effects in atom dynamics.
Note that accurate account of both effects is still challenging.
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A. Kuzmin,
Physica B 208&209 (1995) 175-176.

The time-scale (about 10-13-10-16 s) of the X-ray absorption process is much shorter than
the characteristic time (about 10-13-10-"4 s) of thermal vibrations. Therefore, the atoms may
be considered as frozen at their instantaneous positions during a single photoabsorption
process, and the total imentally X-ray ion spectrum corresp to
the configurational average of all atomic positions over the time of the experiment. This
situation can be straightforwardly modelled combining the molecular dynamics (MD)
simulation with the extended X-ray absorption fine structure (EXAFS) calculations, known as
the MD-EXAFS approach.

Finally, the agreement between the experimental and configuration-averaged EXAFS
spectra can be used to validate the accuracy of the interatomic potential (force-field) models
employed in the MD simulations.

A. Kuzmin and R.A. Evarestov,
J. Phys.: Condens. Matter 21 (2009) 055401.
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J. Timoshenko, A. Kuzmin, J. Purans,
J. Phys.: Condens. Matter 26 (2014) 055401.
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Advanced methods for
X-ray absorption spectra interpretation

1S
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X-rays:

soft (<5 keV)
hard (>5 keV)

Basics of X-ray absorption spectroscopy (XAS)
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Characteristic time of X-ray absorption process:
t, ~ 10-15-1016 s

Characteristic time of thermal vibrations:

\ ty, ~ 10-13-10-14 s
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How local is X-ray absorption spectroscopy?
The case of NiO: T =~10 K
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A. Anspoks, A. Kalinko, R. Kalendarev, A. Kuzmin, Phys. Rev. B 86 (2012) 174114.
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EXAFS challenges: analysis of distant coordination shells

6 The analysis of the distant coordination shells
must take into account the multiple-scattering (MS)
and disorder effects.
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and nanocrystalline materials.

: ‘ ‘ . : :
-Ni Ni, O
2 10°; © NQ Total paths ¢ ;. E
= N, o
4
e 10°: “ .
£ .
£ 10°¢ Ni, ° a®
3 o L) -
1] i P .
1% o . 00 00 1
5 e © © ¢ % e 9
_§ 101 © [ ] s 0 Nyquist crlterl'on
E i @ = for Ak=20 A
z 10° = Unique paths
2 3 4 5 6 7
Distance (A)
Number of scattering paths 2AkAR
b Npar = ———

independent parameters N, T

A. Kuzmin and J. Chaboy, 1UCrJ 1 (2014) 571.
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Why do we need advanced methods of EXAFS analysis?

e To account properly for disorder effects.

* To perform reliable analysis of distant coordination shells.

* To determine bond-angle distribution functions.

* To extract structural information in some specific cases (nanoparticles).

* To validate other theoretical simulations as molecular dynamics or DFT calculations.

[1] A. Kuzmin and J. Chaboy, EXAFS and XANES analysis of oxides at the nanoscale, 1UCrJ 1 (2014) 571.

[2] A. Kuzmin, J. Timoshenko, A. Kalinko, I. Jonane, A. Anspoks, Treatment of disorder effects in X-ray absorption spectra beyond the conventional approach,
Rad. Phys. Chem. 175 (2020) 108112.
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Advanced methods of XAS analysis using atomistic simulations
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Reverse Monte Carlo (RMC) method: 15t paper

Molecular Simulation, 1988, Vol. 1, pp. 359-367 ) 1988 Gordon and Breach Science Publishers S.A
Reprints available directly from the publisher Printed in Great Britain
Photocopying permitted by license only

REVERSE MONTE CARLO SIMULATION: A NEW
TECHNIQUE FOR THE DETERMINATION OF
DISORDERED STRUCTURES

R.L. MCGREEVY
Clarendon Laboratory, Parks Road, Oxford, 0X1 3PU, UK
L. PUSZTAI

Laboratory of Theoretical Chemistry, Department of Chemistry, L. Eotvos
University, H-1088 Budapest, Hungary

(Received March 1988)

We have developed a new technique, based on the standard Monte Carlo simulation method with Markov
chain sampling, in which a set of three d ional particle ions are d that are

with the experimentally measured structure factor, A(Q), and radial distribution function, g(r), of a liquid
or other disordered system. Consistency is determined by a standard z* test using the experimental errors.
No input potential is required, we present initial results for liquid argon. Since the technique can work
directly from the structure factor it promises to be useful for modelling the structures of glasses or
amorphous materials. It also has other advantages in multicomponent systems and as a tool for experi-
mental data analysis.

Radial Distribution Function Structure factor

3.0 ——

2.5 ¢+

Liquid argon

glr
A

(=]
o

001 2 3 4 5 6 7 8 % 10111213 14 o 1 2 3 4 5 6 7 8 9 10 1
(A g

Figure 1 Radial distribution function g(r) for liquid argon; comparison of experiment (3] (solid line) and ]"‘ll:ﬂ'lz 5‘;‘1""‘ lf“}‘“’ A(Q) for liquid argon; comparison of experiment [3] (solid line) and RMC
RMC calculation (broken line). caleulation (broken line).

R. L. McGreevy & L. Pusztai, Reverse Monte Carlo Simulation: A New Technique for the Determination of Disordered Structures,

Molecular Simulation, 1 (1988) 359-367.
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RMC-EXAFS approach: Earlier works

Reverse Monte Carlo simulation for the analysis of EXAFs
data

S J Gurmant and R L McGreevyi
t Department of Physics, University of Leicester, Leicester LE1 7RH, UK
t Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK

—— L

"\‘3 Si K-edge in a-Si t

High temperature EXAFS experiments on liquid KPb alloys analysed
with the reverse Monte Carlo method

W. Bras “*, R. Xu “, 1.D. Wicks™', F. van der Horst ©, M. Oversluizen **, R.L. McGreevy ©,
W. van der Lug{ ©

(NWOI, The Netherlasds
D, UK

o Ninborgh 18, 9747 AG Gromngen, The Netherlands
OX1 ]
sala Unicersiy, $-61152 Nykdping, Sweden

507 Pb L;-edge in KPb
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Fig. 4. EXAFS data, F.(Q), for molten KPb (sohd line} compared
to the RMC fit with 100% Zintl ions maintained (dotted line)

[1] S.J. Gurman and R.L. McGreevy, J. Phys.: Condens. Matter 2 (1990) 9463-9473.
[2] W. Bras, R. Xu, J.D. Wicks, F. van der Horst, M. Oversluizen, R.L. McGreevy, W. van der Lugt, Nucl. Instrum Meth. Phys. Res. A 346 (1994) 394-398.

[3]).D. Wicks, L. Borjesson, G. Bushnell-Wye, W.S. Howells, R.L. McGreevy, Physica Scripta. T57 (1995) 127-132.

Modelling the Structure and lonic Conduction of
(Agl),(AgPO;), - Glasses
1. D. Wicks,* L. Bérjesson,” G. Bushnell-Wye,* W. S. Howells* and R. L. McGreevy*

* Department of Physics and Astronomy, Usiversity College London, Gower Street, London WCIE 6BT, UK
* Deparimeni of Physics, Royal Institute of Technology, S-100 44 Stockholm, Sweden

* SRS Dareshury Laboratory, Warringion, Cheshire WA4 44D, UK.

* ISIS Science Division, Rutherford Appleton Laboratory, Chilton, Didcor, Gxon OX110QX, UX.

# Studsvik Neutron Rescarch Laboratery, $-611 82 Nykiping, Sweden
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Available software for RMC-EXAFS simulations

RMC-GNXAS [1], RMCprofile [2], RMC++/RMC_POT++ [3], EVAX [4]

[1] A. Di Cicco, A. Trapananti, J. Phys. Condens. Matter 17 (2005) S135.

[2] M.G. Tucker, D.A. Keen, M.T. Dove, A.L. Goodwin, Q. Hui, J. Phys.: Condens. Matter 19 (2007) 335218.
[3] O. Gereben, L. Pusztai, J. Computat. Chem. 33 (2012) 2285.

[4] J. Timoshenko, A. Kuzmin, J. Purans, J. Phys.: Condens. Matter 26 (2014) 055401.

SpecSwap-RMC [5], EPSR-RMC [6]

[5] M. Leetmaa, K.T. Wikfeldt, L.G.M. Pettersson, J. Phys.: Condens. Matter 22 (2010) 135001.
[6] D.T. Bowron, Pure Appl. Chem. 80 (2008) 1211.

rmcxas [7]

[7] M. Winterer, J. Appl. Phys. 88 (2000) 5635.

EXAFS-50 Symposium, Brookhaven National Laboratory, October 30-31, 2023 15
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Publications on reverse Monte Carlo simulations of EXAFS

Lab )

1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

1990 1991

Scopus 170
Web of Science” 194
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Reverse Monte Carlo simulations of EXAFS spectra
(RMC-EXAFS)

4 )
Initial
structural f ) . \ _ _ _
model Chompa“S_OH W'tf: Good |  Analysis of final atomic
the experimenta . .
configuration
EXAFS spectrum (RDFg BADP)
$ :; :: Bt (=100 ]
( )
Calculation of T )
configuration averaged o [ === Bad Random
EXAFS £ oj— Cc— S displacement
\ ) \ WAVEVECTOR k (A~%) w:nvevscronku"/ Of ato mS
A
J

[1] R.L. McGreevy and L. Pusztai, Mol. Simul. 1 (1988) 359.
[2] J. Timoshenko, A. Kuzmin, J. Purans, J. Phys.: Condens. Matter 26 (2014) 055401.

EXAFS-50 Symposium, Brookhaven National Laboratory, October 30-31, 2023 17
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Reverse Monte Carlo method with Evolutionary Algorithm

EvAX code was developed by Dr. Janis Timoshenko

J. Timoshenko, A. Kuzmin, J. Purans, J. Phys.: Condens. Matter 26 (2014) 055401.
J. Timoshenko, A. Kuzmin, J. Purans, Comp. Phys. Commun. 183 (2012) 1237-1245.

CROSSOVER 8:tt <

MUTATION

Multiple-scattering Evolutionary Wavelet transform for EXAFS spectra at several edges

approximation algorithm for spectra comparison
optimization in k and R space

Reliable analysis of distant shells, Fast with good More reliable solution One structural model

PDF and BADF convergence

http://www.dragon.lv/evax/

EXAFS-50 Symposium, Brookhaven National Laboratory, October 30-31, 2023 18
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Reverse Monte Carlo (RMC) simulation using the EVAX code

http://www.dragon.lv/evax/

Experimental
EXAFS spectrum

Output files:

Log file
EXAFS

Starting
structural model
(supercell)
(*.p1file)

Gnuplot scripts
for visualisation

N
N JORE R D

partial EXAFS

FT

WT
,‘:

initial.xyz R S
AR
’

EvAX input file
EvAX.exe -example » with commands

+
FEFF85L code # FEFF code
J. Timoshenko, A. Kuzmin, J. Purans, J. Phys.: Condens. Matter 26 (2014) 055401.

https://feff.phys.washington.edu/
EXAFS-50 Symposium, Brookhaven National Laboratory, October 30-31, 2023 19
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Fourier and wavelet transforms of EXAFS (k)

Fourier transform: - 3
2 Kmax ) vg 0.39
FT(R) = |- f k™ x ()W (k)e~2*Rdk -l
T Kmin ?_i
~%

W (k) isthe window function

o~ o~ - -~ =3 3
Wavelet transform: FTMORHEEE -
RA\Y? (hmax K —k % 1
WT(k,R) = (—) GRS ( )dk' 2 0
RO Kmin ¢ RO/R 3 1

¢(k) = e—2ikROe—k2/0'g is the Morlet wavelet B0 2 4 & & 10 1z a4 16 18

WAVENUMBER (&)
Fourier transform is a 1-dimensional integral transformation providing information on the EXAFS signal behavior in R-space.

Wavelet transform is a 2-dimensional integral transformation providing information on the EXAFS signal behavior in both k and R spaces.

J. Timoshenko and A. Kuzmin, Wavelet data analysis of EXAFS spectra, Comp. Phys. Commun. 180 (2009) 920-925.
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RMC simulations using the EVAX code for crystalline Ge

Calculation time for this example is about 6 min on 6-core CPU.

Crystalline Germanium:

Lattice constant:
a=5.657A
Space group Fd-3m

EXAFS x(kk?2 (A=)

R(Ge-Ge):

4x2.45A
12 x 4.00 A i
12 x 4.69 A

EVAX fit c-Ge T=300K

! Exper. ——

AX ——

2 4 6 8 1012141618 20

Wavenumber k (A1)

6 B 10 12 14
Wavenumber, k (A1)
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FT xkK2 (&)
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1
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RN R
Exper. ——
EvAX ——
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RMC

(]
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4

16
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20

J. Timoshenko, A. Kuzmin, J. Purans, Reverse Monte Carlo modelling of thermal disorder in crystalline materials from EXAFS spectra,
Comp. Phys. Commun. 183 (2012) 1237-1245.

RDF g(R) (atoms/&)

100 M IR AR AN RN AN R AR RN RARRE RN RN RN RN AR MR RN
90 |
802
70 f
60 |
50 F
40 F
30
20 £
10
O E

RMC supercell: 3x3x3

005115 2 25 3 35 4 45 5 55 6 65 7 75 8 85
Distance, R (R)

R,=2.46 A R,(XRD)= 2.4497 A

MSRD;, = 0.0037 A2

R,=4.00 A R,(XRD)= 4.0039 A

MSRD, = 0.011 A2
R;=4.69 A R3(XRD)= 4.6909 A
MSRD; = 0.014 A2

MSD = 0.02 A2 MSD(XRD)=0.022 A2

N. M. Butt et al., Acta Crystallogr. A 44, 396 (1988).
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Unraveling the interlayer and intralayer coupling in two-dimensional layered MoS,

Distance R (A)

Interlayer
contributions
Mo,

c
b‘—L’i

1 2 3 4 5 6
DISTANCE R (A)

I. Pudza, D. Bocharov, A. Anspoks, M. Krack, A. Kalinko, E. Welter, A. Kuzmin, Mater. Today Commun. 35 (2023) 106359.
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Unraveling the interlayer and intralayer coupling in two-dimensional layered MoS,

Mo K-edge in hex-MoS,
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I. Pudza, D. Bocharov, A. Anspoks, M. Krack, A. Kalinko, E. Welter, A. Kuzmin, Mater. Today Commun. 35 (2023) 106359.
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Unraveling the interlayer and intralayer coupling in two-dimensional layered MoS,

80 0.025
2H,_-MoS, RMC results
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Table 1
Values of Mo-8 and Mo-Mo interatomic distances for the first ten coordination shells of
molybdenum calculated from the crystallographic structure of 2H -MoS, [55). Interlayer

o= -

distances are given in bold. The values of characteristic Einstein frequencies (w,) and / S \
the effective force constants (x) obtained from the RMC analysis are also given. 2 ( 2 ) ( 2
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I. Pudza, D. Bocharov, A. Anspoks, M. Krack, A. Kalinko, E. Welter, A. Kuzmin, Mater. Today Commun. 35 (2023) 106359.
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Dimerization of nickel ions in NiIWO, and Zn_Ni, WO, solid solutions
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X-ray absorption spectrum of
microcrystalline Zn, ¢Ni, ,WO,
spanning across the range of
the Ni and Zn K-edges and W
L;-edge at 300 K.
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Antiferromagnetic NiWO4 absorption fine structure (EXAFS) spectra x(k)k? of Zn, (Ni, ;WO, solid solution é T 1
T.. =60-67 K at the Ni and Zn K-edges and W L;-edge (top row), their Fourier transforms }g
Néel (FTs) (middle row) and wavelet transforms (bottom row) at 300 K. &

P2/c (13) o

monoclinic G. Bakradze, A. Kalinko, A. Kuzmin, Evidence of dimerization of nickel ions in NiWO, and Zn Ni, WO, solid solutions probed
by EXAFS spectroscopy and reverse Monte Carlo simulations, Acta Mater. 217 (2021) 117171.
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Dimerization of nickel ions in NiIWO, and Zn_Ni, WO, solid solutions

XRD of NiWO,: no Ni** dimers EXAFS-RMC of NiWO,: Ni* dimers

single Ni-Ni distance two distinct Ni-Ni distances

15
_ 10 K
°.5,, 10} ‘
§
I 300 K
5 s —
14
; N
0 L ) HEE
2.8 29 3.0 3.1 3.2 o

Distance Ni-Ni (A)

 Dimerization of Ni?* ions within quasi-one-dimensional zigzag chains of [NiO,] octahedra was evidenced in NiWO, in the whole
studied temperature range. It manifests itself as the splitting of the Ni—Ni radial distribution function into two separate peaks.
* The effect is further preserved in solid solutions Zn Ni, WO, for c<0.6, which is related to the probability to find two Ni?* ions

in neighbouring positions.

G. Bakradze, A. Kalinko, A. Kuzmin, Evidence of dimerization of nickel ions in NiWO, and Zn Ni, WO, solid solutions probed
by EXAFS spectroscopy and reverse Monte Carlo simulations, Acta Mater. 217 (2021) 117171.
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Medium- and High-Entropy Tungstates AWO, (A=Mn, Co, Ni, Cu, Zn)
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! ! mnnicuznwo, A\ /\| (Niznywo,

(111

experimental
—— calculated
residuals

P2/c (13)
monoclinic

(MnNiCuZn)WO,

Raman intensity (a.u.)
Raman intensity (a.u.)

{MnCoNiCuZn)WO,

Relative intensity (a.u.)

200 400 600 800 ‘ 1000 820 840 860 880 900 920 940 960
Raman shift (cm™) Raman shift (cm™)

T T T
10 20 30 40 50 60 70 80 90 2 vsit—sh
Mn K-edge in

P2/ C (13) Diffraction angle 28 (°) 5 e Nkedgein
monoclinic (b) _ (MnCoNiCuZn)Wo, 2 0 .
£ - experimental |
—— calculated o5
— residuals 1

0.0~ 0. . e
6540 6570 6600 6630 7710 7740 7770 7800 8340 8370 8400 8430
Energy E (eV) Energy E (eV) Energy E (eV)

Relative intensity (a.u.)

15 Sukatpe n u: Znkadpe n i
@ —— MET ! - :MVIEY |
cu2+ 0 3 E e HET 4 ——HET
P'l (2) ] £ s 15
4 °

s & | ] 3
iclini b et Runtiiaetd ] 10
triclinic 0 g £ :
ax Mwwwmw :

Jahn-Teller
distortion

1 T T T

10 20 30 40 50 60 70 80 90 00 , , 00- : A
& 2 o1 8970 9000 9030 9060 9090 9660 9690 9720 9750

Diffraction angle 26(°) Energy £ (eV) Energy £ (eV)

G. Bakradze, E. Welter, A. Kuzmin, Peculiarities of the local structure in new medium- and high-entropy, low-symmetry tungstates, J. Phys. Chem. Solids 172 (2023) 111052.
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Medium- and High-Entropy Tungstates AWO, (A=Mn, Co, Ni, Cu, Zn)
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Table 1. Jahn-Teller distortion parameter, o3r (A), for different octahedra in
medium-entropy tungstate (MET) (MnNiCuZn)WO,4 and high-entropy tungstate
(HET) (MnCoNiCuZn)WO, at 10 K.

MET HET

[MnOg]| 0.163 4 0.092 0.152 + 0.090
[Co0g] - 0.102 + 0. 052
[NiOg] 0.091 £ 0. 057 0.085 + 0. 056
[CuOg] 0.140 £ 0. 051 0.131 £ 0.049
[Zn0g] 0.122 £ 0. 046 0.115 £0.043
[WOs] 0.159 4+ 0. 033 0.161 £ 0.038
Conclusions:

* Ni2* ions have regular octahedral
environment.

* Mn?2*, Co%*, and Zn?* ions have distorted
octahedral environment.

* [Cu?*O;] octahedra are less distorted than
expected for a Jahn-Teller centre.

G. Bakradze, E. Welter, A. Kuzmin, Peculiarities of the local structure in new medium- and high-entropy, low-symmetry tungstates, J. Phys. Chem. Solids 172 (2023) 111052.
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Conclusions
Advantages of the RMC method:

* A natural way to include disorder (static and dynamic, also anharmonic) into EXAFS simulations taking into account
multiple-scattering effects.

* Reliable interpretation of EXAFS far beyond the first coordination shell is possible.
* Analysis at several absorption edges is possible in multicomponent compounds.
* Information on atom-atom and bond-angle distributions and correlations can be obtained.

* Constraints can be easily incorporated to account for information from other experiments (diffraction, total
scattering, etc) or chemical/geometrical information (bond-lengths, bonding angles, coordination, energetics, etc).

Peculiarities of the RMC method:

* RMC gives the most disordered solution.

* Several simulations are often required for good statistics.
* RMCis sensitive to noise.

* One should be careful with the size of the simulation box.
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Thank you for your attention!

https://www.facebook.com/EXAFSLab/
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dedicated to the development, engineering and improvement of materials based on
materials informatics, artificial intelligence (Al) and data-centric technologies.
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