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Diffusion of sodium ions in amorphous Na,Si,Os: Quasielastic neutron scattering and ab initio
molecular dynamics simulations
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The dynamics of Na ions in amorphous Na,Si,Os, a potential solid electrolyte material for Na battery,
have been investigated by employing. the quasielastic neutron scattering (QENS) technique in the temperature
range 300 to 748 K. To understand the diffusion pathways and relaxation timescales of Na ionic diffusion, the
experimental studies are complemented by ab initio and force-field molecular dynamics simulations. The QENS
data are fairly well described by a jump-diffusion model with a mean jump length of about 3 A and residence
time about 9 ps. Our molecular dynamics simulations have predicted that the diffusion of Na™ ions occurs in
the amorphous phase of Na,Si,Os while absent in the crystalline orthorhombic phase even up to 1100 K. The
molecular dynamics simulations have revealed that in the amorphous phase, due to different orientations of
silicon polyhedral units, several accessible pathways are opened up for Na* diffusions. These pathways are not
available in the crystalline phase of Na,Si,Os due to rigid spatial arrangement of silicon polyhedral units.
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I. INTRODUCTION

Clean and green storage of energy is achievable by various
energy storage technologies [1-4]. Batteries are one of the
most eligible devices [5-8] for this purpose. The solid-state
batteries [6,9-13] offer a most compact and safe version to
store energy at various scales. These batteries contain a solid
electrolyte between two electrode materials and hence no
separator is required to fabricate such batteries. The solid elec-
trolyte [14], being more stable [6,9-11] than liquids, could
resolve the issues of leakage, chemical stability, vaporization,
flammability, and dendrites formation to a great extent. Also,
they enable the use of metallic Li or Na as anode material
[9,15] and enhanced current charge capacities.

A common feature to the most solid electrolyte materials
is availability of sufficient number of atomic sites for the
diffusing ions in the solid [16,17]. The diffusion process in
the materials could be attributed to hopping of diffusing ions
over these sites. There is no unique diffusion mechanism
for all materials and a variety of diffusion mechanisms have
been discovered in different materials based on their structural
framework and nature of diffusing ions [17-20].

In search of an efficient and cost-effective Na and Li ion
conductors for solid-state Na or Li-ion batteries there have
been significant experimental and theoretical studies available
in literature [21-28]. The diffusion of Li ions in these has been
addressed by several experimental and theoretical modes, like
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tracer migration, positional displacement, as well as electrical
property measurements. The positional displacement and site
disorder of mobile ions often causes liquidlike sublattice in
the frame of the rigid lattice. The crystalline LiAlISiO4 (8-
eucryptite) and Li,X (X = O, S, Se) are known to exhibit
Li-ion conductivity in the temperature range from 800 to
1400 K [25,29,30]. The inelastic neutron-scattering spectra of
B-eucryptite at high temperature show significant broadening
in the spectral regimes which is contributed by Li atoms [30].
The Li diffusion in B-eucryptite arises from highly correlated
one-dimensional motion of Li channels along the hexagonal
¢ axis [29]. The glass ceramics and amorphous solids like
Liz;PO4_, N, (LiPON), A;P5S11(A = Li, Na), A3;_,H,OCl
(A =Li, Naand 0 < x < 1) and Li,S — P»S5 have recently
attracted attention [23,31-35] due to their much higher ionic
conductivities at room temperature than their equivalent crys-
talline forms. The higher ionic conduction in amorphous
phase than that in the crystalline phase might be due to
creation of a significant number of percolative pathways with
minimal energy barriers for ion migration, which is essentially
a geometrical effect due to amorphization that promotes the
ionic conduction. In the present case, the crystalline lattice
has very little diffusion and amorphization provides essential
pathways of diffusion. In other cases, where the crystal lattice
strongly supports diffusion, amorphization might hinder some
of the pathways and thereby reduce the diffusion.

Following the discovery of superionic Na-ion conduction
in layered B-alumina, many Na-ion conductors have been
discovered [36—40]. Na,Si,O5 is known to show Na-ion con-
duction in its amorphous phase with ionic conductivity of
0.01S/cm? at 500 °C [41]. At ambient pressure, Na;Si;Os
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crystallizes in four modifications. The § (monoclinic phase
[42] with space group P2;/a), y (body-centered tetragonal
phase [43], I4;/a), and § (monoclinic phase [44] with space
group P2, /n) phases are metastable; however, the only stable
phase is known as «-Na;Si,Os (orthorhombic phase [45],
Pcnb). X-ray-diffraction measurements, differential scanning
calorimetry analysis, and electrochemical impedance spec-
troscopy show that the amorphous Na,Si,Os is metastable and
transforms to a crystalline [46] form at around 773 K. The
crystalline Na,Si,Os is observed to be a poor ionic conductor
[41,46]. Moreover, the amorphous phase is structurally and
electrically more stable in reducing atmosphere than in oxi-
dizing ones. The presence of H or Al impurities in amorphous
Na,Si, 05 increases the crystallization temperature [46]. The
ionic size of Na in Na,Si, Os is larger as compared to that of Li
in Li,Si;Os. However, the molecular dynamical simulations
report [41,47] a lower activation energy in Na;Si;Os (0.3 eV)
than that in Li,Si,O5 (0.47 eV). The ab initio simulations [41]
on amorphous Na,Si,Os show that Na preferentially diffuses
within the layered channels formed by corner-shared SiO4
tetrahedra.

The quasielastic neutron scattering (QENS) and molecular
dynamics simulations are extensively used for studying the
diffusion phenomenon at various length and timescale, for
example diffusion of organic/inorganic solvents (or polymers)
in various zeolites frameworks [48,49], dynamics of metal or-
ganic framework during adsorption of gases [50], and dynam-
ics in molten salts [S1]. The QENS spectra are measured as a
function of temperature and momentum transfer. The spectro-
scopic technique enables study of the dynamics (segmental
relaxation) of diffusing atoms or group of atoms following
non-Debye and non-Arrhenius temperature dependence [49].

Further, QENS technique is also very well used to measure
the dynamical motion of ions in materials [52]. In case of
solid electrolyte, the technique was for the first time used to
measure the ionic diffusion in S-alumina [53]. These experi-
ments [53] revealed two types of diffusion mechanisms of Na
at 400 °C, viz., localized jumps and long-range diffusion. The
QENS study of «-phase of Mg3;Bi, provides the mechanism
of superionic diffusion of Mg*? in the rigid bismuth lattice
[54].

High Na ionic conductivity is desired for Na-ion batteries;
however, there are very few materials which exhibit high
Na ionic conductivity and most of them at well above room
temperature. This paper deals with the possibility of getting
high ionic conductivity by amorphization. Further, research is
required to tune the ionic conductivity temperature by doping
or another mechanism.

Recently, high-neutron flux of OSIRIS time of flight spec-
trometer at ISIS, United Kingdom has been used to measure
Na-ion diffusion in sodium cobaltate [55]. Here we report
microscopic analysis of Na-ion diffusion using state-of-the-art
quasielastic neutron scattering measurements on a potential
solid electrolyte material for Na battery. Such experimental
studies are very sophisticated and rare due to low neutron
scattering cross section of Na. There are only a few stud-
ies available in literature Ref. [55] and none on amorphous
Na,;Si;Os. We have performed QENS measurements over
a range of temperature from 300 to 748 K to evaluate the
diffusion constant, nature, and pathways of Na-ion diffusion

in the amorphous phase of Na;Si,Os. To our knowledge there
is no such microscopic analysis of diffusion mechanism of
Na,Si,Os, a potential new-generation energy material. The
QENS measurements show a significant broadening of the
elastic line beyond the resolution of the instrument.

In addition to the model-based analysis of QENS experi-
ments to get detailed insight of Na-ion diffusion, the experi-
mental studies are complemented by ab initio and force-field
based molecular dynamics simulations (FF-MD) to provide
a detailed atomic level understanding of the diffusion phe-
nomena. Large-scale FF-MD simulations (1440 atoms) are
performed on amorphous Na;Si,Os for over a few hundred
picoseconds on large supercell (30-A cell dimension gives
~0.2-A~! wave-vector transfer resolution comparable with
experiments). Such large-scale simulations for a set of tem-
peratures are extremely expensive with ab initio density-
functional theory (DFT)-based molecular dynamics (AIMD),
therefore, smaller-scale AIMD simulations are carried out.
The AIMD calculations are free from any parametric force
field and capture the polarizable nature interatomic forces
important for ionic diffusion. Thus, this paper is providing
deeper insight into the microscopic analysis of the diffusion
mechanism in this material. The discrepancy obtained in dif-
fusion coefficients between the model-based QENS analysis
and molecular dynamics (MD) simulations are discussed in
the paper. It is identified that finite-size effects in MD simula-
tions and limitations in force-field approach are possible rea-
sons. As discussed in the paper, we found that the AIMD are
useful to understand the geometries of the diffusion pathways
and their relaxation timescales, which is one of the important
considerations of this work. In the amorphous phase various
Na sites have been developed due to different orientations of
silicon polyhedral units. The analysis of Na trajectories shows
that some special Na sites provide pathways for Na diffusion,
while these pathways are not available in crystalline phase.
Thus, this work adds further knowledge in the microscopic
analysis of diffusion and respective limitations of different
methods, such as model-based QENS analysis, FF-MD, and
AIMD

II. EXPERIMENTS

First, ®-Na,Si,O5 was synthesized [45] by conventional
solid-state reaction between Na,CO3 and SiO, with four-step
heating protocol. Silica (SiO,, Alfa Aesar, 99.5%) powder
was heated at 800 °C for 12 h in air and cooled to room
temperature. Anhydrous Na,COs; (Alfa Aesar, 99.9%) was
heated at 200 °C for 2 hours and cooled to room temper-
ature. Preheated Na,CO3 and SiO, in 1.05:1.0 molar ratio
was thoroughly ground in acetone media and dried in air.
The dried powder mixture was heated at 550 °C for 12
h and then reground. This homogeneous mixture was pel-
letized and heated at 650, 750, and 800°C in air for 12 h
at each temperature. The crystalline sample of «-Na;Si;Os
was obtained after heating at 800 °C for 12 h. The amorphous
Na,Si,Os5 was prepared by melt-quench method. Pellets of
crystalline «-Na;Si,Os5 were crushed to powder form, and
filled into a platinum crucible. The crucible with sample was
heated to 950 °C at a heating rate 2°C/min and held for 4 h
in a muffle furnace. The sample was removed from the
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furnace by sliding the sample stage of the furnace. The melted
sample was quenched by immediately dropping the platinum
crucible along with the sample to a container filled with liquid
nitrogen. The transparent solidified melt was separated from
crucible mechanically and stored in a vacuum desiccator. The
obtained transparent glass sample pieces were finely ground
to powder and characterized by x-ray diffraction.

The QENS measurements were performed on amorphous
Na,SiOs using the OSIRIS [56-58], the indirect geometry
time of flight spectrometer at ISIS. The final energy in the
measurements was fixed at 1.84 meV using pyrolytic graphite
(002) analyzers, giving the energy resolution of 25.4 ueV.
Scattered neutrons were detected over an angular range of
20 = 25°—160°, providing available Q range 0.42—1.85 A~
The amorphous polycrystalline powder samples were kept
in a niobium sample holder and sealed. A high-temperature
furnace operating in high vacuum served as the sample
environment. The experimental data on sample have been
recorded at several temperatures from 300 to 773 K. The data
taken on empty niobium sample holder are used to remove
the background scattering due to the sample environment.
A vanadium standard was measured for normalization of
detectors and for measuring the resolution of the instrument.
The data as collected in various detectors were grouped in
the wave-vector (Q) steps of 0.05A~! for improving the
counting statistics. The experimental data were normalized
and corrected for detector efficiency and detailed balance
using the standard program package for data analysis available
at the spectrometer. All data analyses were performed using
the QENS data analysis interface as implemented in MANTID
software [59,60].

III. CALCULATIONS

The molecular dynamics simulations of the diffusion pro-
cess are carried out using both the ab initio density-functional
theory and force-field approach based on interatomic poten-
tials. These two approaches were necessary since the DFT
simulations can only be performed, even on supercomputers
available to us, on a rather small simulation cell that may limit
the pathways of the diffusion process, while the force-field
simulations could be performed on much larger cells and also
for much longer time duration. We have also performed the
lattice dynamics calculations using both the approaches to
evaluate the phonon spectrum. As the results from the two
approaches are found to be consistent with each other, we have
used the larger simulations to visualize the geometries of the
diffusion pathways and their timescales.

For the force-field simulations, we have used the Bucking-
ham model of interatomic potential, which consists of long-
range Coulomb interaction, short-range repulsive interaction,
and van der Waals interaction terms, given by

V(r) =

é? Z(k)Z(k/)+ . —br
———taexp| ——— | — —,
PLRIO +RUY] 7
ey
where r is the separation between the atoms of type k

and k’, and R(k) and Z(k) are, respectively, the effective
radius and charge of the kth atom. As in earlier studies,

a =1822eV and b = 12.364 have been treated as constants.
This choice has been successfully used earlier to study the
phonon properties of several complex solids [61,62]. The
optimized parameters as used in our calculations are Z(Na) =
1.0, Z(Si) = 2.6, Z(0) = —1.44, R(Na) = 1.07 A, R(Si) =
0.70 A, R(O) =2.09 A. The van der Waals interaction C =
50.0eV A®) is introduced only between the oxygen atoms.
The phonon calculations in the «-Na;Si,Os are performed
using the software [63] developed at Trombay.

The force field molecular dynamics simulations have been
performed on a super cell size of 4 x 5 x 2 (1440 atoms)
for 200 ps after the equilibration. The simulations are carried
out in NPT ensemble. To create the amorphous phase, we
have melted the crystalline phase at 2500 K in 10 ps and then
quenched to 10 K over 250 fs. Further, after the quenching at
10 K, the simulation was continued for 300 ps to ensure that
there is no drift in the total energy or temperature due to strain
in the amorphous structure. To characterize the phases, we
have performed simulations at 300 K in both the crystalline
and amorphous phases for 200 ps after equilibration. The
quench rate used in our simulations appears to be reasonable,
which is similar to that in previous literature [41]. The simula-
tions in both the crystalline and amorphous phases have been
performed at various temperatures from 300 to 1200 K using
DL_POLY software [64]. The mass density of the crystalline
and amorphous phases is 2.52 and 1.71 gm/cc, respectively, at
10 K.

To perform ab initio density-functional theory based
phonon calculation we have used the Vienna Ab initio Simu-
lation Package [65,66] (VASP). The supercell scheme has been
used for phonon calculation, i.e., the forces on various atoms
have been calculated on a 2 x 2 x 1 supercell of dimension.
The supercell and subsequent atomic displacements have been
generated using PHONOPY software [67]. Further, the forces
and displacement of different configuration have been used
to calculate the phonon spectrum using PHONOPY software.
The total energy and forces calculation using VASP are per-
formed using the projected augmented-wave formalism of
the Kohn-Sham density-functional theory within generalized
gradient approximation for exchange correlation following
the parametrization by Perdew, Burke, and Ernzerhof [68,69].
The plane-wave pseudopotential with a plane-wave kinetic
energy cutoff of 700 eV was adopted. The integration over
the Brillouin zone is sampled using a k-point grid of 6 x
6 x 2, generated automatically using the Monkhorst-Pack
method [70]. The total energy is minimized with respect to
structural parameters. The convergence criteria for the total
energy and ionic forces were set to 1078 eV and 10~*eV A1,
respectively.

For ab initio molecular dynamics simulation, we have
taken a single k point in the Brillouin zone. An energy
convergence of 1079 eV has been chosen for self-consistence
convergence. A time step of 2 fs is used. The amorphous
structure in the ab initio method has been generated using
the following steps. We started with the crystalline Na;Si,Os
phase (216 atoms, 2 x 3 x 1 supercell of the orthorhombic
phase) and melted it using ab initio molecular dynamics sim-
ulation at 2500 K for 10 ps. Then we quenched the structure
to 10 K and used the quenched structure as an amorphous
structure of Na,Si,Os. The quenching rate used is similar
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FIG. 1. (a) Comparison of as observed dynamical neutron-scattering function S(Q,w) of amorphous Na,Si,Os integrated over all Q at
300 K (blue line) and 748 K (red line) and the instruments resolution (vanadium at 300 K; green line). The data have been normalized to unity
at the peak position. (b) Fit of one Lorentzian peak and one delta function convoluted with the resolution function at a selected Q = 1.2 A~!

slice of S(Q,w), and a linear background.

to that in previous literature [41]. Simulations are performed
for a series of temperatures from 300 to 1100 K. Initially,
the structure was equilibrated for 10 ps to attain the required
temperature in NVT simulations through a Nosé thermostat
[71]. Then for the production runs up to 40 ps, NVE simula-
tions are performed. At each temperature, a well-equilibrated
configuration is observed during the 40-ps simulation.3

The isotropic diffusion coefficient can be estimated from
the time dependence of mean-square displacement as given
below:

D = (u?)/6r, )
where (u?) is the change in the mean-square displacement
(MSD) in time 7. The MSD at time 7 is calculated using the
following equation [22,72]:

1 Nion Nstep—Nz
Nion(Nstep - NT) Z Z Il + ) =l

=1 j=I
(3)

Here r;(¢;) is the position of the ith atom at the jth time
step. Nyep 1s total number of simulation steps and N, is total

W (r) =

number of atoms of a particular type in the simulation cell.
N, = t/(8t), where &t is step size.
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FIG. 2. The integrated intensity as a function of d spacing at 300
and 748 K.
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FIG. 3. Temperature-dependent variation of integrated elastic
peak intensity extracted from dynamic neutron-scattering function
S(Q,w). The data are summed over all Q.

IV. RESULTS AND DISCUSSION

A. Quasielastic neutron scattering

QENS is a powerful experimental technique, which en-
ables us to measure diffusion process. It exhibits the broaden-
ing of the elastic scattering caused by nonperiodic “diffusive

motion” in the sample as a function of momentum transfer.
The quasielastic signal in neutron-scattering experiments con-
tains the sum of coherent and incoherent contributions. The
information from QENS is unique in the sense that this could
provide microscopic information about the diffusion, such as
providing simultaneously the jump length and residence time,
which other techniques do not. These two quantities are very
important to design the materials for ionic diffusion. In case
of Na,Si,0Os, silicon and oxygen only scatter coherently; the
incoherent contribution is dominant by the scattering from
sodium. Sodium has nearly identical coherent and incoherent
cross sections [73]. The dynamical motion of Na diffusion
using QENS experiments in this potential battery material is
challenging due to low neutron-scattering cross section of Na
[73], and the data interpretation is also difficult due to the
coherent nature of the scattering from Na atom.

Figure 1 shows comparison of the dynamic neutron-
scattering function S(Q,w) of amorphous Na,Si,Os integrated
over all Q and at 300 and 748 K and instrument’s resolution.
The measurements at 748 K provide clear evidence of
the QENS broadening. The data at 748 K can be fitted to
one Lorentzian peak and one delta function convoluted with
the resolution function of the instrument, providing evidence
of QENS broadening from the sample. The diffraction data
(Fig. 2) on the same temperature at 300 to 748 K shows that
in vacuum, we did not found any evidence for crystallization
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FIG. 4. Q-dependent variation of (a) elastic peak height, (b) amplitude of Lorentzian, and (c) and half width at half maximum of Lorentzian
peak extracted from dynamic neutron-scattering function S(Q,w) of amorphous Na,Si,Os at 748 K in vacuum. Q binning is done in steps
of 0.05 A=, The solid red lines in (c) are obtained from the fits of the Hall-Ross (red line) and Chudley-Elliott (blue line) models to the

experimental data.

045802-5



MAYANAK K. GUPTA et al.

PHYSICAL REVIEW MATERIALS 4, 045802 (2020)

—— Ab-initio
i R— Force field approach

0.00+-

FIG. 5. The calculated phonon density of states of Na,Si,O5 in
orthorhombic phase using ab initio density-functional theory method
and force-field approach.

of sample and provide evidence that the sample remains
in the amorphous phase in the entire temperature range of
our measurements. The temperature-dependent variation of
elastic intensity extracted from dynamic neutron-scattering
function summed over all Q is shown in Fig. 3, which does not
show any sudden drop of elastic intensity. This is consistent
with the fact that there is no phase change in the solid at the
experimental temperature range. However, from Fig. 3, the
change in elastic intensity is more than that expected from
only the Debye-Waller factor, which could be due to increase
in disorder [74].

Further, in order to understand the microscopic nature
of sodium diffusion we need Q dependence of quasielastic
broadening. The data collected in various detectors in the O
range from 0.6 to 1.7 A~" were grouped in the Q steps of
0.05 A~'. The individual data in steps of 0.05 A" are fitted to
one Lorentzian peak and one delta function convoluted with
the resolution function of the instrument. All the fits were
done over an energy range —0.4 < E < 0.4 meV, chosen
to be symmetric around £ = 0. The Q-dependent variation
of elastic peak height, amplitude, and width of Lorentzian
peak extracted from dynamic neutron-scattering function is
shown in Fig. 4. It can be seen that peak height of elastic
and amplitude of Lorentzian peak [Fig. 4(b)] increase with
increasing Q. The monotonic increase in intensity of the
elastic contribution with Q over 0.6 to 1.7A~! might be
partially due to the amorphous structure and partially due to
coherent scattering. However, width of Lorentzian peak which
gives information about the diffusion (quasielastic linewidth)
shows a significant Q dependence and indicates increment of
the diffusion process.

The @ dependence of half width at half maximum
(HWHM) is fitted using the Hall and Ross (H-R) model
[75,76] as well as the Chudley-Elliott (C-E) model [77], which
are appropriate models for variable length jump-diffusion
process. The C-E model assumes a fixed value of the jump
length (d). On the other hand, the H-R model assumes that the
jump lengths are distributed and a root-mean-squared value of
the jump length is used to fit the experimental data. In case
of H-R model [75,76], the Q dependence of HWHM [(Q)] is
related to the jump length (d) and average jump time () from

Ab-initio
150 150 150

100

501

Force field approach
150 150 150

100

E(meV)

50

(00g) 05

FIG. 6. The calculated phonon dispersion relation of Na,Si,Os
in orthorhombic phase using ab-initio density-functional theory
method and force-field approach.

one site to another site by the following expression:
Q) = (1 —exp(~(d*)Q*/6))/1. “)

Similarly, for the Chudley-Elliott model [77] the corre-
sponding expression is given by

['(Q) = [1 —sin(Qd)/Qd]/z. (&)

Figure 4(c) shows the Q dependence of the QENS broad-
ening with a fit of the H-R and C-E models of jump diffu-
sion for amorphous Na,;Si,Os at 748 K. The fit of the H-R
model to QNES data gives a mean residence time 9.1 =+
1.4 ps (13.8 +2.2meV~") and diffusion jump length of 3.0
+ 0.8 A, which give a diffusion coefficient of (16 &= 11) x
10719 m?/s. Similarly the Chudley-Elliott model gives t and
d values of 11.4 £ 12 ps (17.4+1.8meV~") and 3.2 +
0.5 A, respectively, resulting in diffusion coefficient value
of (15+6) x 107'°m?/s. As expected, the jump length as
estimated from the fits of the experimental data matches very
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FIG. 7. The calculated pair-distribution functions of various pairs of atoms in crystalline and amorphous phase of Na,Si,Os using ab initio

and force-field MD approach.

well with the calculated first-neighbor distance of 2.98 A
in the amorphous phase (discussed below). It is clear from
Fig. 4(c) that there is considerable scatter of the data points.
Consequently, there are large error bars on the jump lengths,
jump time, and diffusivity determined from the QENS data. In
view of these shortcomings, molecular dynamics simulations
were performed in order to get more information on the
diffusion process.

B. Molecular dynamics simulations

The magnitude of broadening at a particular wave-vector
transfer in the QENS peak depends on the diffusion coeffi-
cient of the diffusive species; in our case it is Na ion. The
quasielastic broadening as observed from experiment gives
quantitative estimate of the diffusion coefficient. However,
the nature of diffusion and microscopic view may not be
completely inferred from the experiment. Hence, in order
to get the insight of Na-ion diffusion, we have performed
simulation in the amorphous phase of Na,Si,Os compound. In
order to simulate the quasielastic broadening with appropriate
momentum resolution, the simulation is performed for few
hundred picoseconds on a large supercell (30-A cell dimen-
sion gives ~0.2-A~! momentum transfer resolution). Such a
big scale simulation for a set of temperatures is extremely
expensive with AIMD method and can be achievable with

FF-MD methods. The main challenge of force-field methods
is a good set of force-field parameters, which can be used
for calculation of thermodynamical and transport properties.
Further, we have also performed the ab initio molecular
dynamics simulation in the amorphous phase of Na,;Si;Os.
The amorphous structure of Na,;SipOs consists of ran-
domly oriented SiO4 tetrahedral units stuffed with Na. In
order to optimize the force-field parameter of the Bucking-
ham potential, we have performed rigorous calculations with
various sets of parameters. We have tested several sets of
parameters and chosen the set of parameters which reproduces
the closest experimental structure and phonon dynamics as
obtained from DFT calculations (Figs. 5 and 6) in the «a-
Na,SiyOs. The comparison of the experimental lattice pa-
rameters with that obtained from ab initio and force-field
approach calculations (Table I) show differences of about 3—
4%, which is quite satisfactory. The calculated phonon density
of states and phonon dispersion from both the approaches are
shown in Figs. 5 and 6, respectively. The maximum of the
phonon frequencies from both the approaches is quite similar
at about 140 meV. The phonon spectrum as calculated from
the interatomic potential, up to about 95 meV, is qualitatively
in fair agreement with ab initio phonon density of states.
However, we find that the in the ab initio calculated phonon
spectrum, there is a phonon band gap around 95-115 meV,
while in the force-field approach there is no such phonon
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FIG. 8. The comparison between the calculated and experimental S(Q) in amorphous phase. Bottom panel gives the calculated S(Q) from

ab initio and force-field approach up to Q = 10 A",

band gap. This might be due to the fact that the oxygen
polarizability is not taken care in our force-field model. In
order to include all these effects, the force-field model re-
quired more parameters and would not be suitable for very
large simulations. It should be noted that the thermodynamic
behavior of compounds is largely dominated by low-energy
spectrum of phonon. Hence the optimized set of force-field
parameters can be further used in the FF-MD simulations to
investigate the dynamics of atoms at high temperatures.

The computed time-averaged pair-distribution functions
[g(r)] of various pairs of atoms in Na;Si;Os are shown in
Fig. 7 in the amorphous and crystalline phases at 300 K. It
can be seen that total pair distribution function (PDF) among
atoms using the two approaches of ab initio and force-field
model show fair agreement with each other. We found that the
crystalline structure consists of sharp and well-defined peaks
at various bond lengths representing its long-range order,
while in the amorphous phase the sharp peak is seen only

TABLE I. The experimental [45] and calculated structural pa-
rameters of orthorhombic Na,SiOs (space group Pcnb) using
ab initio and force-field model.

Expt. (300 K)  Ab initio (0K)  Force-field model (0 K)

a(A) 6.408 99 6.436 6.183
b(A) 4.895 99 4.945 5.133
c (A) 154220 15.570 15.112

for the short-range order of the first neighbors, as expected
in amorphous solids [78]. It shows that Si-O PDF intensity
for the first-neighbor distance ~1.6 A does not change much
between the crystalline and amorphous phase, while other
higher neighboring peaks show significant change. This is
due to the fact that the polyhedral unit of SiO4 does not
change its shape, while its orientation (medium-range order)
changes significantly in the amorphous phase. Further, the
Na-Na PDF intensity changes significantly in the amorphous
structure with respect to the crystalline structure even for
the short-range order, which signifies that the Na distribution
changes significantly between the crystalline and amorphous
phases. The broad structures at higher distance are attributed
to the broad distributions of interatomic distances in medium
and long range, which indicate a well-constructed amorphous
structure. We have performed further analysis with this con-
figuration.

As noted above, the calculated g(r) from the AIMD and FF-
MD simulations in Fig. 7 are in fair agreement with each other.
In Fig. 8 we show the structure factor S(Q) from the ab initio
and FF-MD simulations, which are also in fair agreement with
each other. We also show in Fig. 8 the comparison between the
simulated and experimental S(Q), which is quite satisfactory.
We have compared the experimental S(Q) data rather than the
derived g(r), since the Q range in the experimental QENS data
is limited to 1.7 A=, not sufficient to derive g(r).

The force-field as well as ab initio molecular dynam-
ics simulations have been performed at various tempera-
tures from 300 to 1100 K. Further, we have analyzed the
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FIG. 9. The calculated mean-squared displacement of various atoms in amorphous phase of Na,Si,Os using force-field (top panel) and ab

initio (bottom panel) MD simulations.

mean-squared displacement of various atoms in the crystalline
and amorphous phase. It is interesting to note that the diffu-
sion in Na;Si»Os occurs only in the amorphous phase while
the crystalline phase does not show any diffusion up to 1100
K. We found that the MSD of Na atoms shows significant time
dependence at and above 800 K in the amorphous phase, while
in the crystalline phase even up to 1100 K there is insignificant
variation of MSD with time. This gives a signature that in
the amorphous phase significant diffusion occurs at and above
800 K while there is no diffusion in the crystalline phase.

In Fig. 9, we have shown the MSD obtained from ab
initio and force-field molecular dynamics simulation in the
amorphous phase at various temperatures. The mean-squared
displacements of various atoms have been calculated using
Eq. (3). We found that the mean-squared amplitude of Na
atoms keeps increasing with time, which is a signature of
the diffusion of Na atoms in the compound (Fig. 9). The
mean-squared displacement of other atoms, Si and O, does
not show any increase with time; hence, there is no signifi-
cant diffusion of these atoms, which is essential for a stable
solid electrolyte. The diffusion coefficient as estimated from

ab initio calculations (on a 216-atom cell) is smaller in
comparison to that from the force-field calculations (on a
1440-atom cell) (Fig. 10). This might be due to the finite-size
effect in molecular dynamics simulation. As discussed below,
we found that the ab initio simulations are useful to visualize
the geometries of the diffusion pathways and their timescales,
which is one of the important considerations of this work.

The time dependence of mean-squared displacement of
various atoms has been used to estimate the diffusion coef-
ficient (Fig. 9). The calculated diffusion coefficients at vari-
ous temperatures as estimated from ab initio and force-field
molecular dynamics simulation are shown in Fig. 10. The
energy barrier for sodium diffusion can be estimated from the
fitting of the temperature dependence of diffusion coefficients
with Arrhenius relation, i.e.,

D(T) = Do exp(—Ea/K5T). ©6)
One can linearize this equation by taking log of it, i.e.,
In[D(T)] = In (Do) — Eo/KpT. (N
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FIG. 12. The distribution of 48 Na atoms in the amorphous
phase, depicted in the ab initio simulation cell. The color of the
bond joining any two Na atoms represents the distance between them
(red = 2.7-3.0 A; green = 3.0—3.3 A; blue = 3.3—3.6 A; black =
3.6-3.9A).

Here Dy is the constant factor, Kz is the Boltzmann con-
stant, and 7 is temperature. We have fitted the simulation data
to Eq. (7) in Fig. 10 for the force-field and ab initio MD
simulations and the value of the activation energy is found
to be 0.51 = 0.1 eV and 0.41 £ 0.1 eV from force-field and
ab initio MD simulations, respectively.

The estimated diffusion coefficients (Fig. 10) show very
small diffusion up to 800 K, and above that the diffusion
coefficient shows a huge jump. To understand how the Na-ion
diffusion coefficient increases with temperature, we have plot-
ted the mean-squared displacement of individual Na atoms
(Fig. 11). We observe that a few Na atoms show sudden jump

in the mean-squared displacement, which essentially indicates
a jumplike diffusion of Na atoms in the amorphous phase. At
800 K, only a few Na atoms show jump in MSD with a jump
length of ~2 15\; however, at above 900 K, significant number
of Na atoms show jump in MSD. Further, the jump length
shows a distribution from ~1.4 to 3 A. This distribution of
the jump lengths is a consequence of the amorphous structure
of materials where we have an irregular spatial distribution of
Na atoms. In Fig. 12, we have shown the distribution of Na-Na
distance in the amorphous structure with different magnitude
of bond length denoted by a different color. We can see how
the Na atomic sites are connected in the amorphous phase and
provide the pathways for diffusion. Further, it may be noticed
that even the same path length may not result in the same
activation energy, since for the same path length the ionic
trajectory for Na hopping may be different. which depends
on the local site environment.

The calculated trajectories of various atoms from the ab
initio MD simulation in the amorphous phase are shown in
Fig. 13. We find that the Na atoms move from one site to
another via jumplike diffusion, and the number of Na atoms
participating in jump diffusion as well as jump frequency
increases significantly with temperature. The increase in the
number of Na atoms and jump frequency is gradual, which
might be due to the fact that in the amorphous phase the
distances between two Na sites are not unique and show a
distribution.

In order to gain microscopic understanding of the diffusion
behavior from quasielastic broadening as obtained from neu-
tron data, we have computed incoherent dynamical structure
factor [48] S(Q, w) at allowed wave-vector Q values at 1000 K.
The lowest Q value of 0.2 A~! in the calculations is limited by
the size of the super cell. The calculated dynamical incoherent
structure factors S(Q, w) are fitted with the single Lorentz peak
function

S(Q,w)=A ®)

2+ w?’
Here A is the normalization constant and I" is half width at
half maximum energy.

800 K, (0.936 0.739 0.094)

900 K, (0.792 0.252 0.040)

900 K, (0.950 0.062 0.071)

FIG. 13. The observed trajectories of selected Na atoms in ab initio MD simulations at 800 and 900 K in Na,Si,Os as projected in the b-c¢
plane. All the atoms (key: Na- yellow sphere; Si- blue sphere; O- red sphere) are also shown at their respective position in the beginning of the
simulation. The time-dependent positions of the selected Na atoms are shown by green colored dots. The numbers below each frame indicate
the temperature of the simulation and atomic fractional coordinate of the selected Na atom at the beginning of the ab initio simulation. The

fractional coordinate values are given with respect to the simulation cell.
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FIG. 14. The calculated wave-vector dependence of HWHM of
dynamical incoherent structure factor of Na atoms in amorphous
phase of Na,Si,Os using force-field MD approach at 1000 K and
fitted with H-R and C-E models.

The calculated HWHM is plotted as a function of wave
vector Q at 1000 K [['(Q, T)] for amorphous phase of
Na,Si,Os (Fig. 14). This contains the information about the
diffusion behavior in space and time. In amorphous phase
the Na atoms jumps from one position to another and it is
expected to not be a continuous diffusion as there is no unique
jump length in the amorphous structure.

As shown above, both the H-R model and Chudley-Elliott
model fit experimental data fairly well. However, our simu-
lated quasielastic broadening with Q fits (Fig. 14) well with
H-R model [Eq. (4)] of jump diffusion. The fitting using H-R
model gives a jump length of about 2.6 £ 0.1 A at 1000 K
and residence time of 15.4 £ 0.2 ps (23.4 & 0.3 meV~!). The
jump length matches very well with that obtained from the
experimental data of 3.0 + 0.8 A and also the first-neighbor
distance (Fig. 7) in the amorphous structure (~2.98 A), al-
though the residence time is longer than that obtained from the
experiments values of 9.1 &= 1.4 ps (13.8 £2.2meV~"). The
diffusion coefficient value as estimated using H-R model from
calculations at 1000 K is 7.3 & 0.4 x 10~'m?/s, while the
corresponding value from QENS data at 748 Kis (16 & 11) x
1071 m?/s.

The discrepancies in the relaxation time obtained from FF-
MD, AIMD, and QENS models can be explained by noting
the limitations of various methods in calculating the diffusion
coefficients. Both FF-MD and AIMD suffer the limitation
of finite size of the cells of the amorphous Na,Si;Os. The

calculations with AIMD are limited by the smaller size of the
simulations cells in comparison of the cell size in FF-MD. On
the other hand, the force-field model of the FF-MD is limited
by its potential, which is not polarizable as mentioned above.
The model-based analysis of QENS data has its own limita-
tion. Irrespective of these challenges, the current work shows
that even in a small size of the simulation cell, the amorphous
structure of Na,Si,Os has been expressed correctly in AIMD
calculations. The jump lengths are also independent of the
method of analysis. This method of analysis thus can be
applied to other amorphous materials of this kind. More work
on the dependence of relaxation time on cell sizes will be
presented later.

V. CONCLUSIONS

Here we have reported the quasielastic neutron-scattering
measurements of the amorphous Na,Si,Os as a function of
temperature. The quasielastic energy width as a function of
momentum transfer has been fitted to jumplike diffusion mod-
els (H-R model and C-E model) of the Na ions with a typical
jump length of about 3 A and residence time of about 10 ps.
The molecular dynamics simulations have provided further
insight of the diffusion mechanism; the simulations show that
there is a distribution of jump lengths centered around 2.6 A.
The analysis of Na trajectories shows that in the amorphous
phase various Na sites have been created due to misorientation
of silicon polyhedral units and some of them are connected
and provide a pathway for Na diffusion, while these pathways
were not available in crystalline phase. It is also shown that
jump lengths obtained from different methods of analysis,
FF-MD, AIMD, analytic model-based QENS analysis agreed
well; however, AIMD underestimated relaxation time with
respect to FF-MD and the model-based analysis.
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