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ABSTRACT: Solid electrolytes are crucial for next-generation
solid-state batteries, and Na3PS4 is one of the most promising Na+

conductors for such applications, despite outstanding questions
regarding its structural polymorphs. In this contribution, we
present a detailed investigation of the evolution in structure and
dynamics of Na3PS4 over a wide temperature range 30 < T < 600
°C through combined experimental−computational analysis.
Although Bragg diffraction experiments indicate a second-order
phase transition from the tetragonal ground state (α, P4̅21c) to the
cubic polymorph (β, I4̅3m) above ∼250 °C, pair distribution
function analysis in real space and Raman spectroscopy indicate
remnants of a tetragonal character in the range 250 < T < 500 °C,
which we attribute to dynamic local tetragonal distortions. The
first-order phase transition to the mesophasic high-temperature polymorph (γ, Fddd) is associated with a sharp volume increase and
the onset of liquid-like dynamics for sodium-cations (translational) and thiophosphate-polyanions (rotational) evident by inelastic
neutron and Raman spectroscopies, as well as pair-distribution function and molecular dynamics analyses. These results shed light on
the rich polymorphism of Na3PS4 and are relevant for a range host of high-performance materials deriving from the Na3PS4
structural archetype.

■ INTRODUCTION

Battery technology is the key to the electrification of transport
and the integration of renewable energy into the grid. The
push to improve on the current state-of-the-art lithium-ion
battery technology has converged toward the investigation of
various post-lithium-ion concepts and among them, solid-state
batteries which rely on the substitution of the liquid electrolyte
with solid ion conductors.1,2 In parallel, economic and
geopolitical considerations over the availability of lithium
have motivated research on sodium analogues of the lithium(-
ion) battery chemistries.3 The above strategies and their
advantages can be combined in solid-state sodium(-ion)
batteries which rely on fast Na+ conductors.
Sodium orthothiophosphate (Na3PS4) is the archetypal

member of a very promising family of Na+ conductors, with a
distinct crystal structure compared to the compositionally
analogous thio-LISICON (e.g., Li3PS4).

4 Na3PS4 has attracted
considerable attention as a potential solid electrolyte material
for sodium-based solid-state batteries due to its facile
synthesis5−7 and its high ionic conductivity, up to the mS/

cm range.8 Solid-state battery prototypes based on Na3PS4
have already been demonstrated in the laboratory scale.9−15

At the same time, the Na3PS4 structural archetype has
proven to be a fertile playground for material design through
elemental substitutions, defining a wider materials family of the
general composition Na3PnCh4 (Pn: pnictogens P, As, Sb; Ch:
chalcogens S, Se),16−30 which is receptive to various aliovalent
substitutions, for example, Ca2+ on the sodium sites,31 Cl− on
the chalcogenide site,a,32−35 and Si4+ or W6+ on the pnictide
site.36−44 Notable compositions of the Na3PS4 structural family
include Na3SbS4 with a room-temperature conductivity of the
order 10−3 S/cm and distinct stability against ambient
moisture22,25,26 and the recently reported tungsten-doped
Na3−xWxSb1−xS4 with room-temperature Na+-conductivity of
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the order 10−2 S/cm,39,40 currently the highest reported among
polycrystalline Na+ and Li+ conductors.
In recent contributions, we have examined the effect of

mechanochemical synthesis and pressure application on the
room-temperature structure and dynamics of Na3PS4

45 and
brought to light a new high-temperature polymorph with
plastic crystal characteristics,46 highlighting the need to fully
characterize the multiscale structure of this important Na-ion
conductor and its dependence on temperature, pressure, and
synthesis conditions. Here, we explore the evolution in the
structure and dynamics of well-crystallized Na3PS4 samples
with temperature through diffraction [Bragg and pair
distribution function (PDF)], spectroscopy [Raman and
inelastic neutron scattering (INS)], and associated theoretical
analyses with a focus on the accurate description of the nature
of the different polymorphs and phase transitions.

■ RESULTS
The sample investigated in this study is a polycrystalline
powder of Na3PS4 synthesized through a solid-state route from
a stoichiometric mixture of Na2S and P2S5, as first
demonstrated by Jansen and Henseler47 (see Methods).
Diffraction Analysis. Variable-temperature Bragg diffrac-

tion experiments shown in Figure 1a reveal the evolution of the
average structure of Na3PS4 in the range 35−550 °C. A
smooth, continuous evolution of the diffractograms is observed
in the range 35−500 °C corresponding to the α- and β-

polymorphs of Na3PS4.
47,48 The characteristic peak merging

and extinction related to the tetragonal-to-cubic transition is
observed in the range 200−300 °C. Above 500 °C, Na3PS4
transforms into the recently discovered plastic γ-polymorph.46

Representative fits of the neutron and X-ray Bragg diffracto-
grams for each polymorph are shown in the Supporting
Information (Figures S1−S3, Tables S1−S3).
The lattice volume, extracted from the diffractogram

refinements and plotted in Figure 1b, shows a smooth
evolution with temperature in the range 35−500 °C with no
discontinuity along the α-to-β transition. In this temperature
range, the relationship between the lattice volume and
temperature remains linear with a slight change of slope
corresponding to the α-to-β transition. The thermal expansion
coefficient calculated for the α-phase from the slope of the V
versus T plot in the range 30−200 °C amounts to ∼1.0 × 10−4

K−1 (referenced to the volume at 30 °C). This value increases
slightly upon transition to ∼1.1 × 10−4 K−1 as calculated for
the range 300−500 °C (referenced to the volume at 300 °C).
In contrast, the β-to-γ transition is associated with a large
discontinuity in lattice volume involving a sizeable ∼10%
expansion. The phase transitions and volume evolution are
fully reversible on cooling, albeit with certain hysteresis on the
transition temperatures notably for the γ-to-β transition
(Figure S4). In addition, there are some changes in the
relative intensities of Bragg peaks of the α- and β-phases on
cooling, which we attribute to the anisotropic growth of these
phases in preferential orientations upon recrystallization from
the γ-phase.
We further investigated the evolution of the local structure

through total diffraction experiments using X-ray and neutrons.
From such experiments, we extracted the PDF which
represents a “weighted histogram of the interatomic distances”
in the material. The evolution of the X-ray PDF in the range
30−600 °C is plotted in Figure 2 and annotated with the
pairwise interatomic distances corresponding to the room-
temperature structure of α-Na3PS4.
Upon heating, most PDF peaks broaden and shift to higher

distances continuously, signatures of the increased atomic
mobility and of the expansion of the crystalline lattice,
respectively. No discontinuous change in the local structure
can be observed corresponding to the α-to-β transition at
∼250 °C. The neutron PDFs of the α and β polymorphs,
measured at 30 and 300 °C, respectively, can be well fit
through small-box Rietveld-type refinements in the tetragonal
P4̅21c framework (Figures S5 and S6). On the other hand,
most interatomic correlations vanish completely upon the
phase transition to the γ-phase, observed here at ∼470 °C.e

Both neutron and X-ray measurements corroborate this
observation (Figure S8). Continuous peak broadening is to
be expected at higher temperatures from increased thermal
motion, but the discontinuous vanishing of most peaks
indicates a transition to a liquid-like local structure in the γ-
phase. The sole peaks that persist beyond the β-to-γ transition
are those corresponding to the nearest-neighbor P−S (∼2.0
Å), Na−S (∼2.8 Å), and S−S (∼3.5 Å) atomic pairs. The first-
order P−S pair, corresponding to the P−S bond of the PS4

3−

anion, is the least affected by the transition showing only a
slight broadening. Similar observations can be made for the
first order S−S pair corresponding to the S−S correlation in
the PS4

3− moiety, indicating increased vibrational freedom for
the PS4

3− anions.

Figure 1. Variable-temperature X-ray Bragg diffraction experiments
on Na3PS4 in the range 35−550 °C. (a) Contour plot of the
diffractograms as a function of temperature. (b) Evolution of the
crystallographic lattice volume as a function of temperature. Inset:
Magnification of the previous panel highlighting a slight change in
slope between the cubic and the tetragonal polymorphs. Only a subset
of available data points is plotted in (b) for clarity.
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Vibrational Spectroscopy. The dynamical properties of
Na3PS4 were investigated by means of variable temperature
Raman (Figure 3) and inelastic neutron spectroscopies (Figure
4). To aid in the interpretation of the vibrational spectra, we
also performed a group theoretical analysis to derive the
vibrational modes at the Γ-point and subsequently performed
density functional theory (DFT)-based calculations to simulate
the energies and approximate Raman intensities of these said
modes. Figure 3a compares the results of calculations with a
Raman spectrum collected at 100 K for increased resolution.
The agreement between calculated and experimental spectra is
excellent. We underline that the calculated frequencies have
not been scaled to fit the experimental data. The spectra are
dominated by the normal modes of the PS4

3− anion, denoted
ν1−ν4, clearly visible above 210 cm−1.
The four normal modes of the ideal (isolated) PS4

tetrahedron are split into multiple frequencies (degeneracy is
lifted), mainly due to the effect of the symmetry reduction in
the tetragonal space group:49,50 in the tetragonal α-polymorph,
the point group symmetry at the phosphorus site (S4) and of
the unit cell (D2d) are lower than Td, leading to three distinct
frequencies for each of the asymmetric ν3 and ν4 modes and to
two distinct frequencies of the symmetric bending ν2 mode
(“static field” or “site group” splitting49). Notably, our
theoretical analysis indicates that this effect of mode splitting
should be absent in the β-polymorph where both the
phosphorus site and unit cell point group symmetry are Td,
as illustrated in Table 1 and elaborated in the Supporting
Information.
The frequencies of the Raman modes are accurately

predicted from calculation; however, there are certain
discrepancies between the calculated and observed intensities
in Figure 3a. Most obviously, the intensities of high frequency
ν3 asymmetric stretching modes at 573 and 575 cm−1 are
significantly underestimated in calculations.b Lower-energy
modes below 210 cm−1 mostly pertain to librations of the
PS4

3− anions and to translations of the Na+ cations (Table 2).
Although the intensities of most of these modes are quite low,
we can observe a certain few at 100 K and assign them based
on the DFT calculations. Most Na displacements take place
parallel to the principal axes ([100], [010], and [001]). Given

Figure 2. Variable-temperature X-ray pair distribution function of Na3PS4 in the range 0−10 Å as a function of temperature in the range 30−600
°C. Discreet PDFs shown every ∼50 °C. The distances associated with pairwise correlations at 30 °C are identified for reference. Apparent
unindexed peaks at 1.4, 1.7, and 2.4 Å are artifacts of the Fourier transform.

Figure 3. Raman spectra of Na3PS4. (a) Comparison of the
experimental spectrum measured at 100 K and simulated based on
DFT. The peak shape of the calculated spectrum is arbitrary. ν1−ν4
denotes the normal modes of the PS4

3− tetrahedron: symmetric
stretching, symmetric bending, asymmetric stretching, and asym-
metric bending, respectively. t(Na) represents modes associated with
Na+ translation (b) evolution of the experimental Raman spectra with
temperature in the range 30−600 °C.
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that the ion diffusion pathways in the Na3PS4 structure run
parallel to the principal axes, phonons that displace Na+ along
a, b, or c (#4-30 in Table 2) will have a direct influence on
macroscopic ion diffusion, that is, these same lower-energy
phonons are responsible for carrying the Na+ ions to the
transition states for hopping to occur. Unfortunately,
limitations of our experimental setup do not allow us to
observe these said modes above RT (Figure 3b). The complete
list of vibrational modes including their associated symmetries
and comparison with experiment is tabulated in Table 2 for α-
Na3PS4, with details and the analogous analysis for β-Na3PS4
shown in the Supporting Information (Tables S6−S12).
At RT and above, only the normal modes of the PS4

3− are
observable in the Raman spectra (Figure 3b). These evolve
smoothly with heating, namely, softening (i.e., red shifting to

lower energies/wavenumbers) up to ∼550 °C. Most
interestingly, the splitting of the ν3 normal modes (∼550
cm−1) that should be absent in the cubic description (Table 1)
is observed invariantly in the temperature domain of the β-
polymorph (250−500 °C), indicating that the local symmetry
remains tetragonal and that the cubic average symmetry from
Bragg diffraction does not accurately capture the local structure
of β-Na3PS4. Above 550 °C, a distinct broadening of the peaks
is observed along with discontinuous shifts in frequency:
softening (red shift) of the ν2 and ν4 bending modes (∼210
and 270 cm−1) corresponding to the intramolecular S−S
repulsion and hardening (blue shift to higher energies/
wavenumbers) of the ν1 and ν3 stretching modes (∼415 and
550 cm−1) corresponding to the P−S covalent bond. The
discontinuous peak shifts at ∼550 °C are accompanied with a
distinct rise of the signal around the elastic peak (E = 0). This
“broadening of the elastic peak” points to a finite energy
process of quasi-elastic nature and can be attributed to atomic
mobility of continuous stochastic, nonphonon character (in
contrast to discreet lattice excitations). These observations are
reversible with hysteresis on cooling and assigned to the β-to-γ
phase transition. We note that blue shifting of molecular
internal frequencies, as observed here for the P−S stretching
modes, is typically characteristic of melting, consistent with the
assignment of γ-Na3PS4 as a “partially molten” mesophase.46

Figure 4a presents the phonon generalized density of states
(GDOS) of Na3PS4 extracted from INS measurements. The
GDOS are complementary to the Raman spectra in that they
involve a weighting of the scattering ions with their scattering
power resulting, in the case of Na3PS4, in increased sensitivity
for the lower energy modes involving Na+. We note that both
techniques probe the phonon spectrum: Raman spectroscopy
probes uniquely the Γ-point (momentum q = 0), while INS
allows the probing of the whole Brillouin zone (function of q).
The GDOS evolve significantly with temperature with

features broadening significantly from RT to 400 °C. The
spectra at 550 and 700 °C corresponding to the γ-phase show
barely any features. Notably, the low energy (0−5 meV)
behavior of the GDOS also significantly changes upon

Figure 4. Neutron-weighted phonon density of states g(n)(E) as (a) experimentally measured by INS and (b) extracted from AIMD calculations.
Spectra in (a) staggered by 0.02 meV−1 for clarity.

Table 1. Molecular Site Group Analysis for the PS4
3− Anion

in α-Na3PS4 and β-Na3PS4
a

aArrows indicate correlations between the symmetry of the free PS4
3−

anion, the point group symmetry of the P atom site (site group), and
the point group of the unit cell (factor group). ν1−ν4: normal modes,
r: rotation/libration, t: translation.
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transition to γ-Na3PS4. Toward the transition to γ-Na3PS4, the
Debye growth in the 0−5 meV acoustic region exhibits a clear
deviation from a E2-like behavior, possibly reflecting the onset
of an amorphous or liquid-like structural component of the
molten sublattices. The observed significant broadening of
GDOS features with increasing temperature supports this
interpretation and can also be considered as a consequence of
increased amplitudes of atomic vibrations.
To interpret the measured spectra, we have extracted the

neutron-weighted phonon density of states (GDOS) from the
trajectories of ab initio molecular dynamics (AIMD)
simulations of Na3PS4 at 300, 500, and 900 K, representing
the α-, β-, and γ-polymorphs, respectively (Figure 4b). The
agreement between the measured and calculated GDOS is
excellent, and as such, we use it as a basis to interpret the
evolution of the measured spectra with temperature. The
phonon spectrum below ∼30 meV is dominated by Na and
shows distinct broadening with increasing temperature. While
modes dominated by Na are well resolved for α-Na3PS4, they
start to broaden upon transition to the β-phase. The mode
definition is lost completely upon transition to the γ-phase, and
the average Na phonon energy sharply falls by around ∼1 meV

(Supporting Information Figure S9). The reduction in average
vibrational energy can be interpreted as softer interaction of
Na with the anionic lattice.51 The reduction in intensity and
definition (damping) of the Na modes can be attributed to Na
atoms no longer performing oscillatory motions but rather
exhibiting long-range diffusion, that is, the Na-dynamics are no
longer phonon-like but rather stochastic in nature. Similar
arguments can be made for the PS4

3− tetrahedra which do not
vibrate in unison but rather undergo individual stochastic
rotations. The γ-phase is therefore dynamically dominated by
uncorrelated motions, akin to a liquid. This interpretation is
supported by the observation of a characteristic quasi-elastic
signal which will be discussed independently in a forthcoming
contribution focused on quasi-elastic neutron scattering.

Thermal Analysis. The thermogram of Na3PS4 on heating,
shown in Figure 5, reveals a single endothermic effect in the
range 30−600 °C, with an onset at ∼500 °C, in agreement
with previous measurements.46,47 Here, we performed differ-
ential scanning calorimetry (DSC), calibrated with a standard
reference so that the isobaric heat capacity (cP) could be
quantified. The cP was determined to be ∼1.0 J g−1 K−1 in the
range 30−500 °C and ∼1.2 J g−1 K−1 for temperatures >520

Table 2. Full List of Vibrational Modes of α-Na3PS4 Including Assignments Compared with the Modes Observable by Raman
Spectroscopy at 100 Ka

α-Na3PS4 (P4̅21c)

mode # calc. freq (cm−1) mode symmetry exp. freq. (cm−1) mode assignment

1 0 B2 acoustic t(PS4, Na1, Na2 | [001])
2−3 0 2xE acoustic t(PS4, Na1, Na2 | [100], [010])
4−5 24 2xE 32 t(Na2 | [100], [010]), r(PS4 | [100], [010])
6 70 A1 70 t(Na1 | [001]), r(PS4 | [001])
7−8 72 2xE 84? t(Na2 | [100], [010])
9 88 B2 84? t(Na1 | [001])
10−11 94 2xE not observed t(PS4 | [100], [010])
12 97 B1 not observed t(PS4 | [001])
13−14 119 2xE not observed r(PS4 | [100], [010]), t(Na2 | [100], [010])
15 128 (A2) (inactive) r(PS4 | [001]), t(Na1 | [001])
16−17 128 2xE not observed r(PS4 | [100], [010]), t(Na2|[100], [010])
18 144 A1 not observed r(PS4 | [001]), t(Na1 | [001])
19−20 158 2xE not observed t(Na1, Na2 | [110]), r(PS4 | [100], [010])
21−22 159 2xE 157? t(Na2 | [100], [010])
23 161 B1 157? t(Na1 | [001])
24 174 (A2) (inactive) t(Na1 | [001]), r(PS4 | [001])
25 179 B2 not observed t(Na2 | [001])
26 182 B1 not observed t(Na2 | [001])
27−28 204 2xE not observed t(Na1 | [100], [010])
29−30 206 2xE not observed t(Na1 | [110])
31−32 213 A1 (+ A2) 214 ν2(PS4) symmetric bending
33 227 B2 226 ν2(PS4) symmetric bending
34 229 B1 226 ν2(PS4) symmetric bending
35 272 B2 276 ν4(PS4) asymmetric bending
36 275 B1 276 ν4(PS4) asymmetric bending
37−38 283 2xE 283 ν4(PS4) asymmetric bending
39−40 287 2xE 293 ν4(PS4) asymmetric bending
41−42 412 A1 (+ A2) 413 ν1(PS4) symmetric stretching
43 541 B2 537 ν3(PS4) asymmetric stretching
44−45 542 2xE 537 ν3(PS4) asymmetric stretching
46 573 B1 567 ν3(PS4) asymmetric stretching
47−48 575 2xE 570 ν3(PS4) asymmetric stretching

aν1−ν4: normal modes, r: rotation/libration, t: translation. For example, r(PS4 | [001]) rotation of PS4 about the c-axis; t(Na1 | [100],[010])
translation of Na1 along the a- and b-axes. Modes assigned according to the dominant atomic displacement vectors. Lattice modes (#1−30)
sometimes include a secondary displacement in addition to the main one.
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°C. The small endothermic peak observed at ∼460 °C is not
observed in other DSC runs and thus likely constitutes an
experimental artifact. Additional DSC experiments were
performed using quartz crucibles to avoid reaction with
Na3PS4 and allow for thermograms up to 800 °C, exhibiting
the onset of a large endothermic effect at 765 °C (Figure S11).
In parallel, pelletized samples were evacuated in quartz
ampules and heated to various temperatures for visual
inspection (Figure S12). From these experiments, we
determine the melting point of Na3PS4 as 765 °C in contrast
to the previously cited value of 517 °C,47,52 which actually
pertains to the β-to-γ phase transition.46

■ DISCUSSION
In the following, we use our comprehensive variable-temper-
ature data to classify the phase transitions in Na3PS4 and
discuss the nature of the high-temperature polymorphs β and
γ.
Classification of Phase Transitions. By definition, the

Gibbs free energies, G, of two polymorphs are equal at the
phase transition temperature (ΔGtrans = 0). However, the
derivatives of G might show discontinuities and phase
transitions can be classified with respect to such discontinuities
(Ehrenfest classification53). Discontinuities in the first
derivative of G, that is, entropy (S = (∂G/∂T)P) or volume
(V = (∂G/∂P)T), characterize “first-order” phase transitions. At
the phase transition temperature ΔGtrans = 0 and ΔHtrans =
ΔStrans/T, so changes in entropy in first-order transitions
typically manifest in a latent heat (ΔH) observable in thermal
analysis. Similarly, discontinuities in the second derivative of G,
that is, isobaric heat capacity (cP = T(∂S/∂T)P ∝ d2G/dT2),
thermal expansion coefficient (αV = 1/V(∂V/∂T)P ∝ d2G/dP
dT), and isothermal compressibility (βT = −1/V(∂V/∂P)T ∝
d2G/dP2), denote “second-order” phase transitions and so on.
α-to-β Phase Transition. As evident from the thermogram

of Figure 5, there is no discernible latent heat associated with
the α-to-β phase transition in Na3PS4, nor a discontinuity in
heat capacity. Under the heating rate of 5 °C/min utilized in
our X-ray Bragg diffraction experiment, a large temperature
range of coexistence for the α- and β polymorphs can be
observed, spanning roughly 180−280 °C (Figure S13). It is
unclear at this point whether this coexistence is due to kinetic
effects due to the rapid heating rate or whether a temperature

region of thermodynamic equilibrium exists for the two-phase
mixture. No discontinuity in volume is observed, but a slight
discontinuity in the thermal expansion coefficient is detected
(Figure 1b, inset). The PDFs and Raman spectra exhibit a
smooth evolution in this range of temperatures, indicating no
stark change in local structure (Figures 2 and 3b, respectively).
Figure 6 schematically depicts the slight structural differ-

ences in the structures of the α and β-polymorphs of Na3PS4. A

close group−subgroup relationship exists between the space
groups of the two polymorphs, P4̅21c and I4̅3m, as shown in
Table 3. We note that an intermediate body-centered
tetragonal group, namely, I4̅2m, is predicted by crystallo-
graphic theory,54 which, however, we were not able to
unambiguously identify in our experiments. For the α-to-β
transition to occur, it is necessary for Na atoms to translate and
for the PS4 units to slightly rotate. Namely, the 4d Na atoms in
α-Na3PS4 need to slide along the c-axis, so that their z ∼0 (see
Table 3 and Figures S14−S15). The PS4 rotation also happens
about the c-axis, that is, the S atoms coherently shift in the ab
plane (Figure S16). Through these subtle translations and the
convergence of the lattice parameters (Figure S14), the average
symmetry is increased from tetragonal to cubic upon heating.

Figure 5. Thermogram of Na3PS4 on heating in the range 30−600 °C
from DSC. Inset: Magnification of the y-axis showing an increase in
the baseline above 500 °C.

Figure 6. Structural relationship between α and β-Na3PS4. The
transition occurs upon translation of the 4d Na1 atoms (highlighted
in brown) and rotation of the PS4 tetrahedra about the c-axis. These
atomic displacements are associated with the soft mode observable at
70 cm−1 in the Raman spectra. The model for the β-phase shown here
includes a single Na atom at the 6b position for simplicity, in contrast
to the 1/4-occupied 24f site that results in slightly better fits of the
Bragg diffractograms.
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We underline that these exact atomic displacements
associated with the α-to-β phase transition constitute a specific
vibrational mode at the Γ-point: mode #6 in Table 2,
observable at 70 cm−1 in the Raman spectra of Figure 3a;
however, the limited sensitivity of our Raman measurements
do not allow us to track the evolution of this mode around the
α-to-β transition temperature. Furthermore, model calculations
of the Raman spectra of the β-polymorph (I4̅3m) in the
conventional setting (two formula units) result in a shift of this
mode to negative (unphysical) frequencies, confirming the
dynamic instability of the β-polymorph at 0 K.c

From the ensemble of these observations, namely, no
discontinuity in the first derivatives of free energy (V, S) and a
slight discontinuity in the second derivative (αV), we
characterize the α-to-β transition in Na3PS4 as one of weak
second-order. Furthermore, given that the atomic displace-
ments of Na and S are responsible for the transition (Figure 6),
we characterize it as displacive.d We note that previous
theoretical work has shown that the α-to-β transition can also
be brought about by applied pressure, which is consistent with
the lower lattice volume exhibited by β-Na3PS4 stabilized at
RT through mechanochemistry.45 Thus, overall, increasing
temperature and increasing pressure both favor the higher-
average-symmetry β-phase.
It is then of interest to discuss the nature of the β-phase,

especially in view of practical applications as it had been shown
that this medium-temperature phase could be stabilized under
ambient conditions by mechanochemistry, reportedly resulting
in elevated Na+ conductivity compared to the α-phase.5,6 We
have thoroughly examined these mechanochemical effects in

an earlier contribution where we in fact detected no significant
differences in the local structure between the ball-milled- and
high-temperature-synthesized samples; they both present
tetragonal local symmetry.45 Further, it is our interpretation
that the higher reported ionic conductivity of ball-milled
samples is due to microstructural effects, namely, facile
consolidation into the millimeter-scale pellets utilized for
impedance spectroscopy measurements.45

In considering a well-crystallized sample of β-Na3PS4 at 300
°C in the present study, similar observations can be made: in
contrast to the apparently cubic average structure, the local
structure experimentally observed by the PDF can be better
described in small-box, Rietveld-type simulations in the
tetragonal P4̅21c space group, indicating a tetragonal local
structure similar to the RT α-phase. The Raman spectra show
no discontinuity upon transition to the β-phase, and the
splitting of normal modes associated with the tetragonal
distortion persists, showing no indication of a more symmetric
environment for the PS4

3− polyanions, as implied by the cubic
description. In fact, neither static nor dynamic effects could
result in observable Raman peak splitting (i.e., lifting of
degeneracy) in a local environment truly exhibiting I4̅3m, as
can be seen in molecular site group analysis of Table 1 and
discussed in detail in the Supporting Information.49 The only
concrete evidence of a phase transition stems from Bragg
diffraction, where a convergence of the lattice parameters to a
cubic cell is clearly observed.
This set of observations leads us to describe β-Na3PS4 as a

“pseudocubic” polymorph, closely related to the tetragonal
ground-state α-Na3PS4. We hypothesize that these seemingly

Table 3. Group−Subgroup Relationship of the Different Atomic Positions in the α- and β-Polymorphs of Na3PS4
a

α-Na3PS4, P4̅21c (114) I4̅2m (121) β-Na3PS4, I4̅3m (217)

atom Wyckoff point grp. Wyckoff point grp. Wyckoff point grp.

P 2a (0, 0, 0) 4̅ 2a (0, 0, 0) 4̅2m 2a (0, 0, 0) 4̅3m
S 8e (x, y, z) 1 8i (x, x, z) ..m 8c (x, x, x) .3m
Na1 4d (0, 1/2, z) 2 4c (0, 1/2, 0) 222 6b (0, 1/2, 1/2) 4̅2m
Na2 2b (0, 0, 1/2) 4̅ 2b (0, 0, 1/2) 4̅2m

8g1 (x1, 0, 1/2) .2.
(Na3) 8g2 (x2, 0, 1/2) .2. 24f (x, 1/2, 0) 2..

8h (0, 1/2, z) 2..
a25% occupied Na3 offers an alternative description to Na1 + Na2 for β-Na3PS4.

Figure 7. Neutron PDF of Na3PS4 at 300 °C. (a) Small-box Rietveld-type fit to the data in the range 0.5−20 Å in the tetragonal P4̅21c space group.
(b,c) Visualizations of the refined structure projected in the bc and ab planes, respectively. Ellipsoids drawn at 75% probability. The displacements
of Na1 and S correspond exactly to the α-to-β phase transition in Na3PS4.
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contrasting observations can be reconciled by an increased
atomic mobility in β-Na3PS4, namely, translational for the Na+

and rotational for the PS4
3−. In the cubic long-range

framework, such atomic mobility can lead to localized
tetragonal distortions which could explain the PDF and
Raman spectroscopic findings, as previously hypothesized in
relation to room-temperature-stabilized samples of β-
Na3PS4.

8,45,55 Such tetragonal distortions are exactly the
displacements (translations and rotations) shown in Figure 6
and could be static or dynamic in nature, the differentiation
between which should be the subject of further study. It is
likely that the distribution of such tetragonal domains within
crystallites of β-Na3PS4 dynamically evolves at high temper-
atures (250−500 °C) and “frozen” for samples stabilized at
RT, for example, by mechanochemistry or quenching. The
tetragonal distortions can manifest locally with the same
probability along any of the three principal axes of the β-
Na3PS4 unit cell, leading to the structure appearing cubic on
the average scale. This interpretation, is supported by the
refinement of the neutron PDF recorded at 300 °C, as shown
in Figure 7a. The refined anisotropic displacement parameters
for Na and S, visualized in Figure 7b,c, show direct evidence of
the atomic translations associated with the tetragonal
distortion in Figure 6, namely, along the c axis for Na and in
the ab plane for S.
These observations on the nature of the β-polymorph of

Na3PS4 likely also apply to the isostructural Na3PnX4 (Pn: P,
As, Sb; X: S, Se), which all exhibit analogous α−β
polymorphism. The selenides Na3PSe4 and Na3SbSe4 actually
exhibit the β-phase at ambient temperature (their correspond-
ing α-to-β transition temperatures are approximately −30 and
−80 °C, respectively16). Indeed, the Raman spectra of the β-
polymorphs of Na3PSe4 and Na3SbSe4 show the same signs of
tetragonal local structure through splitting of the ν3
modes,16,24,51 as shown here for Na3PS4.
β-to-γ Phase Transition. The high-temperature γ-phase is

indexed in the space group Fddd, which bears no group−
subgroup relationship with those of the two lower-temperature
polymorphs. Although the β-phase continues to be observable
in Bragg diffractograms in the range 500−540 °C, its lattice
parameters cease to evolve in this temperature range. A large
discontinuity in volume is observed, along with a discontinuity
in the thermal expansion coefficient. In contrast to the α-to-β
transition, the β-to-γ is associated with a large latent heat of
∼150 J/g and a change in heat capacity from ∼1.0 to ∼1.2 J/(g
K). In addition, since at the transition temperature ΔGtrans = 0,
we can estimate the entropy change of transition as ΔStrans =
ΔHtrans/Ttrans = 0.19 J/(g K). We note that the transition
temperature varies significantly between experiments (∼550
°C for Raman, ∼470 °C for PDF, and ∼500 °C for DSC and
Bragg diffraction); we tentatively ascribe these discrepancies to
the different temperature control setups, heating rates, and
sample amounts inherent to the different techniques. A strong
hysteresis of the transition temperature is observed in all
experiments conducted on cooling (Bragg diffraction, Raman
spectroscopy, and DSC).
From the ensemble of these observations, namely, strong

discontinuities in the first derivatives of free energy (V and S)
and no structural relation to the lower-temperature poly-
morphs, we conclude that the β-to-γ transition in Na3PS4 is of
reconstructive nature and thermodynamically of first-order
character.

We have posited in a previous contribution that γ-Na3PS4 is
a mesophasic material of plastic crystalline nature46 and the
additional data presented here support that description. The
Raman spectra at high temperatures indicate isolated PS4

3−

tetrahedra in a liquid-like environment. Both the Raman and
inelastic neutron spectra indicate the breakdown of phonon
quasi-particles for Na-dominated modes in favor of stochastic,
incoherent, “nonphonon-like” behavior, again indicative of a
molten Na sublattice. The Lorentzian broadening of the
central, elastic peaks in both these inelastic scattering
techniques indicate fast diffusive behavior likely attributed to
both the Na+ and PS4

3− (translational and rotational,
respectively).
Raman and neutron spectroscopies expose a discontinuous

evolution of the P−S covalent bonds and the Na-S ionic
interactions upon transition to the γ-phase. Namely, the P−S
bond stiffens (Figure 8a) in contrast to the typical trends upon

heating of solid materials. This stiffening of the internal
interaction in the PS4

3− moiety is concomitant with a softening
of the interaction between PS4

3− and Na+, as evident from the
decreased average vibrational energy of sodium observed in the
GDOS (Figure 8b). These effects could perhaps be interpreted
as an instance of the so-called “inductive effect” as applied
recently to solid electrolytes56,57 brought about in this case by
temperature-driven phase transformation rather than chemical
substitution; that is to say, the electronic density around the
sulfur atoms shifting from coordinating the Na+ ions to the P−

Figure 8. Evolution of the bonding in Na3PS4 with temperature (a)
evolution of the P−S stretching (ν1) frequency from Raman
spectroscopy (b) evolution of the average vibrational energy of Na
from neutron spectroscopy and associated calculations.
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S covalent bonds, rendering the P−S covalent bond stiffer and
the Na−S ionic interaction softer. This interpretation would
also be consistent with the concomitant step-wise softening of
the bending modes observed in Raman upon transition to the
γ-phase (Figure 3), corresponding to weaker S−S (coulombic)
repulsion.
It is noted that, in terms of the P−S bond length as observed

by PDF, no significant deviation is observed from the expected
thermal expansion upon transition to the γ-phase (Figure S17).
This observation would indicate no dramatic change in the
chemical nature of the intramolecular P−S bond despite the
observed stiffening and the presumed strengthening implied by
the “inductive effect”. These preliminary observations on the
evolution of the P−S and Na-S bonds should be verified and
expanded on by more direct means in future work.
In addition, the PDF of γ-Na3PS4 indicates no strong

interatomic correlations beyond the first neighbor P−S, Na−S
and S−S pairs, reminiscent of amorphous or liquid systems.
This might appear counter-intuitive, given the distinct Bragg
reflections exhibited by γ-Na3PS4, clearly indicating a macro-
scopically solid crystalline material (Figure 9a). We have
verified these observations against our AIMD simulations
published previously.46 As shown in Figure 9b, the
experimental and simulated PDFs are in excellent agreement.
This same feature of a liquid-like PDF was also reported
recently in independent classical molecular dynamics inves-
tigations of γ-Na3PS4 by Sau and Ikeshoji.58

The combination of sharp Bragg reflections (long-range
order) and a flat PDF (no short-range correlations) might
seem counter-intuitive, but is perfectly in-line with the plastic
nature of the crystal and highlights the different information
accessible by Bragg and total-scattering analyses.59 The time-
averaged centers of mass of the PS4

3− and the Na probability
density are arranged periodically and define the average motif
that gives rise to long-range symmetry and Bragg reflections.
The sharp P−S and S−S peaks in the PDF elucidate that the
PS4

3− moves as a rigid unit, that is, the material remains as an
ionic molecular crystal of Na+ and PS4

3−. At the same time,
individual PS4

3− tetrahedra can adopt a multitude of
orientations, unconstrained by the orientation of their
neighboring tetrahedra. This is captured in the PDF, where,
for example, the second P−S neighbor and the first P−P
neighbor distances between tetrahedra, nominally at ∼5.5 and
∼6.5 Å, respectively, are quite variable between different

instantaneous snapshots; consequently, the said peaks are
remarkably broadened and not distinguishable in the total
PDF. The distinct asymmetry in first Na−S peak at ∼2.8 Å.
indicates that Na is not so much “bonded” to the sulfur but
rather sterically limited in its liquid-like diffusion by the
position of sulfur, that is, it cannot approach closer than ∼2.7
Å. The Na−Na radial distribution function (RDF) is
remarkably broad and featureless, indicating liquid-like
distribution with no correlation. This feature of a liquid-like
broad Na−Na radial distribution was also confirmed in the
study of Sau and Ikeshoji58 and is in direct contrast to sharp
RDF peaks around 3.5 Å in the case of the α- and β-
polymorphs,32,60 where Na is relatively constrained at fully
occupied lattice sites.
Another interesting point to discuss relates to the apparent

“symmetry lowering” upon the β-to-γ phase transition. It is
hard to quantify unambiguously the amount of symmetry
between two space groups not related by group−subgroup
relationships, as is the case here. Still, from the point of view of
symmetry operations per cell volume, the orthorhombic Fddd
is clearly of lower symmetry than the cubic I4̅3m. Why would
then a high-temperature, high-disorder polymorph exhibit
lower symmetry?
It seems that the melting of the Na-ion sublattice

destabilizes a bcc-like arrangement of PS4
3− units, as found

in the α- and β-polymorphs, and the liquid-like Na-sublattice
seems to dictate a more complex arrangement of the PS4

3−

anions, as exhibited in the larger orthorhombic cell of the γ-
phase. Viewed from another perspective, it is possible that the
higher volume required by the highly mobile Na sublattice
cannot be accommodated in the body-centered cell; note that
the first Na−Na RDF peak at ∼3.5 Å for the α- and β-phases
while ∼4 Å for the γ. It is noted that thermograms of the
Na3PS4-isostructural Na3SbS4, Na3PSe4, and Na3SbSe4 (not
shown here) do not indicate the presence of a γ-type plastic
polymorph before melting. These isostructural compounds
exhibit significantly larger lattice volumes compared to Na3PS4,
which could be the reason why they can accommodate the
increased mobility of Na up to the melting point without
breaking the bcc-like arrangement of their respective
tetrahedral polyanions.
To our knowledge, the case of γ-Na3PS4 is unique with

respect to its crystal structure; most of the immediately
comparable molecular crystal compounds characterized by

Figure 9. Diffraction analysis of γ-Na3PS4 (a) Bragg diffractogram at 550 °C indexed in the Fddd space group and (b) comparison of PDFs as
experimentally measured using X-rays at 600 °C and extracted from AIMD simulations at 900 K.
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rotational disorder of their constituent tetrahedral polyanions
exhibit full cubic symmetry Fm3̅m (e.g., α-Li2SO4, ref 61; γ-
Na3PO4, refs 62 and 63; γ-Na4Zn(PO4)2, ref 64; α-NaBH4, refs
65 and 66). Nevertheless, an analogy can be found in the
equally surprising observations of Fddd symmetry in the
seemingly unrelated systems of block copolymer melts, that is,
polymers of two or more different monomers arranged in a
linear fashion along the polymer chain. These systems present
a host of mesophases between their liquid and solid forms, and
recently, self-assemblies of AB diblock67−71 and ABC tri-
block72−74 copolymer melts have been observed to exhibit the
Fddd symmetry. Although these structures present the Fddd
symmetry on a much larger scale (of the order of 10 nm;
observable by small-angle scattering/diffraction) a number of
similarities indicate a fundamental connection between them
and γ-Na3PS4. Namely, theoretical and experimental analyses
converge to the ideal ratio of orthorhombic unit cells of
dimensions approaching a/b/c = 1:2:2√3 (≈3.46) for such
mesophases, which is very close to what we observe for γ-
Na3PS4 (1:1.8:3.2). These systems are mesophasic, with
properties in between solid and liquid, and exhibit remarkable
mobility of their constituent atoms. In a recent theoretical
investigation, it was shown that such Fddd mesophases could
be stabilized even in single-component systems, in which case,
the diffusivity of constituent particles was practically identical
to that of the liquid phase.75 These Fddd mesophases were
shown to be stable at specific volume ratios between the
different block copolymers or equivalently at a specific density
for the single-component systems,75 which by analogy lends
weight to our hypothesis that steric considerations are the key
parameter in the stability of γ-Na3PS4.

■ CONCLUSIONS

We have reported here a thorough variable-temperature
analysis of the Na-ion conductor Na3PS4 through diffraction
(Bragg and PDF), spectroscopy (Raman and INS), and
associated DFT-based simulations. We demonstrate that such
a multitechnique approach is critical for the accurate
interpretation of often-contrasting observations regarding the
polymorphs of Na3PS4. We have determined the thermal
expansion coefficient (∼10−4 K−1 at RT) and isobaric heat
capacity (∼1.0 J g−1 K−1), as well as the melting point (765
°C) of Na3PS4. Our results converge in the characterization of
the α-to-β transition at ∼250 °C as a weak second order,
displacive phase transition and the β-to-γ transition at ∼500 °C
as a first-order, reconstructive phase transition. Our combined
diffraction spectroscopy analysis indicates that the β-phase,
although cubic on the average scale, is characterized by a
tetragonal local structure through subtle displacements of the
Na and S atoms. These said displacements are likely dynamic
at high temperature and static when stabilized around RT. The
γ-polymorph is shown to be mesophasic, with properties
between solid and liquid, combining strong Bragg diffraction
and a featureless PDF. Transition to the γ-phase seems to
involve a distinct change in bonding, namely, stiffening of the
covalent intramolecular bonds of the PS4

3− unit and softening
of the ionic interaction between Na+ and the anionic species.
This detailed study has shed new light on the rich

polymorphism of Na3PS4, which is relevant to its potential
use in sodium-based solid-state batteries.

■ METHODS
Synthesis. Na3PS4 was synthesized by a solid-state synthesis route

as first reported by Jansen and Henseler.47 Stoichiometric ratios of the
binary reagents Na2S and P2S5 (Sigma-Aldrich, utilized as received)
were intimately mixed first in a mortar pestle and then in a ball-mill jar
(typically 5 g of precursors with 25 10 mm ZrO2 balls in an 80 mL
ZrO2 jar, milled for 12 h at 500 rpm). The resulting powder was
pelletized and placed in carbon-coated quartz tubes. The carbon
coating of the tubes was achieved by acetone pyrolysis and subsequent
annealing at 1000 °C for 12 h under Ar. The quartz tubes were then
flame-sealed under vacuum (∼10−2 mbar) and placed in a furnace for
reaction. The temperature of the furnace was slowly increased to 500
°C at 1 °C/min, held for 20 h, and naturally cooled to RT. The
products after synthesis were milled by pestle and mortar into fine
powders for further analysis. All handling was performed in Ar-filled
gloveboxes.

Bragg Diffraction. X-ray powder Bragg diffraction experiments
were performed at the BL04-MSPD beamline76,77 of the ALBA
synchrotron in Barcelona, Spain. The samples were flame-sealed in
Ar-filled 1 mm-diameter quartz capillaries. Diffractograms were
collected in transmission geometry, using the position-sensitive
detector MYTHEN and a wavelength of 0.8262 Å, selected using a
Si 111 reflection double crystal monochromator. The temperature of
the sample was controlled using a hot air blower, calibrated using the
thermal expansion of a standard Si sample. Short measurements (30
s) were continuously recorded on heating and cooling from RT to
550 °C and back, at a rate of 5°/min. Longer measurements (270 s)
were taken at 30, 300, 500, and 550 °C for refinement.

Neutron powder Bragg diffraction experiments were performed at
the D2B beamline of the Institut Laue-Langevin (ILL) in Grenoble,
France. The samples (∼2 g) were sealed in cylindrical vanadium
containers, which were then put inside a vacuum furnace connected to
a secondary pump (∼10−5 mbar). Diffractograms were collected in
transmission geometry, using 128 3He counting tubes and a
wavelength of 1.594 Å selected using the (335) reflection of
Ge[115] monochromators. Measurements of ∼4−6 h were taken at
30 and 300 °C.

The analysis of the Bragg diffraction data was performed using the
programs in the Fullprof and Jana 2006 software suites.78,79 The
background was defined as a linear interpolation between manually
selected points. Le Bail fits were performed to describe the peak
broadening using the Thompson−Cox−Hastings pseudo-Voigt
function80 (convoluted with the instrumental resolution in the case
of X-rays). In subsequent Rietveld analyses, occupancies were fixed to
the Na3PS4 stoichiometry, and atomic positions and displacement
parameters were fitted.

Total Scattering. X-ray total scattering experiments were
performed at the 11-ID-B beamline of the Advanced Photon Source
at the Argonne National Laboratory using high-energy X-rays (λ =
0.21130 Å) for high values of momentum transfer (Q = 24.5 Å−1).
Samples were flame-sealed under Ar in quartz capillaries. The
temperature of the sample during measurement was controlled using a
hot-air blower. One-dimensional diffraction data were obtained by
integrating the raw 2D total scattering data in Fit2D. PDFs were
extracted from the background- and Compton scattering-corrected
data following Fourier transform using PDFgetX2.81

Neutron total scattering experiments were performed at the
POLARIS beamline of the ISIS neutron source. The powder samples
(∼2.5 g) were loaded into cylindrical vanadium containers and sealed
using copper rings under Ar in a glovebox, which were then put inside
a vacuum furnace connected to a secondary pump. Measurements
were taken at 30, 300, and 600 °C for 8, 8, and 10 h, respectively. The
total scattering data were normalized, corrected for nonsample
scattering, and Fourier-transformed to produce PDFs using the
program GudrunN.82

The analysis of the neutron PDFs at 30 and 300 °C was performed
using the PDFfit2 engine, as implemented in PDFgui.81 Structural
refinements were limited to single unit cells (no supercells) and
constrained by the space group symmetry observed in Bragg
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diffraction (P4̅21c or I4̅3m). The following parameters were refined in
this order: (1) scale factor, (2) peak broadening parameter with 1/r
dependence, δ1 (3) lattice parameters, (4) atomic positions, and (5)
thermal displacement parameters. The instrumental resolution
parameters Qdamp and Qbroad were set at 0.01 and 0.03, respectively,
as determined from measurement of a silicon standard.
The quality of each refinement is quantified by the reliability factor

weighted R-value, Rw, which describes the difference between the
experimental data (obs) and the fit (calc) each data point

R
w r G r G r
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with Gobs and Gcalc being the observed and calculated PDF and w(ri)
the weight for each data point.
Raman Spectroscopy. The samples used for Raman spectrosco-

py were prepared identically to the X-ray diffraction samples, that is,
flame-sealed in Ar-filled 1 mm-diameter quartz capillaries. Spectra
were measured using a Renishaw inVia Qontor confocal microscope
equipped with a 532 nm laser excitation source. The sealed capillary
was placed on a temperature-controlled stage (HFS600E-PB4,
Linkam) for variable temperature experiments. Cooling was achieved
using water or nitrogen flow for temperatures above and below
ambient temperature, respectively. Spectra were collected in back-
scattering geometry using a Centrus detector in the range −750 to
750 cm−1 centered around the elastic peak (Stokes and anti-Stokes).
Typically, spectra were continuously measured at a rate of 1
spectrum/minute while heating/cooling at 5 °C/min. The incident
power of the laser was set to 5 mW focused by a 10× objective to a
spot of around 10 μm on the sample. These parameters were
optimized to maximize the signal-over-noise ratio while avoiding
excessive local heating and decomposition/melting of the sample.
Inelastic Neutron Scattering. Samples (∼2 g) for INS

measurements were lightly compacted into pellets and sealed in 10
mm diameter SiO2 ampules under vacuum (∼10−2 mbar). The
ampules were placed in custom-made Nb holders and subsequently in
an evacuated furnace environment. Spectra were measured using the
cold-neutron, time-of-flight, time-focusing, IN6 spectrometer at the
Institut Laue-Langevin (ILL) in Grenoble, France. An incident
wavelength of 5.12 Å was used, offering an elastic energy resolution of
∼0.1 meV, as determined from a standard vanadium sample. The
vanadium sample was also used to calibrate the detectors. The
measurements were carried out in the high-resolution, inelastic time
focusing mode. The phonon spectra were collected in the up-
scattering, neutron energy-gain mode up to 80 meV in terms of the
GDOS. Data reduction and treatment, including detector efficiency
calibration and background subtraction, were performed using
standard ILL procedures implemented in the large array manipulation
program (LAMP) package.83 Data reduction included measuring an
identical empty SiO2 ampule and Nb container under the same
experimental conditions. The Q-averaged, multiphonon-corrected84

GDOS, g(n)(E), was obtained within the incoherent approximation
framework.85

Thermal Analysis. For determination of the heat capacity (cP),
three DSC measurements were performed using a Netzsch DSC 204
F1 calorimeter in the range 30−600 °C at a heating rate of 10 °C/
min. The blank signal was measured using two empty crucibles. A
sapphire reference sample was measured using the same parameters,
followed by the Na3PS4 sample. The samples were placed in
aluminum pans with pierced lids. The specific heat capacity (in J
g−1 K−1) was determined according to the ASTM E1269 protocol
according to

c
m
DSC DSC

HR sensitivityP
sample

sample blank

sample= −
· ·

where DSC is the measured signal (in μV), m is the sample mass
(mg), HR the heating rate (K/s), and sensitivity (μV/mW) is defined
by the reference measurement and the known heat capacity of
sapphire

m c
sensitivity

DSC DSC
HR

sapphire blank

sapphire
P
sapphire= −

· ·

For measurements up to 800 °C, thermogravimetric analysis and
DSC measurements were performed simultaneously using a Netzsch
Simultaneous thermal analyzer STA449F3 housed in an Ar-filled
glovebox (Jacomex). Samples were placed on quartz holders to avoid
reactions at temperatures >600 °C. The measurements were
performed under flow of argon gas (60 mL/min) at a heating/
cooling rate of 5 °C/min. Oxygen impurities in the argon gas were
captured at temperatures of >300 °C by a metallic zirconium ring
placed in-line before the sample.

AIMD Simulation. Calculations in this work were carried out
using DFT with the Vienna Ab Initio Simulation Package (VASP).86

A plane-wave cutoff energy of 400 eV was utilized for the AIMD
calculations. The projector augmented wave method87 and the
PBEsol exchange−correlation functional88 were employed. The k-
space was sampled at the Γ-point only with a 3 × 3 × 3 supercell of
the α-Na3PS4 structure containing 432 atoms, and a 3 × 2 × 1
supercell of the γ-Na3PS4 structure

46 containing 384 atoms. No Na
vacancies were added to the supercells. The AIMD simulations were
carried out at 300 and 500 K in the α phase and at 900 K in the γ-
phase, with a time step of 2 fs. Statistical properties were obtained
from >100 ps simulations at 300 K, >72 ps at 500 K, and >62 ps at
900 K, using the NVT ensemble with a Nose−Hoover thermostat.89

RDF Calculations. Pair RDFs were extracted from the present
AIMD simulations on α-Na3PS4 and previously reported simulations
on γ-Na3PS4

46 in order to compare with the experimentally measured
PDFs. The calculation of the RDFs was performed using the g(r)
GUI, as implemented in the visual molecular dynamics suite.90

GDOS Spectrum Calculations. The partial atomistic vibrational
densities of states were extracted from the AIMD simulations on α-
Na3PS4 (300 and 500 K) and γ-Na3PS4 (900 K) by performing a
Fourier transform of the velocity autocorrelation function91 of the
trajectories of the different atom types (Na, P, and S). In order to
compare directly with our INS-derived GDOS spectra, the calculated
partial vibrational contributions of the different atoms were neutron-
weighted to get the total calculated GDOS, g(n)(E). In contrast to the
vibrational density of states, the GDOS involves a weighting of the
scatterers (ions) with their scattering powers σ/M (σ: neutron
scattering cross section, M: mass). The values of 0.143, 0.107, and
0.032 b·amu−1 were used for Na, P, and S, respectively.

The phonon band center average vibrational energy Eav was
determined numerically, weighted by the (total or partial) GDOS as
follows:

E
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Such Eav can be calculated for the total GDOS or the atom-projected
partial GDOS, for example, for Na. To compare the sodium Eav from
calculations to the experimental spectra, we calculated the Eav from
the experimental spectra with an Emax of 30 meV under the reasonable
assumption that the Na3PS4 GDOS under this energy value are
dominated by sodium.

Vibrational Spectrum Calculations. The vibrational spectra of
Na3PS4 were simulated using DFT as implemented in the all-electron
code CRYSTAL1792,93 where the crystalline wave functions are
expanded as a linear combination of atomic orbitals and further
expanded by a consistent triple-ζ and polarization basis-set.94,95 The
DFT total energy during the geometry relaxation and in the phonon
calculations was converged within ∼10−10 a.u. and integrated over a
well converged and symmetrized 8 × 8 × 8 k-point mesh. Forces and
stresses were converged using the default convergence criteria.
Whenever possible, the internal symmetry was maintained. The
unknown exchange−correlation contribution to the total energy was
approximated by a hybrid functional that combines the PBE-
generalized gradient functional by Perdew, Burke, and Ernzerhof96

with a predefined amount of exact exchange (25%), as proposed by
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Adamo and Barone.97,98 The truncation of the (infinite) Coulomb
and exchange series was set by the tolerances (TOLINTEG): 10−7,
10−7, 10−7, 10−9, and 10−30 Hartree, while an XXLGRID was used for
the integration of the charge density. Raman frequencies of the two
polymorphs were computed at the Γ-point, employing the finite
difference method. Thus, the dynamical matrix was developed using a
step size of 0.003 Å for each displacement. The Raman intensities
were computed via the coupled-perturbed Kohn−Sham method.99,100
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■ ADDITIONAL NOTES
aIt remains an open question whether halide substitution (if
indeed possible) would result in substitution of S2− (i.e.,
Na3−xPS4−xClx) or substitution of the entire polyanion (e.g.,
Na3−2x[PS4]1−xClx) in the Na3PS4 structure.
bComputation of the Raman intensities with density functional
theory is not a trivial task as these depend on the change of the
polarizability tensor associated with the atomic displacements
for each Raman mode. The calculation involves the assessment
of the third derivative of the total energy with respect to the
atomic displacements as the electric field is varied in two
directions. Thus, the accuracy of such calculations is
significantly affected by the lower-order derivatives of the
total energies, which in turn depend on the approximation of
density functional theory, including the choice of exchange and
correlation functionals.
cA mode with a negative calculated frequency corresponds to a
spontaneous displacement of atoms toward a lower energy
configuration, in the present case, the tetragonal distortion of
the cubic cell.

dThere is also an argument for description of the α-to-β
transition as an “order−disorder” one, given that the sodium
positions in the β-polymorph are (slightly) better described by
a 25%-occupied (i.e. disordered) 24f site. Nevertheless, the
barycenter of sodium density remains on the 6b site, and we
consider this aspect of the transition to be of secondary
importance to the displacements of Na1 and S to higher
symmetry positions, as illustrated in Figure 6.
eNote this nominal temperature is likely underestimated, see
Figure S14.
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