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Abstract. Microscopic structure and dynamics in molten NaF are presented by first principles MD simulations. From distribution
plots of NaF inter-ionic distances, F-Na-F angles and local coordination numbers of the melt structure have been investigated.
The analysis of coordination numbers shows that most of the Na or F are surrounded by four to five ions of opposite polarity.
This is different from their solid state form, where octahedral environment is expected for each ion. The dynamical properties of
molten NaF are investigated through the self-intermediate scattering function I(Q,t). The calculated I(Q,t) compares well with the
experiments. The power spectrum of the velocity autocorrelation function from the MD simulation allows to obtain partial density
of states of molten NaF, which links diffusive motions with the vibrational density of states. The short, medium and long time
motion of molten NaF is discussed on the basis of these calculations.

Introduction

Applications of quasielastic neutron scattering (QENS) relies on its analysis which is traditionally done by fitting
neutron spectra with several empirical functions based on analytical models. Although these models work up to a cer-
tain extent, their applicability is limited. To overcome this limitation atomistic simulations using molecular dynamics
(MD) are performed. The classical force field based MD requires well-defined empirical models of interatomic forces
which are not available for complex chemical environment and extreme conditions, such as high temperatures, pres-
sures, presence of surfaces, defects or impurities. With the increase of the capability of neutron scattering instruments
and sophisticated sample environment facilities, modern QENS experiments are performed on complex chemical sys-
tems in those challenging situations. In this perspective application of parameter-free first principles MD is a way
forward to understand the dynamics of complex materials in the analysis of QENS spectroscopy.

For example, molten salts are ionic liquids at high temperatures. Due to their large heat capacities, large ionic
conductivities at high temperatures and stability for a large liquid temperature range, salts find industrial applications
as heat storage in modern solar power plants, in next generation nuclear reactors and in extractions of metals from
ores [1, 2, 3]. Many electrochemical processes are dependent on ion conductivity and hence an understanding of
the diffusivity of the individual ions in the melt is important [4, 5, 6]. A microscopic model of molten salts can be
assumed as a random network of charged particles with charge ordering due to the long range Coulomb interaction.
Being the most simple class of molten salts molten alkali halides attract a lot of attention both from experimental and
computational scientists [7, 8].

Due to the conceptual simplicity classical rigid ion models are used since decades to model structural and dynam-
ical properties of molten alkali halides [9, 10]. Although these models work for the prediction of spatial distribution
of ions, the effect of polarisation becomes important to calculate dynamical properties, particularly the diffusivity of
cations [11, 12, 13, 14, 15]. Finding out force fields suitable for predicting ionic dynamics at high temperatures as
well as having transferability is challenging. To address this challenge, first principles-DFT based calculations have
been used to extract more advanced interaction potentials, e.g. [3, 16, 17, 18, 19, 20].

Understanding structure and dynamics on a microscopic level is the main driving force of neutron spectroscopy.
However, there are not so many studies in this area on molten salts. This is partly due to the low scattering cross
sections of constituent elements and partly because of the demanding experimental conditions [21, 22]. Recently



single ion dynamics in molten salts were investigated by quasielastic neutron scattering (QENS) and complemented by
classical and first-principles based molecular dynamics (MD) calculations [15, 23]. Due to the progress in computing
power it is realistic to do first principles based MD, which doesn’t require any empirical parameters for determination
of force fields to provide reliable microscopic understanding of neutron spectroscopy [24]. Recent reports on a
molten LiCl-KCl mixture, molten NaCl, NaI and NaF are examples of such attempts [23, 25, 26]. Although diffusion
coefficients are reported in those work, discussions on local structures and details of microscopic motion are absent.

In the current report we present the result of our microscopic analysis of structure and dynamics through first-
principles MD simulations of molten NaF in comparison with results from a QENS experiment [23]. Complementary
structural and dynamic details will be presented which are not possible to obtain from an experiment. The calculations
are performed within first principles based MD which is free from any adjustable parameters and can be a benchmark
for future MD-simulations and experiments. The aim is to shed some light onto the interplay of structure and dynamics
in molten NaF on a microscopic level.

Methodology of Modelling

MD simulations have been performed based on first principles DFT using CASTEP code [27] on a supercell con-
sisting of 256 NaF molecules. Periodic boundary condition was applied. The ultrasoft pseudopotentials [28] gener-
ated with the Perdew-Burke-Ernzerhof (PBE) [29] functional within the generalized-gradient approximation (GGA)
have been used. A plane-wave cut off energy 1000 eV and tolerance for self consistent energy minimisation below
2.5 · 10−8 eV/ion were used. The NPT ensemble with Nose-Hoover thermostat and Andersen-Hoover barostat were
used to stabilize temperature and pressure, respectively. Relaxation times for the thermostat and the cell were speci-
fied as 5 ps and 500 ps, respectively. A pressure of 1 bar was kept constant and a MD time step of 2 fs was used all
throughout. During simulations the volume of the cell was allowed to change with temperatures by keeping the shape
preserved which is suitable for liquid simulations. The mass density during the simulation runs was ρ = 1.914 g/cm3,
very near to the experimental density. The details of the melting process has been reported elsewhere [23]. Production
runs have been taken at 1300 K.

The partial pair distribution functions (PDFs) gi, j(r) can be calculated from average density of particles i at a
distance r from a tagged particle j at the origin [30]:

cic jρgi j(r) = 〈
1
N

Ni∑
i=1

N j∑
j=1

δ(r + r j − ri)〉 (1)

where ci are the number density of particle of type i, ρ the average particle density . The pair distribution function
gi j(r) can be deduced from the radial particle distribution:

gi j(r) = Ni j(r)/[ρ j4πr2dr] (2)

where ρ j = c jρ is the particle density of type j, Ni j is the number of particles of type j between distances r and r+dr
from a particle of type i and dr is the histogram shell width, 1.0 × 10−3 Å in the current calculations.

The incoherent intermediate scattering function I(Q, t) can be calculated from the Fourier components of the
microscopic particle density ρQ(t) = eiQrn(t) :

I(Q, t) = 〈e−i·Qrn(t)ei·Qrn(0)〉 (3)

where the brackets denote a thermal average. The programme package nMoldyn has been utilized for the calculation
of the different scattering functions [31].

Since S (Q, ω) is the Fourier transform of I(Q, t), simulations of long durations are required to get smooth S (Q, ω)
spectra, in particular at small momentum transfers when the decay of the correlations over longer distances are be-
coming longer. On the other hand a smooth I(Q, t) can be calculated directly from the trajectory of MD simulations
of comparatively smaller time durations.

Further neutron observable can be calculated from the MD trajectory is the vibrational densities of states (VDOS).
This quantity can be obtained experimentally from inelastic neutron scattering (INS) spectroscopy. VDOS can be
calculated from the Fourier-cosine transformation of the time-dependent velocity autocorrelation function (VACF):

C j j(t) = (1/3)〈−→v j(t)−→v j(0)〉 (4)



where −→v j(t) is the velocity of the species j at time t and C j j(t) is a thermal average of the velocity correlation of a
tagged particle between time zero and a time t.

Experiments

A QENS experiment was performed on molten NaF at 1300 K at the OSIRIS spectrometer of the ISIS Facility [32].
OSIRIS is an indirect time of flight backscattering spectrometer with final energy of E f = 1.845 meV for the PG002
analyser reflection [32]. In this setting the energy resolution is 25 µeV . NaF powder was filled into electron beam
welded a cylindrical niobium cell of wall thickness 0.2 mm and diameter 10 mm. This setting provided a scattering
power of about 15 %. As a coherent scatterer Niobium contributes only to Debye-Scherrer lines, which are outside
the covered momentum range of the PG002 setting. The melting temperature of NaF is 1268 K. More details of the
experiment can be found elsewhere [23]. Na is a nuclei with nearly equal coherent and incoherent scattering cross
sections and fluorine has no incoherent cross section at all [33]. At small momentum transfers the measured signal
is dominated by the incoherent contribution of the Na ions. The intermediate scattering function INa(Q, t) can be
obtained through Fourier transform from the dynamic structure factor S (Q, ω). In the hydrodynamic limit I(Q, t) is
described by a simple exponential decay:

I(Q, t) = e−Q2Dt (5)

From that dependence the diffusion coefficient can be derived directly.
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FIGURE 1. Structural properties of molten NaF. (a) PDF of Na-F, (b) distribution of Na-F bond distances, (c) distribution of
F-Na-F angles, (d) coordination number of F ions.



Results and Discussion

The structural properties of molten NaF as obtained after 50 ps production run are shown in Fig. 1. The calculated
PDF is shown in Fig. 1(a). The absence of long range order in the PDF confirms the liquid state of the simulated cell.
The highest peak of the PDF occurs at 2.3 Å corresponding well to the interatomic distances of Na and F ions [34]
and the position of the peak in the distribution of NaF distances as shown in Fig.1(b). As expected from calculated
PDF this distribution also shows the most probable peak at 2.3 Å. About 32 % of all Na-F bonds are lying between
2.2−2.4Å, however, the distribution of bond lengths varies from as small as 1.7 Å to almost 3.0 Å. This finding shows
that although there is no long range order in molten NaF, short range order, such as Na-F distance is preserved in the
molten state and at temperature of 1300 K. This finding is similar to that of amorphous silica [35], where short range
order has been preserved in the amorphous structure.

To investigate the orientational order of the molten salt, the distribution of F-Na-F angle is shown in Fig. 1(c).
The peak position of this distribution is at 900, however, the value of these bond angles varies widely. About 35 % of
all such angles are between 800−900. A few percentages of bond angles are of 1800 showing that very few F−Na−F
species are linear. This finding is supported further by the coordination number of F ions as presented in Fig.1(d).

The coordination numbers, presented in Fig.1(d), have been calculated by counting cations which are in the
sphere of anions within a distance of 3.0 Å. Presence of another F ion in this sphere has not been considered. It is
found that most of the F ions are four- to five-fold coordinated rather than octahedral coordinated as expected for a
cubic ionic structure. That result agrees with previous structural investigations on molten salts [36, 37, 38, 39]. The
four coordinated F ions are present at about 43 % whereas only 4 % are of six coordinated species. Further analysis
shows that the four coordinated F ions are not planar with an angle variation for Na-F-Na from 80◦ − 160◦. The Na-
F-Na angle in two coordinated F ions is not 1800 as expected for a linear molecular unit, but vary from 100◦ − 140◦.

The coordination numbers of Na ions are found to be slightly different from that of F ions where is a change in
four and five coordinated Na ions This is due to the different size of the ions. No significant change in the Na-F-Na
bond angle has been found. Also no free Na or F ions or isolated dipole is found in the melt.

The structure of a liquid is not static but changes with time and temperatures. This change can be captured
through the investigation of its dynamical properties. In the current work a QENS experiment has been employed to
understand the microscopic nature of this dynamics. The S (Q, ω) spectra as obtained from the QENS experiment has
been reported before along with the MD simulations [23]. Diffusion constants calculated from the MD-simulations
compare well with experiment at the low Q approximation.

FIGURE 2. Intermediate scattering functions from MD simulations for Q = 0.6 Å−1 . Experimental data are shown by symbols.



The partial intermediate scattering functions of molten NaF as obtained from MD simulations are plotted in
Fig.2 for Q = 0.6 Å−1. Although a trajectory of 50 ps has been considered in this calculations, it is found that only
the first 10 ps are important to understand the dynamics. From the figure it is clear that although Na and F ions decay
similarly, the time constants of this decay are slightly different. The diffusion coefficient D can be obtained from the
relation I(Q, t) = exp(−Q2Dt). It is found that the decay of F and Na ions can be fitted with a single exponential
functions, which indicates Fick-type diffusion for Q = 0.6 Å−1 in this melt. The F ions decay faster than Na ions.
The faster motion of F ions may be due to its smaller mass, but, it may be due to its change in coordination number
with respect to Na as discussed above. In the long time approximation, however, diffusion coefficient of both ions are
almost the same. This result is consistent with our previous report on diffusion coefficients of molten NaF [23].

As shown in Fig.2 the calculated I(Q,t) compares well with experiment. The difference in the value of calculated
I(Q,t) with that of experiment at times greater than 5 ps may be an artifact of the Fourier transform of the experi-
mental S (Q, ω) spectra. This artifact may arise due to the small energy transfer range (< 1 meV) in the quasielastic
experiment.

FIGURE 3. Vibrational densities of states (VDOS) of molten NaF calculated using MD simulations.

To investigate further the dynamical processes the power spectrum of the velocity autocorrelation function has
been calculated and plotted in Fig. 3. The frequency spectrum of the velocity autocorrelation function is directly linked
to the vibrational density of states and here we show the partial vibrational density of states [40]. The maximum of
the spectrum occurs at around 25 meV (200 cm−1) and is due to the vibrational dynamics of the ions. The partial
contribution of the heavier Na ion is relatively slower and the whole frequency distribution can be found at lower
frequencies. It appears that the power spectrum has some structure, which might be related to the vibrational properties
of NaF. The shape of the VDOS curve is important to understand the short, medium and long time dynamics of
a liquid [41]. Two types of motions determine the shape of the VDOS, the Brownian motion of diffusion and the
oscillator motion of individual ions. At very low frequency regime (ω → 0) depends on the diffusivity of the liquid, on
the other hand for largeω the oscillator nature of the particles is important. The position of two peaks at relatively finite
values of ω corresponds to the oscillator strengths of NaF. Lattice dynamics calculations for solid NaF have shown
that the vibrational density of states has maxima at about 20 meV (160 cm−1) and a broad band of excitations around
30 meV (240 cm−1) from the van Hove singularities of acoustic and optic modes [42]. That frequency range agrees
well with the main maximum of the power spectrum of molten NaF. As a maximum vibrational frequency for the solid
NaF 52 meV (420 cm−1) was calculated which agrees well with the higher limit of our calculated frequency spectrum.
The calculations of the VDOS depends on accurate descriptions of interatomic forces. Since here the structure and
dynamics of molten NaF are obtained by first principles MD simulations, it is free from ambiguous fitting parameters



generally used to get a good force field. Calculated QENS observables compare well with experiments. Thus the
current calculation can be a benchmark to get suitable force fields for these ionic melts, which might then be compared
to measurements of the vibrational properties [43, 44].

Conclusions

Results from a first principles MD simulations of molten NaF have been presented. The structure of the melt has been
analysed from the distribution plot of NaF interionic distances, F-Na-F angles and local coordination number of a
particular species. It is found although the Na-F bond distances and angles are preserved in the liquid NaF, both of
them have a wide distribution. The analysis of coordination number shows that most of the Na or F are surrounded
with four to five other ions of opposite polarity. This is different from their solid state form, where octahedral local
coordination is expected for each ions. To investigate further the dynamical property of molten NaF, the intermediate
scattering function has been calculated and compared with experiments. It is found that F decays a little bit faster
than Na at the first 5 ps, but overall diffusion constants of Na and F are almost the same. The short, medium and long
time dynamics are predicted from the power spectrum of the velocity autocorrelation function, which can be probed
through inelastic neutron scattering experiments.
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