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Abstract

Atomistic simulations of the experimental Fe K-edge extended x-ray absorption ﬁne structure
(EXAFS) of rhombohedral (space group R3̄c ) FeF3 at T=300K were performed using classical
molecular dynamics and reverse Monte Carlo (RMC) methods. The use of two complementary
theoretical approaches allowed us to account accurately for thermal disorder effects in EXAFS
and to validate the developed force-ﬁeld model, which was constructed as a sum of two-body
Buckingham-type (Fe–F and F–F), three-body harmonic (Fe–F–Fe) and Coulomb potentials. We
found that the shape of the Fe K-edge EXAFS spectrum of FeF3 is a more sensitive probe for the
determination of potential parameters than the values of structural parameters (a, c, x(F))
available from diffraction studies. The best overall agreement between the experimental and
theoretical EXAFS spectra calculated using ab initio multiple-scattering approach was obtained
for the iron effective charge q(Fe)=1.71. The RMC method coupled with the evolutionary
algorithm was used for more elaborate analysis of the EXAFS data. The obtained results suggest
that our force-ﬁeld model slightly underestimates the amplitude of thermal vibrations of ﬂuorine
atoms in the direction perpendicular to the Fe–F bonds.
Keywords: iron ﬂuoride, EXAFS, Fe K-edge, molecular dynamics, reverse Monte Carlo
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

remains rare on a routine basis due to large computational
costs. Nevertheless, one can ﬁnd many examples where these
methods are applied to such complicated systems as nanoparticles [5–9]. Also, recent developments of the RMC
method based on the implementation of so-called evolutionary algorithm [10] allowed one to reduce the needed
computational time signiﬁcantly, especially for EXAFS analysis of crystalline materials [11].
Analysis and interpretation of disorder effects in EXAFS
in the presence of MS contributions is a challenging task [12–
15] especially in perovskite-type materials whose structure
contains linear or near-linear atomic chains leading to an
increase of the MS signal amplitude [16–21]. Among many
perovskites with the chemical formula ABX3, there are some
with A-place being vacant, for example, oxides ReO3 and
WO3, oxyﬂuorides NbO2F, TaO2F, and TiOF2, and several
triﬂuorides ScF3, TiF3, VF3, CrF3, FeF3 and GaF3.

Molecular dynamics (MD) and reverse Monte Carlo (RMC)
methods are atomistic simulation techniques which allow one
to accurately introduce the effects of static and thermal disorder into a calculation of extended x-ray absorption ﬁne
structure (EXAFS) within the multiple-scattering (MS)
formalism. The MD simulation deals with a time-dependent
3D model of a material and provides a direct approach to
EXAFS interpretation when the conﬁguration-averaged
EXAFS spectrum is evaluated from a set of atomic coordinates accumulated during the MD run and is compared with
the experimental one. On the contrary, the RMC method
solves an inverse problem thus reconstructing static atomic
conﬁguration from the experimental EXAFS data.
The application of MD and RMC methods to EXAFS has
been known for several decades [1–4], however their use still
0031-8949/16/104001+06$33.00
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during simulations. After equilibration during 20ps, a set of
4000 static atomic conﬁgurations was collected for the next
20ps for each simulation run.
Our force-ﬁeld model included two-body (Fe–F and F–F)
and three-body (Fe–F–Fe) interactions as used previously for
LaCoO3 [21]. The two-body interactions were described by
the potential [39] consisting of three terms
⎛ r ⎞
qi qj e2
Cij
ij
Uij (rij ) = Aij exp ⎜⎜ - ⎟⎟ - 6 +
.
rij
rij
⎝ rij ⎠

(1 )

The ﬁrst two terms correspond to the Buckingham-type
potential consisting of the Born–Mayer repulsive interaction
between overlapping electron densities due to the Pauli
principle and to the attractive van der Waals interaction,
respectively. The last term describes the Coulomb interaction
between pairs of ions having charges qi and qj.
The three-body interactions were accounted to reproduce
the rhombohedral distortion and tilting motion of the FeF6
octahedra. They were described by the harmonic potential
[39]

Figure 1. Crystalline structure of rhombohedral FeF3 (space group

R3̄c (167)) [22, 23] and a fragment of FeF3 structure showing
connectivity between two adjacent FeF6 octahedra. The bond angle
Fe–F1–Fe2 and atoms (F1, Fe2, F3) in the ﬁrst three coordination
shells around Fe are indicated. Note that the 24 ﬂuorine atoms (F ¢3
and F 3 ) in the third shell are split into two groups of 12 atoms each
located at ∼3.91 and ∼4.46Å.

Uijk =

1
k (q - q 0 )2 ,
2

(2 )

where k is the force constant, and q0 = 152.53 is the
equilibrium Fe–F–Fe bond angle.
The parameters (A, ρ, C and κ) of the force-ﬁeld models
for different values of the effective charge q(Fe) of iron ions
are reported in table 1. The effective charge q(Fe) was varied
from its formal value 3.0 down to 1.20. The charge of ﬂuorine
ions was calculated to maintain electroneutrality of the system
as q(F)=−q(Fe) 3.
The parameters (A, ρ, C and κ) were obtained for each
value q(Fe) using the ﬁtting procedure implemented in the
GULP4.2 code [36]. The starting cell was constructed based
on the structural parameters of FeF3 obtained in time-of-ﬂight
neutron powder diffraction experiment [23] at T=300K and
P=0.0001 GPa: space group R3̄c , a = 5.198Å , c=13.338
Å and atoms occupying Wyckoff positions Fe 6b(0, 0, 0) and
F 18e(x, 0.0, 3/4) with x = -0.4122. The parameters of the
potential were ﬁtted to the lattice parameters [23], the bulk
modulus (B0 = 14 GPa [23, 40]) and to three elastic constants
(C11 = 83.13 GPa, C22 = 98.64 GPa and C44 = 44.64 GPa)
calculated by ﬁrst-principles calculations in [41]. The
obtained force-ﬁeld models were used to determine optimized
values of structural parameters (a, c and x(F) in table 1)
employed in the MD simulations.
Sets of static atomic conﬁgurations obtained in MD
simulations were used to calculate conﬁguration-averaged Fe
K-edge EXAFS c (k ) (k is the photoelectron wavenumber)
within the MS approach [42–44] by ab initio real-space MS
FEFF8.50L code [13, 45].
The scattering potential and partial phase shifts were calculated within the mufﬁn-tin (MT) approximation (15% overlap of the nearest MT-spheres [45]) only once for the cluster
with the radius of 10Å, centered at the absorbing Fe atom and
constructed from the average atomic conﬁguration, which
corresponds to the crystallographic structure of FeF3 [23].

The structure of iron triﬂuoride is built up of FeF6
octahedra joined by vertices with iron atoms located at their
centers (ﬁgure 1). It is often referred as VF3-type and is
derived from the cubic-ReO3 structure by coupled rotations of
the FeF6 octahedra around one of the cubic body diagonals.
The bond angle Fe–F–Fe between two adjacent octahedra is
equal to ∼153 ◦ [22, 23]. The deviation of ﬂuorine atoms from
linear chains reduces the symmetry of the crystal from cubic
to rhombohedral with the space group R3̄c (167).
The practical interest in FeF3 is driven by its perspective
applications as a cathode in Li-ion batteries [24–29] and in
catalysts [30–34]. FeF3 is also a valuable compound for x-ray
absorption spectroscopy studies due to its strong multiplescattering contributions generated within atom chains –Fe–F–
Fe–F–Fe– which leads to the so-called ‘focusing’ and ‘superfocusing’ effects [35].
In this study we demonstrate complementarity of molecular dynamics and reverse Monte Carlo simulations for a
validation of the force-ﬁeld models on the example of the
analysis of the experimental Fe K-edge EXAFS of FeF3 taken
from [35].

2. MD-EXAFS simulations
The classical MD simulations were performed in the canonical (NVT) ensemble with periodic boundary conditions by
the GULP4.2 code [36]. The simulation box was a rhombohedral 6a × 6a × 3c supercell containing 2592 atoms (648
irons and 1944 ﬂuorines). The Newton’s equations of motion
were integrated with the Verlet leapfrog algorithm [37], with
a time step of 0.5fs. The Nosé–Hoover thermostat [38] was
used to keep the average temperature around T=300K
2
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Table 1. Force-ﬁeld models and structural parameters for rhombohedral FeF3 used in the molecular dynamics simulations.

Experiment
[23]

q(Fe)
1.20

1.35

1.5

1.71

2.03

3.0

A (eV)
ρ (Å)

4094.09
0.239160

Buckingham two-body potential Fe-F
6009.58
3812.55
3352.15
1962.56
0.200221 0.199059 0.188788 0.187421

991.978
0.201106

A (eV)
ρ (Å)
C (eV Å6)

13622.6
0.235857
85.5369

Buckingham two-body potential F-F
15422.6
14649.9
15977.4
16836.6
0.231639 0.230860 0.230019 0.228377
51.2790
41.0668
37.5132
33.6799

11665.7
0.229524
25.2836

κ (eV/rad2)
q0 ( ◦ )

0.18571
152.53

Three-body harmonic potential Fe-F-Fe
0.08541
0.06464
0.03705
0.04161
152.53
152.53
152.53
152.53

0.11739
152.53

5.1935
13.3396
0.5849

5.1936
13.3396
0.5851

Structural parameters
5.1927
5.1915
13.3401
13.3399
0.5846
0.5835

5.1860
13.3439
0.5765

a (Å)
c (Å)
x(F)

5.1980
13.3380
0.5878

5.1871
13.3406
0.5829

Small variations of the cluster potential due to thermal vibrations during MD simulations were neglected. The MS contributions were accounted up to the 6th order to guarantee the
convergence of the total EXAFS in the k-space range of
interest. The photoelectron inelastic losses were accounted
within the one-plasmon approximation using the complex
exchange-correlation Hedin–Lundqvist potential [46]. The
value of the amplitude reduction factor S02 was set to
1.0 [13, 43].
The conﬁguration-averaged Fe K-edge EXAFS c (k ) k 2
spectra and their Fourier transforms (FTs) are shown in
ﬁgure 2. The single-scattering (SS) and MS contributions to
the total EXAFS c (k ) k 2 spectra and their FTs are shown in
ﬁgure 3 for the force-ﬁeld model with q(Fe)=1.71, which
agrees best with the experimental data. Note that this value of
the effective charge is not far from the value of Bader charge
(q(Fe)=2.03) calculated in [41] using the plane-wave density functional theory (DFT). The total and partial radial
distribution functions (RDFs) G(R) obtained from the MD
simulations are reported in ﬁgure 4.

3. Reverse Monte Carlo simulations
The RMC method coupled with the evolutionary algorithm
(EA) has been described by us in detail in [11] and allows us
to obtain a 3D structure model of FeF3, consistent with the
experimental Fe K-edge EXAFS.
The structure of FeF3 was simulated as an inﬁnite crystal
with the periodic boundary conditions based on supercells
consisting of 4a × 4a × 2c or 8a × 8a × 4c elementary cells
(including 768 or 6144 atoms, respectively), which were
constructed using the diffraction data from [23].

Figure 2. A comparison of the experimental [35] and calculated Fe

K-edge MD-EXAFS c (k ) k 2 spectra and their Fourier transforms
(FTs) (modulus and imaginary parts are shown) in FeF3 at
T=300K. Only few spectra calculated for different effective iron
charges are shown for clarity.
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Figure 3. A sum of the single-scattering (SS) and multiple-scattering

(MS) contributions to the Fe K-edge MD-EXAFS (for q(Fe)=1.71)
and RMC/EA-EXAFS c (k ) k 2 spectra and their Fourier transforms
(FTs) (modulus and imaginary parts are shown) for FeF3 at
T=300K.

Figure 4. Total (a) and partial (b) radial distribution functions

(RDFs) G(R) calculated from the results of the MD and RMC
simulations for FeF3 at T=300K.

RMC/EA calculations were performed for 64 atomic
conﬁgurations simultaneously. A new atomic conﬁguration
was generated by randomly moving all atoms in the supercell
within the allowed maximal displacement of 0.4Å. Conﬁguration-averaged theoretical EXAFS spectra were calculated
by ab initio self-consistent real-space MS FEFF8.50L code
[13, 45], taking into account contributions from the MS
effects as in section 2. After each iteration the experimental
and calculated Fe K-edge EXAFS spectra were compared
using Morlet wavelet transform (WT) [47] in the k-space
range from 3.5 to 16Å−1 and in the R-space range from 1 to
5Å. After 6000 iterations there was no improvement in the
agreement between the experimental and simulated
EXAFS data.
The result of RMC/EA-EXAFS calculations of the Fe Kedge EXAFS spectrum for FeF3 is shown in ﬁgure 5. Note
that the difference between the experimental and calculated
EXAFS spectra is almost negligible.
Separate contributions of the SS and MS effects into the
EXAFS spectrum are shown in ﬁgure 3 and the partial RDFs
for Fe–F and F–F atom pairs are reported in ﬁgure 4. The ﬁnal
atomic conﬁguration was used to determine a number of
useful structural parameters such as radial and bond-angle

distribution functions, average interatomic distances and
mean-square relative displacements (MSRD).

4. Results and discussion
A comparison of partial SS and MS contributions into the
total Fe K-edge EXAFS of FeF3 obtained using MD-EXAFS
and RMC/EA-EXAFS simulations is shown in k and R-space
in ﬁgure 3. As one can see, both methods give rather close
results that indicate on the similarity of underlying atomic
structure. Also the signiﬁcant MS contribution in the range of
the second peak in FT at 3.5Å is well observed in both
simulations, as was expected from previous studies [35, 48].
The average interatomic distances and MSRD factors for
the ﬁrst two coordination shells obtained by both methods are
reported in table 2. To evaluate the uncertainties of obtained
results, RMC/EA calculations were performed several times
with different sequences of pseudo-random numbers [11].
Note that the values of our interatomic distances agree well
with those obtained by diffraction, 1.922Å for Fe–F1 and
3.735Å for Fe–Fe2 atom pairs in [23].
4
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Figure 5. Results of RMC/EA-EXAFS calculations for FeF3 at
T=300K. Upper panel: a comparison of the experimental and
calculated Fe K-edge EXAFS spectra c (k ) k 2 and their difference.
Bottom left panel: the Fourier transforms of the EXAFS spectra
shown in the upper panel. Bottom right panel: the wavelet transform
of the experimental EXAFS spectrum.
Figure 6. Bond-angle distribution function (BADF) for Fe–F1–Fe2

and Fe–F1¢ –F1 angles, obtained by MD and RMC/EA simulations.
Vertical lines show the mean values of the BADFs.

Table 2. Average interatomic distances (R) and MSRD factors (s 2 )

for the ﬁrst two coordination shells (Fe–F1 and Fe–Fe2 atom pairs)
obtained by the MD and RMC/EA simulations.
RMD (Å)
Fe–F1
Fe–Fe2

1.927
3.734

RRMC

EA

(Å)

1.938±0.005
3.739±0.005

s 2MD (Å2)

0.0055
0.0072

s 2RMC

EA

Finally, we compare bond-angle distribution functions
(BADFs) obtained from MD and RMC/EA simulations for
Fe–F1–Fe2 and Fe–F1¢ –F1 (F1¢ and F1 are two different
neighbouring ﬂuorine atoms in the ﬁrst shell of iron) angles in
ﬁgure 6. Smaller mean value of the bond angle Fe–F1–Fe2
obtained by MD correlates with smaller amplitude of FeF6
octahedra tilting motion discussed above. The distribution of
the Fe–F1¢ –F1 angle characterizes the rigidity of FeF6 octahedra and is symmetric in both cases. However, it is slightly
narrower in the case of the MD model.

(Å2)

0.004±0.001
0.008±0.001

Detailed comparison of two model EXAFS spectra
indicates, however, some difference between them, which can
be understood from the analysis of partial RDFs G(R) in
ﬁgure 4(b). While the Fe–Fe RDFs (peaks at ∼3.7 Å and
∼5.2 Å) are close, some difference is clearly present in the
Fe–F RDFs at ∼1.93Å and, especially, at ∼3.91Å and
∼4.46Å. The ﬁrst difference is due to that in the values of the
MSRD factors s 2 (Fe–F1) in the ﬁrst coordination shell of iron
(ﬁgure 1), reported in table 1 and related to the correlated
motion of iron and ﬂuorine atoms parallel to the Fe–F bonds.
The next two peaks in the Fe–F RDFs are due to 12 F ¢3 and 12
F 3 atoms (ﬁgure 1), which are separated due to the tilting of
FeF6 octahedra. Note that differently to the F1 atoms, the
vibrations of F3 atoms, seen from the central Fe atom, correspond to large extent to the ﬂuorine atom motion
perpendicular to the Fe–F bonds. Therefore, the observed
difference in the MSRD of Fe–F3 atom pairs indicates that the
force-ﬁeld models reported in table 1 fail to reproduce
accurately the tilting motion of FeF6 octahedra.

5. Conclusions
In this study we performed atomistic simulations of the
experimental Fe K-edge extended x-ray absorption ﬁne
structure of rhombohedral (space group R3̄c ) FeF3 at
T=300K [35] using two complementary approaches—
molecular dynamics (MD) and reverse Monte Carlo (RMC)
methods.
A simple force-ﬁeld model was developed for FeF3
taking into account two-body (Fe–F and F–F) and three-body
(Fe–F–Fe) interactions by ﬁtting to the experimental values of
the lattice parameters and bulk modulus as well as to the
calculated values of three elastic constants.
We found that different sets of the potential parameters
corresponding to the iron effective charge q(Fe) in the range
5
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from 1.20 to 3.0 are compatible with the experimental values
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ambiguity, classical MD simulations of the Fe K-edge
EXAFS were performed in the canonical (NVT) ensemble at
T=300K using ab initio multiple-scattering approach, and
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from the MD and RMC simulations, indicates that our forceﬁeld model underestimates slightly the amplitude of thermal
vibrations of ﬂuorine atoms in the direction perpendicular to
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