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Abstract

Classical molecular dynamics (MD) and reverse Monte Carlo methods coupled with ab initio
multiple-scattering extended x-ray absorption ﬁne structure (EXAFS) calculations were used for
modeling of scheelite-type AWO4 (A=Ca, Sr, Ba) W L3-edge EXAFS spectra. The two
theoretical approaches are complementary and allowed us to perform analysis of full EXAFS
spectra. Both methods reproduce well the structure and dynamics of tungstates in the outer
coordination shells, however the classical MD simulations underestimate the W–O bond MSRD
due to a neglect of quantum zero-point-motion. The thermal vibration amplitudes, correlation
effects and anisotropy of the tungstate structure were also estimated.
Keywords: tungstates, EXAFS, W L3-edge, molecular dynamics, reverse Monte Carlo
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

accurate determination of structural parameters. However,
classical MD simulations neglect quantum effects and, thus,
will fail in the low-temperature range, resulting in underestimated amplitudes of vibrations. On the contrary, the RMC
method deals with a single conﬁguration which is ﬁtted to the
experimental data and can be employed equally well at any
temperature. In particular, our original realization of the RMC
method utilizes evolutionary algorithm (EA) for structure
optimization [21], and the wavelet transform of the EXAFS
spectrum is used as a criterion of the best agreement between
experimental and theoretical EXAFS spectra taking into
account their behavior in wavenumber and real spaces
simultaneously [22, 23]. The principle difference between the
MD and RMC methods from the structural model point of
view is that in the former method the model is uniquely
deﬁned by the MD simulation, whereas in the latter it is
obtained as a result of the ﬁt to the experimental data. Thus,
the use of both MD and RMC methods improves the

Extended x-ray absorption ﬁne structure (EXAFS) is a powerful experimental technique to study local environment of a
particular atom in a material [1–3]. However, the accurate
analysis of the EXAFS spectra is often limited due to difﬁculties related to accounting for the multiple-scattering (MS)
contributions, structural and thermal disorder effects [4, 5].
These issues are commonly addressed using modern computer
codes as FEFF [6, 7], GNXAS [5, 8] or DL_EXCURV [9, 10].
An alternative approach to incorporate disorder effects into the
MS formalism is based on molecular dynamics (MD) [11–16]
or reverse Monte Carlo (RMC) [17–19] simulations.
The MD approach requires the knowledge of interatomic
potentials but gives the trajectories of atoms, which can be
used to extract useful information on vibrational properties of
the material [20]. The control of the trajectory length allows
one also to accumulate sufﬁciently good statistics required for
0031-8949/16/114001+09$33.00
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Figure 1. Crystal structure of scheelite-type AWO4 (A=Ca, Sr, Ba)
tungstates [30, 31]. Crystallographic unit cell is indicated.
Table 1. Lattice parameters (a = b, c, a = b = g = 90) and the
values of two internal O–W–O bond angles and two groups of the
O–O distances in compressed along c-axis WO4 tetrahedra for
scheelite-type AWO4 (A=Ca, Sr, Ba) tunsgtates (space group
I 41 a (88), Z=4) [30, 31].

a, b (Å)
c (Å)
1 ( ◦)
OWO
 2 ( ◦)
OWO
2 ´ R (O–O) (Å)
4 ´ R (O–O) (Å)

CaWO4

SrWO4

BaWO4

5.244
11.376
107.25
114.01
3.002
2.881

5.417
11.951
107.58
113.32
2.972
2.870

5.613
12.720
108.11
112.23
2.958
2.885

Figure 2. Comparison of the experimental W L3-edge EXAFS
c (k ) k 2 spectra and their Fourier transforms (modulus and imaginary
parts are shown) in scheelite-type AWO4 (A=Ca, Sr, Ba)
tungstates at T=300K. The inset shows distorted WO4 tetrahedron
with four small (OWO1) and two large (OWO2 ) internal O–W–O
bond angles.

reliability of the obtained results. In this study we demonstrate
such approach on example of scheelite-type AWO4 (A=Ca,
Sr, Ba) compounds.
Most tungstates with the formula AWO4 are known to
crystallize in scheelite- or wolframite-type structures
depending on the size of the bivalent A2 + cations [24, 25].
The crystalline structure of wolframites with monoclinic
space group P 2 c consists of inﬁnite zigzag chains entirely
built up of distorted WO6 and AO6 octahedra connected by
edges. The degree of octahedra distortion, which depends on
the type of metal cations and the crystallite size, has been
studied by us recently using RMC method [26–29].
Scheelite-type AWO4 (A=Ca, Sr, Ba) tungstates
(ﬁgure 1 and table 1) have tetragonal symmetry (space group
I 41 a (88), Z=4) [30, 31]. The W 6 + and alkaline Earth
metal A2 + cations are tetrahedrally WO4 and eightfold AO8
coordinated to the oxygen atoms. While all W–O bonds are
equal (1.789 Å in CaWO4, 1.778 Å in SrWO4, and 1.782 Å in
BaWO4), the WO4 tetrahedra are slightly distorted, being
compressed along c-axis, with two long and four short R(O–
O) distances. As a result, the tetrahedra have four smaller
(OWO1) and two larger (OWO2 ) internal O–W–O bond

angles compared to their values in regular WO4 tetrahedron
(109.47◦). While a substitution of alkaline Earth ions affects
barely the ﬁrst coordination shell of tungsten atoms, which
can be easily studied using conventional EXAFS analysis
[32–35], it is more difﬁcult to follow the changes occurring at
distant shells due to a need to account for both MS and
thermal disorder effects simultaneously. Therefore, to treat
these challenging problems and to extract structural (bond
lengths) and dynamical (amplitude of atomic displacements)
information from the W L3-edge EXAFS spectra of AWO4
tungstates we employ two complementary techniques based
on MD and RMC simulations.

2. Experimental
Commercially available polycrystalline AWO4 powders
(A=Ca, Sr, Ba; 99.9% purity) were used in all measurements. The phase purity of the samples was conﬁrmed by
2
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Figure 3. Comparison of the partial radial distribution functions G(R) in scheelite-type AWO4 (A=Ca, Sr, Ba) tungstates at T=300 K
obtained by MD and RMC/EA methods.

feedback control. The powder samples were deposited on
Millipore ﬁlters and ﬁxed by Scotch tape. The thickness x of
the deposited sample was optimized to give the value of the
absorption W L3-edge jump close to Dmx » 1.
The experimental W L3-edge EXAFS spectra c (k ) k 2 were
extracted using a conventional procedure [37] implemented in
the EDA package [38]. The origin of the photoelectron kinetic
energy E0, used in the deﬁnition of the wavenumber
k = (2m e  2 )(E - E0 ) (me is the electron mass, ÿ is the
Plank’s constant), was chosen to align best the energy scale of
the experimental and theoretical EXAFS spectra [3, 37].

x-ray powder diffraction and micro-Raman spectroscopy
measurements.
X-ray absorption experiments were performed at the W
L3-edge (10207 eV) in transmission mode at the HASYLAB
DESY C1 bending-magnet beamline at T=300 K [36]. The
storage ring DORIS III operated at E = 4.44 GeV and
Imax = 140 mA . The x-ray beam intensity was measured by
two ionization chambers ﬁlled with argon gas. The higher
order harmonics were effectively eliminated by detuning of
the double-crystal monochromator Si(111) to 60% of the
rocking curve maximum, using the beam-stabilization
3
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The EXAFS spectra for three tungstates are shown
together with their Fourier transforms (FTs) in ﬁgure 2. Note
that all FTs reported here were not corrected for the backscattering phase shift of atoms, therefore the positions of all
peaks are displaced to smaller distances relative to their

crystallographic values. While the crystallographic structure
of these tungstates is close (ﬁgure 1 and table 1), the difference between backscattering amplitudes and phases of the
A2 + cations is responsible for a variation of their EXAFS
spectra. The FTs are dominated by the main peak at 1.4Å,
which corresponds to four nearest oxygen atoms forming
WO4 tetrahedron around the absorbing tungsten atom. The
A2 + cations contribute to the next peak at 3–4Å.

Table 2. Comparison of the nearest interatomic distances R(W–O)
(in Å), mean square displacements (MSD(O) and MSD(W), in Å2),
and mean square relative displacements (MSRD(W–O), in Å2)
obtained from the analysis of the experimental diffraction data
[30, 31] with the results of molecular dynamics simulations and
reverse Monte Carlo approach based on evolutionary algorithm.

CaWO4

SrWO4

3. MD simulations
The classical MD simulations were performed in the canonical (NVT) ensemble using the GULP4.2 code [39, 40]. The
force-ﬁeld models of tungstates were reported by us previously [41]. They were constructed as a sum of Coulomb,
Buckingham (for A–O and O–O atom pairs), Morse (for W–O
atom pair) and three-body harmonic (for O–W–O bonds)
potentials. The values of potential parameters were taken for
CaWO4 from [42], whereas for SrWO4 and BaWO4 from
[41]. The simulation box was a supercell 5a ´ 5b ´ 4c
containing 1200 atoms with periodic boundary conditions.
The simulation temperature was set to 300 K as in the EXAFS
experiment and kept nearly constant during each simulation
using the Nosé–Hoover thermostat [43]. The Newton’s
equations of motion were integrated using the Verlet leapfrog
algorithm [44]. A set of 10 000 static atomic conﬁgurations
was accumulated during each MD run of 50 ps with the time
step of 0.5 fs. These conﬁgurations (atomic coordinates) were
further used to calculate the conﬁguration-averaged W L3edge EXAFS spectrum by the MD-EXAFS approach [15, 45]
as well as to determine partial radial distribution functions
(RDFs) G(W–O), G(W–W), and G(W–A) (ﬁgure 3), the

BaWO4

Experimental diffraction data
RD (W–O)
MSD D (W)

MSD D (O)

1.789
0.0058,
0.0113
0.0098,
0.0139

1.779
0.0044

1.781
0.0083

0.0075

0.014

Molecular dynamics
RMD (W–O)
MSD MD (W)
MSD MD (O)
MSRD MD (W–O)

1.793
0.0065
0.0093
0.0006

1.775
0.0063
0.0102
0.0006

1.788
0.0081
0.0142
0.0004

RMC/EA
RRMC (W–O)
MSD RMC (W)
MSD RMC (O)
MSRD RMC (W–O)

1.785
0.0061
0.0113
0.0011

1.784
0.0085
0.0131
0.0008

1.788
0.0098
0.0133
0.0010

Table 3. Structural parameters (N is the coordination number, R is the interatomic distance (in Å), and s 2 is the MSRD (in Å2)) for AWO4

(A=Ca, Sr, Ba) obtained from a decomposition of the radial distribution functions into a set of Gaussian functions for the ﬁrst ﬁve
coordination shells (up to 4.5 Å) of tungsten.
SrWO4

CaWO4
N

R

s2

R

s2

BaWO4
R

s2

1.788
3.327
3.952
4.220
4.247
4.422

0.0004
0.0283
0.0088
0.0140
0.0168
0.0256

1.773
3.321

0.0009
0.0200

3.941
4.248
4.249
4.424

0.0142
0.0217
0.0152
0.0340

Molecular dynamics
W–O1
W–O2
W–A3
W–W4
W–O5

4
4
4
4
4
12

1.793
2.961
3.689
3.843
3.870
4.120

0.0006
0.0215
0.0052
0.0093
0.0138
0.0129

1.775
3.094
3.826
4.026
4.035
4.262

0.0006
0.0200
0.0076
0.0095
0.0124
0.0162

RMC/EA
W–O1
W–O2
W–A3

W–W4
W–O5

4
4
8
4
4
4
12

1.781
2.901
3.771

3.863
4.131

0.0008
0.0167
0.0154

0.0081
0.0173

1.777
3.065
3.922

4.018
4.267

4

0.0006
0.0236
0.0381

0.0142
0.0255
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Figure 4. Comparison of the experimental and calculated by MD-EXAFS method W L3-edge EXAFS c (k ) k 2 spectra and their Fourier

transforms (modulus and imaginary parts are shown) in scheelite-type AWO4 (A=Ca, Sr, Ba) tungstates at T=300K.

mean square displacements (MSDs) for oxygen and tungsten
atoms and the mean square relative displacements (MSRD)
for the nearest W–O atom pairs (table 2). The obtained RDFs
were also decomposed into a set of Gaussian functions to
evaluate the coordination numbers, interatomic distances and
MSRD values for the ﬁrst ﬁve coordination shells of tungsten
(table 3).
The EXAFS spectra for each atomic conﬁguration were
calculated by the ab initio real-space MS FEFF8.2 code [6]. The
scattering potential and partial phase shifts were calculated only
once for the cluster with the radius of 8Å, centered at the
absorbing tungsten atom, employing the complex exchangecorrelation Hedin–Lundqvist potential and 15%-overlapped
mufﬁn-tin radii [4]. Thus, small variation of the cluster potential
due to atom thermal motion was neglected. At the same time,

the scattering amplitude and phase shift functions were recalculated for each scattering path, thus taking into account the
variation of the path geometry during the MD simulation. The
MS contributions up to the 6th order were taken into account.
The parameter S02 =1 was used in all simulations.
The calculated conﬁguration-averaged EXAFS spectra
c (k ) k 2 are compared with the experimental data in k- and Rspaces in ﬁgure 4.

4. RMC simulations
The W L3-edge EXAFS spectra of tungstates were also
modeled using RMC method based on EA implemented in the
EvAX code [21, 23].
5
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Figure 5. Comparison of the experimental (solid lines) and calculated by RMC/EA method (dashed lines) W L3-edge EXAFS c (k ) k 2 spectra
and their Fourier transforms (modulus and imaginary parts are shown) in scheelite-type AWO4 (A=Ca, Sr, Ba) tungstates at T=300K.
The multiple-scattering contributions into the total calculated EXAFS spectra and their FTs are shown by dotted lines.

The ﬁnal conﬁguration-averaged W L3-edge EXAFS
spectra c (k ) k 2 and their FTs for three tungstates are compared with the experimental data in ﬁgure 5: the observed
agreement is very good in k and R spaces. The contributions
from the MS effects are separately shown in ﬁgure 5 by
dotted line.
The atomic conﬁgurations, obtained as a result of RMC/
EA simulations, were used further to calculate partial RDFs
(ﬁgure 3) and MSRD(W–O1) parameters (table 2). Besides,
the RDFs were decomposed into a set of Gaussian functions
to calculate the coordination numbers, interatomic distances
and MSRD values for the ﬁrst ﬁve coordination shells of
tungsten (table 3).
Due to a lack of sufﬁciently good statistics required for
evaluation of the MSD parameters for W and O atoms

The simulation box was constructed as a supercell of
7a ´ 7b ´ 5c size with periodic boundary conditions. The
equilibrium tungstate structure from diffraction experiments
[30, 31] was used as initial structure model. RMC/EA calculations were simultaneously performed for 64 atomic conﬁgurations. A new atomic conﬁguration was generated by
randomly moving all atoms in the supercell within allowed
maximal displacement of 0.4Å.
The conﬁguration-averaged EXAFS spectrum was calculated at each RMC/EA simulation step using the ab initio realspace MS FEFF8.50L code [6] with the same set of parameters
as described in section 3. The comparison between theoretical
and experimental EXAFS spectra c (k ) k 2 was performed in k
(from 4 to 15 Å−1) and R (from 0.5 to 4.5 Å) spaces simultaneously using the Morlet wavelet transform (WT) [22].
6
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(table 2), they were estimated from MSRD values for W–W
and O–O atomic pairs belonging to the same coordination
shell at large (8–10 Å) distances, where a correlation of the
atomic motion is negligible [46–48].

compared with those from the lattice dynamics calculations.
As one can see, the values of the RMC MSRD factors for the
nearest W–O bonds at T=300K reported in table 2 are
about twice smaller than MSRD LD ~ 0.0024 Å2. This indicates the need for further improvement of the force-ﬁeld
models of tungstates.
The MS contributions to the total calculated EXAFS
spectra and their FTs are shown in ﬁgure 5 by dotted lines.
Note that the amplitude of the FT modulus and imaginary
parts were multiplied by a factor of ﬁve for better visibility.
Comparing the MS contributions in three tungstates one can
conclude that they are rather small but important at low kvalues, and their amplitude decreases slightly from CaWO4 to
BaWO4.
Structural results obtained by the MD and RMC methods
can be compared using the partial radial distribution functions
in ﬁgure 3 and a set of structural parameters (table 3) derived
from a decomposition of the RDFs into Gaussian functions.
Here the difference in the amplitude of the ﬁrst peak at
∼1.78Å reﬂects the difference in the values of the MSRD
(W–O) factors mentioned above. All other peaks up to 8Å
correspond to the respective coordination shells in the tungstate structure, and their position and amplitudes are close in
the RDFs obtained by both methods. However, the RDFs
obtained by RMC/EA method are slightly more broadened.
In spite of a similarity of crystal structures, the difference
between three tungstates is well observed in the peak at ∼4Å
of the RDFs G(R) for the W–A atom pairs: the peak broadens
going from CaWO4 to SrWO4 and splits into two parts in
BaWO4 (ﬁgure 3). This peak is due to two nearest groups of
four A-type atoms in each, located in ab-plane and along the
c-axis. The difference between the distances R(W–A) for two
groups of atoms is equal to 0.16Å in CaWO4, 0.20Å in
SrWO4, and 0.27Å in BaWO4, according to diffraction
[30, 31]. The splitting have to be equal to zero in the ideal
case (c = 2a ) and reﬂects crystalline anisotropy of tungstates,
appearing also in their anisotropic compressibility [51, 52]
and thermal expansion [31, 53, 54]. The two groups of the
W–A distances in BaWO4 are resolved in both MD and RMC
RDFs (ﬁgure 3) and are separated by 0.27Å and 0.31 Å
(table 3), respectively: these values are close to the diffraction
data [30]. However, in the case of CaWO4 and SrWO4 the
two groups of distances are not resolved in RMC RDFs, but
still can be distinguished in the MD simulations, when
a priori information to which group each atom belongs is
available.
Finally, we would like to discuss isotropic amplitudes of
thermal vibrations for W and O atoms reported in table 2. The
experimental values of the MSD(O) and MSD(W) factors for
three tungstates obtained from diffraction studies [30, 31] are
rather close and do not show any clear dependence on the
A-type cation. Note that the determination of MSD factors is
a delicate task, and some spread of MSD values is observed in
two experimental works [30, 31] for CaWO4. The results of
MD and RMC/EA simulations indicate an increase of both
MSD factors going from CaWO4 to BaWO4, which can be
explained by a signiﬁcant increase of the unit-cell volume
from 305.5Å3 for CaWO4 to 350.7Å3 for SrWO4 and,

5. Results and discussion
The experimental W L3-edge EXAFS spectra of AWO4
(A=Ca, Sr, Ba) tungstates are shown in ﬁgure 2. Note that
they have high signal-to-noise ratio in the full k-range. The
three EXAFS spectra are rather similar due to the fact that the
main contribution originates from the ﬁrst coordination shell
WO4 tetrahedron with very close R(W–O) » 1.78 Å distances
(table 2). In fact, the ﬁrst main peak in the FTs at 1.4 Å
coincides in three compounds. However, the high frequency
parts of the EXAFS differ signiﬁcantly due to slightly different lattice parameters of tungstates (table 2) as well as the
type of the A2 + cations. This difference is well observed in
FTs at long distances (R > ~3 Å ).
The results of the MD-EXAFS simulations for three
tungstates are compared with the experimental W L3-edge
EXAFS data in ﬁgure 4. The observed agreement is relatively
good, except for the ﬁrst peak in FT at 1.4Å: its amplitude is
slightly larger in the calculated EXAFS due to underestimated
values of the MSRD(W–O) factor. Nevertheless, the peaks
due to outer coordination shells and the MS contributions are
well reproduced up to 6Å. This fact demonstrates the reliability of the force-ﬁeld models used.
To understand the origin of the discrepancy for the ﬁrst
peak in FT at 1.4Å, we performed lattice dynamics (LD)
calculations in the harmonic approximation [40] using the
same force-ﬁeld models as in the MD simulations. As a result,
the temperature dependence of the MSRD LD (W–O) was
calculated from the eigenvalues and eigenvectors of the
dynamic matrix through the integral over all normal modes
[49]. At T=0K the MSRD(W–O) values are solely due to
the zero-point vibration and are equal to MSRD LD ~
0.0012Å2 for three tungstates, whereas their values at
T=300 K are twice larger (MSRD LD ~ 0.0024 Å2). Thus,
our theoretical estimate suggests that quantum effects, which
are neglected in our classical MD simulations, are important
for the W–O bonding even at room temperature and constitute
about 80% of the MSRD values. This result correlates well
with the high values (∼910–925 cm−1 at T=10 K) of the
W–O stretching frequencies in AWO4 (A=Ca, Sr, Ba)
tungstates found by Raman spectroscopy in [50].
In ﬁgure 5 we show the results of the RMC/EA simulations. Note that opposite to the MD-EXAFS case, where
atomic coordinates were obtained directly from the MD runs,
in the RMC method, which do not rely on any force-ﬁeld
model, the positions of all atoms are optimized to best ﬁt the
experimental EXAFS spectrum. Therefore, the obtained
agreement between theory and experiment is much better, and
all peaks in FTs are well reproduced. Note also that the disorder present in the atomic conﬁgurations obtained by the
RMC method can be of static and dynamic origin, including
quantum effects. Therefore, the RMC results should be
7
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ﬁnally, to 400.8Å3 for BaWO4. Note that absolute values of
the calculated MSD factors are close to the experimental
values. The difference between a sum of the MSD factors for
two atoms (i and j) and the MSRD for the atomic pair (i–j)
provides information on the displacement correlation function
(DCF) [55] and allows one to estimate a dimensionless correlation parameter f [47, 56]
f=

MSDi + MSDj - MSRDij
2 MSDi MSDj

.

upon an increase of the unit cell volume, and the motion of
tugsten and oxygen atoms is strongly correlated, so that the
MSRD(W–O) factors remain small and close in three
tungstates.
To conclude we have shown that the advanced analysis
of EXAFS data based on MD and RMC/EA simulations
provides useful information on crystal lattice structure and
dynamics in tungstates.
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6. Conclusions
The room-temperature W L3-edge EXAFS spectra of scheelite-type AWO4 (A=Ca, Sr, Ba) tungstates were modeled
using classical MD and RMC methods, taking into account
MS contributions and thermal disorder effects.
The MD simulations, performed using the force-ﬁeld
models from [41, 42], underestimate the MSRD values for the
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