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Emily A. Cheung, Han Nguyen, Hanmei Tang, Anton P. J. Stampfl, Maxim Avdeev, Ying Shirley Meng,*
Neeraj Sharma,* and Nicolas R. de Souza*

ABSTRACT: In parallel with advances in the synthesis of solid-state ionic
conductors, there is a need to understand the underlying mechanisms behind their
improved ionic conductivities. This can be achieved by obtaining an atomic level
picture of the interplay between the structure of materials and the resultant ionic
diffusion processes. To this end, the structure and dynamics of Mg2+-stabilized rotor
phase material γ-Na3PO4, characterized by neutron scattering, are detailed in this
work. The Mg2+-stabilized rotor phase is found to be thermally stable from 4 to 650
K. However, signatures of orientational disorder of the phosphate anions are also
evident in the average structure. Long-range Na+ self-diffusion was probed by quasi-
elastic neutron scattering and subsequently modeled via a jump diffusion matrix with
consideration of the phosphate anion rotations. The resultant diffusion model points
directly to coupled anion−cation dynamics. Our approach highlights the importance
of considering the whole system when developing an atomic level picture of structure
and dynamics, which is critical in the rational design and optimization of energy materials.

1. INTRODUCTION

Solid-state ionic conductors have attracted significant interest
on account of their potential applications as solid-state
electrolytes. One class of materials that has been investigated
in this respect are the rotor phase materials.1−3 These typically
feature complex anions which, although translationally fixed,
have a high rotational dynamic disorder. It is postulated that
the anion reorientations lower the activation energy barrier to
the diffusion of alkali metal cations through the material via a
“paddle-wheel” mechanism.3−6

Sodium orthophosphate (Na3PO4) is an example of an
inorganic rotor phase material. It has two phases separated by a
reversible first-order phase transition at 598 K7−9a poorly
conducting low-temperature tetragonal α-phase (space group
P421c)

9 and a high-temperature cubic γ-phase (space group
Fm3m8−10 or F43211). Depending on how the material has
been synthesized, γ-Na3PO4 has been reported to have an ionic
conductivity of up to 5 mS/cm at temperatures close to 600
K.7,12,13 A number of studies have shown that γ-Na3PO4 may
be stabilized at ambient temperatures by aliovalent substitution
on the Na+ site.12−15 In addition, modifications of the form
Na3−2xMxPO4, where M is a divalent cation, have been
reported to have higher ionic conductivities in comparison to
pure γ-Na3PO4.

14,16,17

Difficulties in synthesizing pure γ-Na3PO4 as well as the
intrinsic disorder of the anion framework itself have resulted in
several proposed structural models. Although these differ in the
choice of the atom(s) fixed on a special position, the
underlying structure of each model is the same, that is, a
face-centered-cubic phosphate framework where all tetrahedral

and octahedral interstices are occupied by sodium cati-
ons.8−11,18 In this way, γ-Na3PO4 presents an interesting case
of ionic conduction through a densely packed lattice, where the
Na+ diffusion processes may be correlated to the phosphate
rotations. Quasi-elastic neutron scattering (QENS) has
previously been used to investigate the rotational diffusion of
the PO4

3− anions in pure Na3PO4.
5 A separate QENS study of

Na+ self-diffusion in both pure γ-Na3PO4 (between 773 and
1073 K) and solid solution xNa2SO4·(1 − x)Na3PO4 has also
been reported.19 The proposed models for both the pure and
solid solution systems suggest that Na+ diffusion is dominated
by jumps between sites with tetrahedral coordination.19

However, the possible interplay between the phosphate
framework dynamics and long-range sodium diffusion have
not previously been examined. In addition, there has not
previously been a direct experimental characterization of the
Na+ diffusion mechanism in cation stabilized γ-Na3PO4.
Atomic-scale dynamics of sodium-based ionic conductors

can be challenging to probe experimentally although significant
theoretical work has been conducted in this space. A common
approach is the use of diffraction and Fourier or bond valence
sum analysis to indicate possible sodium pathways. However,
diffraction provides a static picture from which diffusion and
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dynamics can only be inferred indirectly. Electrochemical
impedance spectroscopy (EIS) is often used to infer dynamics,
but it is a bulk technique; the resulting data typically reflect
multiple processes, e.g., bulk versus grain boundary con-
duction. While solid-state NMR provides valuable information
about atomic level dynamics, it is sensitive to one element per
experimental setup, e.g., 23Na. Thus, for materials where there
is an interplay of multiple diffusion processes, it is difficult to
gain an overall view of the dynamics from a single experiment.
In this respect, NMR and QENS have long been recognized as
complementary.20

Inelastic neutron scattering, specifically QENS in the present
context, is unique in that it measures the dynamics of all atoms
or atomic units in a given energy window and both their
individual and concerted motions. There are, however, few
atomic level descriptions of Na+ diffusion or dynamics from
QENS-based studies. The vast majority of the QENS-based
diffusion works are based on investigations following protons,
as fortuitously protons are overwhelmingly incoherent neutron
scatterers which simplifies the analysis of QENS data, and
therefore they are widely explored in the literature. The
scarcity in QENS studies of Na+ conductors is because the Na
scatters both incoherently and coherently, and the explicit
separation of these contributions is nontrivial. As such, this
work represents a new, practical approach to identify the
weighted contributions of different Na+ diffusion processes in
experimental QENS data, which can be applied more broadly
to other materials featuring mixed scatterers.
Recent work focused on Na-based ionic conductors has

highlighted the importance of the link between framework
dynamics and ionic diffusion in NASICON and Na3PS4

21−25

but has mostly focused on theoretical calculations. This work
therefore provides an experimental demonstration of the
possibility of considering the coupling with long-range sodium
diffusion with framework dynamics. This is critical both in
fundamental understanding and also for practical optimization
in energy storage devices. Specifically, research interest in
concerted displacement6 is addressed, where this work
explicitly combines crystallography and the jump matrix
formulation to model the directly evidenced experimental
observations of paddle-wheel-type concerted diffusion.
Here, the focus is on Mg2+-stabilized γ-Na3PO4 of the form

Na3−2xMgxPO4, with particular emphasis on a synthetic target
of x = 0.128. Both high-resolution neutron powder diffraction
and X-ray powder diffraction were used to model the average
structure. The insight gained from the structural character-
ization was used to model the Na+ long-range diffusion
processes, which were probed directly by using quasi-elastic
neutron scattering.

2. EXPERIMENTAL METHODS
Powder Na3PO4 (Sigma-Aldrich, 96%) was dried in a muffle furnace
at 200 °C for 48 h and then allowed to cool to 100 °C and transferred
to an argon-filled glovebox. Polycrystalline samples of Na3−2xMgxPO4,
with target compositions x = 0.064 and x = 0.128, were prepared via
solid-state reaction following similar methods outlined by Irvine et
al.12,14 Stoichiometric amounts of Na2CO3 (Sigma-Aldrich, 99.99%),
(NH4)2HPO4 (Sigma-Aldrich, 99.99%), and MgO (Alfa Aesar,
99.95%) were ground with an agate mortar and pestle before being
ball milled with ethanol for 24 h. The mixture was subsequently
sintered in a sequence of three heating steps650 °C for 1 h,
followed by 800 °C for 2 h and finally 1000 °C for 48 hwith
intermediate regrinding.

Initial laboratory X-ray powder diffraction (XRD) patterns were
collected for all three samples on a PANalytical X’Pert Pro
Multipurpose powder diffractometer using Cu Kα radiation. High-
resolution neutron powder diffraction (NPD) patterns of the x =
0.064 and x = 0.128 compositions were measured on Echidna26,27 at
the Australian Nuclear Science and Technology Organisation
(ANSTO). The powders were packed in a 9 mm diameter vanadium
can and measured at 4 and 300 K by using a wavelength of 1.6215(5)
Å. To verify the structure of the two end compositions (x = 0 and x =
0.128), complementary diffraction patterns at 300 and 650 K were
measured on the Powder Diffraction beamline28 at the Australian
Synchrotron. For these measurements, the powders were packed into
a quartz capillary and measured by using a wavelength of 0.68955(12)
Å. For all collected patterns, the structures of the respective samples
were modeled via Rietveld analysis using GSAS/EXPGUI.29,30 The
background in the NPD data was modeled by using a 28-term
Chebyshev polynomial as implemented in GSAS.

Quasi-elastic neutron scattering (QENS) experiments were
performed on the high-resolution backscattering spectrometer
Emu31 at ANSTO on the x = 0.128 sample. The powder sample
was packed into an aluminum sample can with annular geometry (10
mm total sample thickness). Inelastic spectra of the sample were
measured at 400, 500, 550, 600, and 650 K over an energy range ±31
μeV at a final wavelength of 6.27 Å. The inelastic spectrum measured
on a standard vanadium cylinder was used as the resolution function
and for detector efficiency and solid-angle corrections. The inelastic
spectrum of an empty cryostat was similarly measured and used for
background subtraction. All analysis was performed on background-
subtracted and normalized data and excluded any detector traces
which coincided with Bragg reflections.

3. RESULTS AND DISCUSSION
3.1. Structural Characterization. Powder diffraction

patterns were measured for Na3−2xMgxPO4 with x = 0,
0.064, and 0.128. At 300 K, both the x = 0 and x = 0.064
compositions were found to be a mixture between the
tetragonal α-Na3PO4 phase (space group P421c) and cubic γ-
Na3PO4 phase (space group Fm3m). The Rietveld refined fits
of the average structure model to the data for these
compositions are shown in the Supporting Information. For
the x = 0.128 composition, however, Rietveld analysis of both
the NPD and synchrotron XRD patterns at 300 K showed that
the cubic γ-Na3PO4 phase is stabilized, with no observable
reflections from the tetragonal phase and only a minor MgO
impurity phase (weight fraction 0.8(2)%) present (Figure 1).
This suggests that a minimum Mg2+ doping level is required for
the stabilization of the γ-phase at ambient temperature. In
addition, NPD data at 4 K and synchrotron XRD data at 650 K
show that the γ-phase in the x = 0.128 composition is stable
throughout the entire temperature range measured. The
crystallographic details of the final model fitted to the NPD
data at 4 K are summarized in Table 1, where the octahedral
and tetrahedral Na sites are labeled as Na1 and Na2,
respectively. For this composition, the cubic phase was
modeled with space group F432 as models using the Fm3m
space group were found to be inadequate to account for the
intensities of several reflections (see the Supporting
Information).
Successful doping of Mg is evidenced by the combination of

changes in lattice parameters, overall composition for x = 0.128
of Na2.68Mg0.147PO4 (χ

2 = 1.51, Rp = 2.62%, wRp = 3.34%) with
free refinement of Na and Mg SOFs, and weight fraction of
MgO from 1.62(3)% and 0.8(3)% between the x = 0.064 and
0.128 compositions, respectively. However, it should be noted
that the Mg SOFs shown in Table 1 are low due to the
multiplicity of the crystallographic site (96j). Refining these
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SOFs often leads to errors that are comparable to the refined
quantities; therefore in this work, the Mg concentration was
fixed to the input synthetic ratio and used as such in the rest of
the work.
An interesting feature of the NPD patterns is the Q-

dependent diffuse scattering background, which is indicative of

short-range structural disorder. Future work will be targeted at
total scattering experiments to elucidate the local structure of
these materials and correlate to the background observed in
the NPD data. A large contributor to this background is likely
to be the orientational disorder of the phosphate anions.
Previous work on γ-Na3PO4 has shown that the phosphate
anions undergo a uniaxial rotation about the P−O1 axis, which
is aligned in the ⟨100⟩ direction, i.e., directed toward an
octahedral Na site.5,11,32,33 This rotation occurs on the
picosecond time scale and corresponds to orientational
disorder of the O2, O3, and O4 oxygens (Figure 2a,b).
From the crystal structure, the preferential alignment of the
uniaxial rotation axis means that there are six possible
orientations of the phosphate anion (Figure 2c).3,11 As such,
the uniaxial rotation axis disorder may be dynamic, and the
reorientation of the phosphate anion is expected to occur on
the nanosecond time scale.34 The relevance of these rotations
to Na+ dynamics is that as proposed by Wilmer et al.;33 each of
the phosphate anions is bound to one sodium cation from a
tetrahedral site. Therefore, it follows that any bound sodium
necessarily participates in the phosphate rotations.
In view of these local rotations, it is expected that long-range

jump diffusion pathways involving phosphate-bound sodium
would not be energetically equivalent to pathways between
sodium that do not participate in the phosphate rotations. As
such, it is necessary to distinguish between these two types of
tetrahedral sodium sites. The structural model from our
Rietveld analysis of the PD data labels all tetrahedral Na as a
single site type (Na2 in Table 1) and therefore does not have
the sensitivity to make this distinction. However, starting from
the primitive unit cell, the crystal structure features three
sodium Bravais sublatticesone where sodium occupies a site
with octahedral coordination and two sublattices where
sodium is in a tetrahedral sitewhich from here can be
labeled as O, T1, and T2, respectively. Lacking any evidence
from our diffraction patterns that could indicate a super-
structure where the phosphate bound sodium is exclusively
from either T1 or T2 type sites, as a starting premise,
phosphate binding to sodium may occur in either tetrahedral
sublattice at sites, which from here will be termed T1R and
T2R. This leads to two possible distinct configurations, viz.
random distributions of sodium−phosphate binding sites
(Figure 3). In the first configuration, the phosphate bound
sodiums are taken equally from the two tetrahedral sublattices.
Considering that there are four sodium sites in each sublattice
per unit cell, this results in a 2:2 ratio between T1R and T2R

Figure 1. Rietveld refined fit of structural models to the NPD pattern
of Na3−2xMgxPO4, x = 0.128, measured at (a) 300 K and (b) 4 K with
a wavelength of 1.6215(5) Å. The data are shown as black crosses, the
calculated Rietveld model as a red line, and the difference between the
data and the calculated model as a blue line. Reflection markers of γ-
Na3PO4 and MgO are shown as vertical lines in magenta and cyan,
respectively.

Table 1. Crystallographic Details of Na3−2xMgxPO4 with Target Composition x = 0.128 as Determined from Rietveld Analysis
of Structural Models Using Neutron Powder Diffraction Data Measured at 4 K

name site x y z SOF Uiso (×100), Å2

P 4a 0 0 0 1 3.77(6)
O1 24e 0 0 −0.2132c 0.303 7.46(11)
O2 96j −0.154c 0.120c −0.002c 0.0303 1.0c

O3 96j 0.041c −0.197c 0.062c 0.0303 1.261c

O4 96j 0.08c 0.168c 0.08c 0.0303 4.4(4)
Na1a 96j 0.5174 0.4885 0.5124 0.0381 10.41(22)
Mg1a 96j 0.5174 0.4885 0.5124 0.0018 10.41(22)
Na2b 96j 0.2586 0.2398 0.2706 0.0762 4.94(9)
Mg2b 96j 0.2586 0.2398 0.2706 0.0036 4.94(9)

aSOF = site occupation factors. bConstrained to be on the same site. cInitially refined and then fixed; space group = F432; 38 refinement
parameters; χ2 = 1.54; Rp = 2.68%; wRp = 3.39%; a = 7.37060(11) Å.
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sites and therefore will be termed the 2:2 configuration. The
second possibility is to split the phosphate bound sodiums
unevenly between the two tetrahedral sublattices such that
there is a 3:1 ratio between T1R and T2R sites. From here, this
will be termed the 3:1 configuration. A full derivation of these
two possible configurations is provided in the Supporting
Information.
To gain insight into the possible sodium long-range diffusion

mechanism, difference Fourier maps were generated from a fit
of the structural model with the sodium occupancy set to zero
to the NPD data at 4 and 300 K and the synchrotron XRD
data at 650 K (Figure 4). The maps indicate that at all
temperatures sodium is localized on the crystallographic
octahedral and tetrahedral sites. This result suggests that
sodium diffusion can be modeled through jumps between
nearest-neighbor sodium sites. Given that there is no
indication of a preferred diffusion pathway from the diffraction
data, as a starting point for modeling the diffusion mechanism,
jumps between any sites should a priori be considered to
participate in long-range diffusion.
3.2. Na+ Long-Range Self-Diffusion Probed by QENS.

A temperature-dependent quasi-elastic neutron scattering
study was conducted on the high-resolution cold back-

scattering spectrometer Emu to gain direct insight into the
diffusion mechanism in γ-Na3−2xMgxPO4, x = 0.128, at an
atomic level. Broadening of the elastic line relative to the
measured resolution function was observed at all measured
temperatures (400−650 K). The spectra at all temperatures
were well described by a simple empirical model consisting of a
linear combination of a flat background, a delta function, and a
single Lorentzian function (Figure 5). In the time scale
accessible in this study, it is possible that the QENS
broadening results from the slow phosphate/sodium rotation
or sodium long-range diffusion.19,34 However, the Q depend-
ence of the QENS broadening is suggestive of long-range
diffusion.20,35,36 For this reason, analysis started from the
characterization of the sodium long-range diffusion rather than
phosphate/sodium rotational diffusion.
As sodium is a mixed coherent and incoherent neutron

scatterer (σincoherent:σcoherent = 1.62(3):1.66(2),37 where σ is the
bound scattering cross section measured in barns), the quasi-
elastic part of the dynamic scattering function includes
contributions from both self-diffusion (incoherent scattering)
and collective diffusion (coherent scattering). In full, this is
written as the sum of at least two Lorentzian functions.
However, only one Lorentzian function could be resolved in

Figure 2. (a) Visual representation of a phosphate bound to a sodium (also referred to in text as a PO4Na unit). The phosphorus, oxygen, and
sodium atoms are shown in purple, red, and yellow, respectively. (b) Schematic of the fast, uniaxial phosphate rotation. (c) Schematic of the six
possible orientations of the phosphate anion. The reorientation of the phosphate anion through these positions is described by the slow phosphate
rotation.
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the fit of the empirical model to the data, indicating that, here,
only one contribution can be resolved. For diffusion on lattices
it is well established that the amplitudes and broadenings from
coherent and incoherent QENS differ by the site blocking
factor (1 − c), where c is the concentration of the diffusing
species (here, Na).38−41 Thus, for γ-Na2.744Mg0.128PO4, where c
= 0.91, the relative contributions from incoherent and coherent
scattering are on considerably different scales. Moreover,
particularly in the low-temperature region (400−550 K), the
quasi-elastic amplitude (A1(Q)) is approximately constant.
This indicates that the dominant contribution to the observed
QENS broadening in this study is from incoherent scattering.
Therefore, all modeling focused on Na+ long-range self-
diffusion.

The other important finding from the fit of the empirical
model is the large elastic amplitude (A0(Q)). It has previously
been shown that purely coherent scatterers that only
participate in rotational diffusion do not contribute to elastic
scattering outside of the Bragg peaks.42 As such, the A0(Q)
here cannot be attributed solely to the phosphate anions. This
indicates that within the sensitivity of the data a large fraction
( f) of the sodium cations is localized. With the assumption that
the diffuse scattering is Laue monotonic, approximate
expressions for A0(Q) and A1(Q) were written in terms of
the contributions of the phosphate framework (A0

frame), sodium
(ANa), and f. Explicitly, this is given by

∼ +A Q A fA( )0 0
frame

Na (1)

and

∼ −A Q f A( ) (1 )1 Na (2)

With this approach, f and the fitted amplitudes A0(Q) and
A1(Q) can be related by combining eqs 1 and 2. From this, and
by substituting the scattering cross sections for A0

frame and ANa,
f = 10/12 is estimated for γ-Na2.744Mg0.128PO4. This step is
detailed in the Supporting Information.
Turning now to the detailed diffusion mechanism, it is

important to note that sodium sites in γ-Na3PO4 do not form a
single Bravais lattice. Therefore, to achieve a detailed
description of the Na+ diffusion, a long-range jump diffusion
model was built by using a jump matrix construction.43−45

Each element of the matrix precisely describes a jump from a
site of type i to a site of type j and is dependent on the jump
rate 1/τij , where τij is the residence time. As such, jumps that
are forbidden (τij → ∞) result in a corresponding matrix
element equal to zero. Consequently, the jump matrix
construction is particularly amenable to selecting the sites
that form part of the diffusion pathway(s). As simplifying
assumptions to this model, here the small defect concentration
(Mg2+ dopants) is neglected, and the random distribution of
phosphate-bound sodium at the tetrahedral sites is approxi-

Figure 3. Schematic showing the tetrahedral sodium sites under the
(a) 2:2 configuration (T1R:T2R = 2:2) and (b) 3:1 configuration
(T1R:T2R = 3:1). Each box represents the tetrahedral sublattices
from a single unit cell.

Figure 4. Difference Fourier maps of γ-Na2.744Mg0.128PO4 showing slices through the Na site model positions at 4, 300, and 650 K. The maps were
generated from fits of the structural model to the powder diffraction data where all Na occupancies were set to zero. The color scale for the
difference Fourier maps shows regions with the greatest difference between the model and data in red and the least difference in blue (NPD data
maximum saturation = 0.63; synchrotron data maximum saturation = 3.98).
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mated by a superposition of homogeneous tetrahedral
sublattices.
For an estimated 2 out of 12 sodium cations per unit cell

participating in long-range diffusion, there are only two
possible diffusion pathways. These are dependent on the
configuration of the sodium−phosphate binding (Figure 3). In
the case that the cell is in the 2:2 configuration, diffusion
proceeds via tetrahedral sites of the same kind, e.g., jumps
between sites of type T1 only. In this way, since the jumps are
between half of the sites from one Bravais sublattice, this may
be visualized in the manner of a restricted Chudley−Elliott
pathway46 and therefore will be termed resCE. The second
possibility is when the cell is in the 3:1 configuration. In this
case, the pathway consists in jumps between sites of type T1
and T2R, which from here will be termed the T1T2R pathway.
The details of the derivation of these models are provided in
the Supporting Information.
The fitting model incorporating the scattering function

derived from the jump matrix is given by

ω δ ω ω= + + ⟨ ⟩S Q b Q A Q A S Q( , ) ( ) ( ) ( ) ( , )0
frame

Na Na powder average

(3)

where b(Q) is a Q-dependent background, A0
frame(Q) is the

elastic scattering amplitude from the phosphate framework
structure, ANa is the total scattering amplitude from sodium,
and SNa(Q,ω) is the incoherent sodium scattering function for

either the resCE or T1T2R diffusion pathway. This was fitted
to the spectra from each temperature data set in a
simultaneous two-dimensional fit across energy transfer (ω)
and Q. Despite having very different pathways (Figure 6) and
diffusion constants (Table 2), both the resCE and T1T2R
models fitted the data well, with the relative merit of each
model indistinguishable based on the quality of fit. This
suggested that, from the approach of modeling the QENS
broadening over the momentum transfer range of this study,
both the resCE and T1T2R pathways are plausible models. In
addition, for both models, the sum of the amplitudes A0

frame

(Q) and fANa agrees within error with the A0(Q) from the fit of
the empirical model (see the Supporting Information), which
further supports the validity of our proposed diffusion
pathways.
However, the scattering function in eq 3 cannot explain the

detailed Q dependence of the amplitudes A0(Q) and A1(Q)
from the empirical model. This suggests the phosphate and
phosphate-bound sodium rotations make a small contribution
to the scattering amplitudes. Therefore, corrections to the
scattering function were derived for the scenarios that the
PO4−Na units undergo either (i) the fast, uniaxial rotation
only, which is expected at all temperatures, or (ii) both the fast,
uniaxial rotation and the slow P−O axis reorientation, which
may set in at higher temperatures. This was done by starting
from the exact form for the structure factors for each rotation,

Figure 5. (a) Temperature dependence of the summed scattering function S(ω) for γ-Na2.744Mg0.128PO4. (b) Representative fit to the QENS
spectra with the simple empirical model. The data are shown in black, the fit of the model as a red line through the data, and the difference between
the data and model as a red line below the data. (c) Amplitudes of the elastic and quasi-elastic components, A0(Q) and A1(Q), respectively, from
the fit of the simple empirical model to the QENS spectra. (d) Q dependence of the line width (HWHM) of the Lorentzian function from the fit of
the simple empirical model. Note: a single broadening term accounted for the line shape (a minimal model) which we used for the remainder of the
analysis.
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yielding separate contributions from sodium and oxygen. As a
simplifying assumption, dynamical correlations between oxy-
gen and sodium were neglected. This step closely follows
previous studies5,33,47 on the phosphate framework dynamics
and is detailed in the Supporting Information. The corrected
scattering functions were thus finally written as the sum of the
oxygen rotational processes and the sodium scattering
function, which was modified by convolution of the sodium
rotational and translational (jump matrix) processes with
reference to the basis set formed by the primitive unit cell of γ-
Na3PO4. Specifically, to conserve the number of sodium per
basis set, it was considered that Na+ may either be stationary or
participate in one of three diffusion mechanismsrotation
only, translation only, or rotation−translationdepending on
the sodium location and binding to phosphate at the T1R and

T2R sites. The conditions and derivation of the corrected

scattering function are given in the Supporting Information.

Interestingly, as outlined in Table 3 and shown in Figure 7,
examining the elastic and quasi-elastic amplitudes of the
corrected scattering functions provides definite points of
distinction between the possible diffusion pathways, which
are not apparent from using the jump matrix model alone (eq
3). This makes it possible to identify which case corresponds
to the data in this study, providing insight into the framework
dynamics and its possible coupling with sodium long-range
diffusion.
As shown in Figure 7a,b, scenarios i and ii correspond to

very different relative magnitudes for the expected A0(Q) and
A1(Q) amplitudes (see the Supporting Information). Com-
pared to Figure 5, from 400 to 650 K, the elastic amplitude of
the spectra measured in this study is significantly larger than
the quasi-elastic amplitude, which indicates that the framework
dynamics in this study is dominated by the phosphate anions
participating in the fast rotation only (scenario i).
Identifying the preferred diffusion pathway finally proceeded

via direct fits to the corresponding amplitudes of the corrected

Figure 6. Representative fits of the (a) resCE (2:2 configuration) and (b) T1T2R (3:1 configuration) diffusion models to the QENS spectra and
visual representation of their respective pathways. The data are shown in black, the fit of the model as a red line through the data, the difference
between the data and the model as a red line below the data, and the measured resolution function as a dashed gray line.

Table 2. Summary of the Key Diffusion Parameters from the
Fit of the resCE and T1T2R Models to the QENS Data

model
temp
(K)

jump
distance
(Å)

residence
time (ns)

diffusion coeff
(×10−7 cm2/s)

adjusted
R2

resCE 400 5.26 4.1(7) 1.1(2) 0.9612
500 5.28 2.5(4) 1.7(3) 0.9715
550 5.28 1.2(2) 4.0(7) 0.9668
600 5.29 0.63(3) 7.4(4) 0.9734
650 5.30 0.66(3) 7.0(3) 0.9576

T1T2R 400 3.72 3.6(6) 0.6(1) 0.9613
500 3.73 2.1(4) 1.1(2) 0.9716
550 3.74 1.0(1) 2.3(7) 0.9671
600 3.74 0.57(2) 4.1(1) 0.9739
650 3.75 0.58(2) 4.1(1) 0.9577

Table 3. Summary of the Possible Diffusion Pathways
Illustrated in Figure 7

cell
configuration

sites included in the diffusion
pathway

jump matrix
model

2:2 T1 only resCE
2:2 T1R only resCE
3:1 T1 and T2R T1T2R
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scattering function, where the only fit parameter was a
common scale factor. Lacking sufficient information about
contributions to the total A0(Q) due to static disorder (e.g.,
Mg2+ dopants), it was noted that this study is more sensitive to
the A1(Q).
As shown in Figure 7c,d and detailed in the Supporting

Information, from 400 to 550 K, the elastic and quasi-elastic
amplitudes from scenario i with the T1T2R diffusion pathway
had the best agreement with the empirical model amplitudes.
However, from 600 to 650 K, amplitudes from scenario i for
any of the three possible diffusion pathways had poor
agreement with the empirical model amplitudes. This
corresponded with a shift in both the amplitude and Q-
dependence of the empirical A1(Q) between 550 and 600 K
(Figure 5c). The relative amplitude of A1(Q) and A0(Q)
indicates that this change is not from any increase in the
fraction of sodium cations participating in long-range diffusion
(see the Supporting Information). Therefore, the observed
change at 600 K is more likely due to a change in the local
rotational diffusion of the phosphate anions, which we propose
corresponds to a gradual onset of the slow phosphate rotation
in the manner of a mixed dynamical phase.
To test this, a mixing parameter y was added to account for

the possibility of scenarios i and ii occurring simultaneously.
Here, y denotes the fraction of the material where the
phosphate anions undergo both the fast and slow rotations.
Thus, an observable scattering function can be written as

ω ω− +y S Q yS Q(1 ) ( , ) ( , )fast rotation only combined rotation

(4)

The amplitudes of the modified model in eq 4 were then fitted
to the empirical model amplitudes at 600 and 650 K, with y
and again a common scale factor as the free fitting parameters.
Details are provided in the Supporting Information. As shown
in Figure 8, this resulted in an improved fit to the empirical
structure factors. The best agreement is achieved with having
the majority phase (fast phosphate rotation only) follow the
T1T2R pathway and the minority phase (combined phosphate
rotation) as either T1T2R or T1RT1R. The significance of this
result is that it is consistent with the preferred pathway from
400 to 550 K and the proposed pathways from the jump matrix
model.
We note the presence of deviations between the

experimental and model amplitudes at all temperatures, around
1.8 Å−1 and toward the lower Q region of the data. The
deviations around 1.8 Å−1 correspond to dynamical Na−Na
correlations36 which were omitted for being negligible
everywhere else, as explained at the beginning of the present
analysis. The deviations present at lower Q correspond to
correlations that are static on the time scale of our study, since
those only show in the elastic amplitudes.
Finally, the activation energy associated with T1T2R sodium

jump diffusion pathway in the absence of slow rotation (see
the Supporting Information) was estimated. An Arrhenius fit of
the residence times yields 0.34 ± 0.01 eV, which is consistent
with the value of 0.376 eV obtained by ab initio molecular
dynamics calculations for Na2.5Mg0.25PO4 reported by Samiee
et al.16 These energies are also comparable with the reported
activation energies of 0.38 ± 0.02 and 0.35 ± 0.01 eV for solid
solution xNa2SO4·(1 − x)Na3PO4 for x = 0.1 and 0.5,

Figure 7. Calculated elastic and quasi-elastic amplitudes A0(Q) (solid lines) and A1(Q) (dashed lines) for the T1T1, T1RT1R, and T1T2R
diffusion pathways for scenario i (fast rotation only) and scenario ii (combined rotation). Fits to the empirical A0(Q) and A1(Q) with scenario i at
(c) 550 K and (d) 600 K. In all plots, the T1T1, T1RT1R, and T1T2R pathways are shown in gray, red, and blue, respectively.
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respectively.19 This result supports the finding that Mg2+

doping significantly lowers the activation energy for sodium
long-range diffusion from 0.71 ± 0.04 eV in pure γ-
Na3PO4.

16,19

In summary, the approach of examining and modeling the
scattering function in this work has provided the sensitivity to
select a single preferred sodium long-range diffusion pathway,
which was not possible from an ad hoc application of a
uniform, long-range translational jump representation of the
sodium dynamics. Moreover, the preference for the T1T2R
diffusion pathway suggests dynamic coupling between the
phosphate rotations and sodium long-range diffusion. Devia-
tions of the model from the data are indicative of additional
features of Mg2+-stabilized γ-Na3PO4 that are not within the
scope of this study being focused on sodium self-diffusion.
Specifically, future work may aim to characterize collective
sodium diffusion and specifically the impact of magnesium
doping on sodium distribution. Indeed, the insight into the
sodium self-diffusion mechanism influenced by the rotational
diffusion on the phosphate anion framework presented in this
study provides solid groundwork for the targeted character-
ization of the contributions that would improve the presented
models.

4. CONCLUSIONS
This work has shown that Mg2+ stabilizes γ-Na3PO4 to
temperatures as low as 4 K. As a rotor phase material,
orientational disorder of the phosphate anions is evidenced by
the Q-dependent diffuse scattering background in the NPD
patterns and high values of thermal displacement parameters
even at 4 K. Each phosphate group is bound to a sodium cation
in a tetrahedral site which participates in the phosphate
rotations. Therefore, it is necessary to distinguish any
phosphate bound sodium from the remaining sodium in
tetrahedral sites. In this work, we introduce two possible
configurations of the phosphate binding to make this

distinction, which is not immediately clear from the average
structure.
QENS broadening due to Na+ long-range self-diffusion was

modeled via a jump diffusion matrix construction. From this
approach, we proposed two possible diffusion pathways: resCE
and T1T2R. These pathways are dependent on the
configuration of the phosphate-sodium binding, thus reflecting
the strong coupling between a material’s structure and
dynamics. Examination of the elastic and quasi-elastic
scattering amplitudes provided additional sensitivity in
distinguishing between the proposed diffusion pathways.
From this approach, the T1T2R pathway was found to be
the preferred diffusion model. Significantly, this pathway
strongly suggests a coupling between the rotational diffusion
of the phosphate anion framework and sodium long-range
diffusion. In addition, this analysis suggested that there is a
gradual onset of the slow phosphate rotation at high
temperatures, leading to the notion of a mixed dynamical
phase.
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