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High-pressure forms of lithium sulphate: Structural determination and computer simulation
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Powder x-ray diffraction has been performed on lithium sulphate, Li,SO,, in the temperature range 300 to
1000 K and at pressures up to 7.5 GPa. The ambient pressure 8 phase appears stable up to 3 GPa, whereupon
a slow transformation begins into a new phase, 6-Li,SO,. This phase is characterized by broad, very low
intensity Bragg peaks. Above 7 GPa and with slight heating, another phase, €-Li,SOy, is formed which shows
sharp Bragg peaks. Rietveld refinement of the structure of the € phase has shown it to be isostructural to the
high-temperature phase III of Na,SO,4. Molecular dynamics simulations of the € phase using an established
potential indicate disordering of the lithium ions and rotations of the sulphate groups at high temperature, but
not at a level approaching the extreme disordering shown in the superionic a form of Li,SO,.
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I. INTRODUCTION

Under ambient conditions, lithium sulphate exists as a
fully ordered monoclinic crystal, 8-Li,SO,,'= with a slightly
distorted face-centered-cubic (fcc) arrangement of sulphate
groups and lithium ions in the tetrahedral cavities. Above
846 K the crystal transforms into a superionic a phase,
which shows extremely high values of ionic conductivity
(c=1-3 Q' ecm™).4% Diffraction measurements’'® have
confirmed the extensive disordering of the Li* ions, and also
that the SO3 units are orientationally disordered about their
central sulfur atom. Structurally, a-Li,SO, is related to the
ambient temperature phase, though with a strict fcc array of
sulphate groups. Detailed studies using single-crystal neutron
diffraction®® and diffuse scattering from powder neutron-
diffraction data'® have proposed similar models for the time-
averaged structure of a-Li,SO,, though some controversy
remains over the dynamic behavior. In particular, questions
exist over the extent to which the conduction of the Li* ions
and tumbling of the SO?{ groups are linked. These dynamic
interactions have been modeled with some success using the
potentials proposed in two molecular dynamics papers.'"1?
The simulations identify three separate contributions to the
ionic conductivity: momentum transfer between rotating
SOAZ[ units and the Li* ions (the “paddle-wheel” model);
“gating” of Li* ion hops by a dynamic SOi_ sublattice; and
simple percolation of Li* ions through a passive SOZ’ sub-
lattice.

Given the difficulty in both obtaining and interpreting ex-
perimental data on Li,SOy, it is perhaps understandable that
its behavior under pressure has received little attention. Only
one Raman spectroscopy study'3 has considered the topic in
detail; two high-pressure phases are reported: the first (vy)
exists between 1.3 and 3.5 GPa and the second () is ob-
served above 3.5 GPa. No quantitative structural details of
the two high-pressure phases were provided.
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PACS number(s): 61.10.Nz, 61.43.Bn, 61.50.Ks

This paper presents results from an x-ray diffraction study
of powdered Li,SO, to investigate its structural behavior at
high pressure. The structures of the observed high-pressure
phases are then used to provide some insight into the con-
duction mechanisms in Li,SO,.

II. EXPERIMENTAL METHOD

X-ray diffraction data were taken using the high-pressure
beamline, ID30, at the European Synchrotron Radiation Fa-
cility in Grenoble, France. Li,SO, powder of stated purity
99.99% from the Aldrich Chemical Company was finely
ground and loaded into boron nitride (BN) containers. The
container was surrounded by a graphite sheath and then by a
boron-epoxy resin gasket. The outer diameter of the sample,
BN container, and graphite sheath was approximately 1.0,
1.5, and 2.0 mm, respectively. The cell was heated by pass-
ing an electrical current through the graphite cylinder sur-
rounding the inner BN container. The highly hygroscopic
samples, once loaded in the pressure cell, were heated to
=500 K for 30 min to remove absorbed water. After this
time, all peaks which were unambiguously attributed to the
hydrated Li,SO, phase in the diffraction patterns at ambient
pressure had gone and it was believed that the sample only
contained anhydrous Li,SO, (but see Sec V). Further pres-
surization then took place at high temperature to seal the
sample container fully.

During data collection the sample was illuminated with a
0.1X0.3 mm beam of monochromatic x rays with a wave-
length of 0.158 16 or 0.533 966A. Each data point was re-
corded using a Mar345 image plate for an exposure time of
120 s. The data obtained from the image plate were corrected
for geometric distortions using the FIT2D program'*!> and
then integrated around the azimuthal angle to give one-
dimensional diffraction data as a function of the scattering
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angle, 26. The diffraction spectra were fitted using the GSAS
Rietveld refinement program.'®

The temperature of the sample was estimated using the
power dissipated within the heating assembly, the power be-
ing calibrated using readings taken previously with a stan-
dard sample at a representative number of pressures and tem-
peratures. Temperature gradients within the sample and
calibration uncertainties resulted in errors of ~+10 K on the
reported temperature.

The pressure exerted within the sample was calculated by
in situ monitoring of the scattering from the boron nitride
immediately surrounding the sample. These peaks were fitted
again using the GSAS Rietveld refinement program, and the
pressure extracted using the published equation of state of
boron nitride.!” Errors on the reported pressure due to cali-
bration uncertainties were taken to be the larger of either 0.1
GPa or 10% of the absolute pressure.

III. EXPERIMENTAL RESULTS

Two experimental runs were made. The first pressurized a
Li,SO, sample at a constant temperature of 475 K to 7.5 GPa
and then heated to 1000 K, at which point the sample con-
tainment failed. In the second run a sample was compressed
rapidly, without collecting data, to 7 GPa at ~400 K; it was
then cooled to room temperature and data were collected
while the pressure was released in around 16 discrete steps.
High temperatures were used to speed up the sluggish reac-
tion kinetics,'? and to reduce pressure-induced strain in the
sample. (Preliminary measurements of the superionic «
phase, formed above 848 K at ambient pressure, showed the
rapid merging of the finely ground powder into a number of
randomly orientated small crystallites. Data from this phase,
which consisted of Debye-Scherrer rings with strongly
modulated intensity and sharp Bragg spots, were not suitable
for further analysis.)

At 475 K and above 3GPa the B-phase peaks began to
lose intensity and a number of small extra peaks appeared
(see Fig. 1). This is close to the position of a phase transition
to the 8-Li,SO, phase assigned by Lemos et al.' at 3.5 GPa.
Of the peaks which appeared above 3 GPa, those that could
be clearly identified were consistent with a hexagonal unit
cell (a=8.75 A, ¢=7.02 A), with a volume (V=465 A3)
which was ~3/2X the volume of 8-Li,SO,. In addition to
these “hexagonal” peaks, the diffraction spectra contained a
large number of low-intensity broad peaks which could not
be assigned to a single unit cell robustly.

Further application of pressure above 3 GPa led to a con-
tinued and significant loss of intensity in peaks from the
monoclinic B phase, though this was not accompanied by a
proportionate growth in the intensity of the hexagonal peaks.
Overall, the peak intensities due to the 8 phase dropped by
more than an order of magnitude between 2 and 7 GPa,
though the - and hexagonal phases were still both present at
7 GPa.

In both experimental runs the sample was slightly heated
to ~500 K at 7 GPa in an attempt to sharpen the Bragg
peaks. After this heating the ill-defined diffraction peaks
faded and Bragg peaks from a new phase appeared. This
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FIG. 1. A plot showing a selection of diffraction patterns over a
reduced 26 range from Li,SO, at a number of different pressures on
increasing pressure at ~500 K and on increasing temperature
at ~7 GPa. “BN” marks the position of the main boron nitride
reflection at ambient pressure and tick marks indicate the “hexago-
nal” peaks which appear in the intermediate pressure range.
(A=0.533966 A for all patterns.)

phase, termed e-Li,SO,4, was stable up to the highest tem-
peratures and pressures studied (7.5 GPa, 1000 K), though as
with the a phase, higher temperatures increased the forma-
tion of small, single crystallites within the powdered sample.

During decompression the e phase appeared relatively
stable, with no sharp transition to any lower pressure phases.
After release of pressure there was a slow reformation of the
ambient pressure S phase, although this was not monitored
to completion.

The high-pressure data for e-Li,SO, were indexed and
fitted using an orthorhombic unit cell (space group Cmcm)
and a structure similar to one of the high-temperature phases
of sodium sulphate, Na,SO,-IIL.'"® The refined Na,SO,-III
structure produced a reasonable fit to the e-Li,SO, data at
7.2 GPa and 723 K, with only a small mismatch of intensities
in a subset of reflections. It was not possible to obtain a
better fit by lowering the symmetry of the unit cell, for ex-
ample to the Pnma structure of Na,SO,-1I. Equally, further
refinement of the atomic displacement parameters only pro-
duced a better fit with a highly anisotropic distribution for
the sulphur ion, indicating large, unphysical one-dimensional
displacements within its SO?[ cage. This anisotropic model
was therefore disregarded. Instead, a simple preferred orien-
tation correction, refining the second and fourth spherical
harmonic preferred orientation terms, resulted in an accept-
able fit, with R,,,=8.5%. Details of the final refined param-
eters are presented in Table I and the fit is shown in Fig. 2.
The volume of the € phase is some 10% lower than that of
the B phase at 7 GPa and 475 K, although this is subject to
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TABLE 1. Refined parameters for the high-pressure phase €
-Li,SO, at 7.2 GPa and 723 K.

Space group Cmcem
a,b,c 5.3452(2), 7.9323(3), 6.0292(3) A
Formula units/unit cell Z=4

Unit cell volume 255.64(2) A3

B11=16.3(7) A?
y1i2=0.195(2)

B »=12.23(5) A?
y5=0.8570(2)

Bg=3.20(4) A2
Y01=0.2460(3); 201 =0.5575(4)
Bo1=3.15(8) A?
X02=0.2744(4); y0,=0.4610(3)
Boy=2.66(6) A?

Nyaa=2062, Nops=182,

N,=31, R,=0.0648,
R,,,=0.0849, R,,=0.0400

Li* 4(0)(0,1,0)
Li+ 4(c)(0,yL12, i)

S8+ 4(c)(0,ys.7)
0% 8(H(0.y01.201)
0% 8(9)(x02, Y025 i)

Fit details

some uncertainty owing to the difficulty in indexing the S
phase at this pressure and the small increase in temperature
required to form the € phase.

The structure of e-Li,SO, (shown in Fig. 3) consists of an
ordered arrangement of layers of isolated SOZ‘ units, each
with an O1-O1 and O2-02 bond aligned parallel to the ¢
axis and a axis, respectively. Alternating layers perpendicular
to ¢ (at z=0.25 and z=0.75) possess SO}~ units aligned in
opposite directions. The SO?{ tetrahedra are relatively undis-
torted, with two S—O bonds of length 1.419 A and two of
length 1.461 A, and intratetrahedral bond angles of 109.75°,
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FIG. 2. Diffraction data (A=0.533 966 A) from the € phase of
Li,SO, at 7.2 GPa and 723 K (crosses) together with the calculated
Rietveld fit (solid line). The difference between observed and cal-
culated intensities is plotted at the bottom (on the same intensity
scale as the main plot). Tick marks below the data indicate Bragg
peak positions for e-Li,SO, (upper row) and hexagonal boron ni-
tride (lower row). The intensity magnification in the inset is by a
factor of 18.
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FIG. 3. (Color online) The structure of e-Li,SO, determined
from x-ray diffraction data at 7.2 GPa and 723 K. SOi_ units are
plotted as green tetrahedra, Li* ions are denoted by large pink (Lil,
4b) and large red (Li2, 4c) spheres; O~ ions by small light blue
(01, 8f) and small dark blue (O2, 8g) spheres. Bonds connect Li*
ions to their nearest oxygen neighbors.

111.24°, and four angles of 108.96°. The Li* ions sit in two
positions within the SO;~ sublattice. The Lil ion is sur-
rounded by six O~ ions at similar distances (two Ol-type at
2.045° and four O2-type at 2.126°), each from a different
neighboring SOi_ group. This produces an octahedral envi-
ronment for the Lil ion, with four O-Lil-O bond angles of
88.66° and 91.34° and two of 87.25° and 92.75°. In contrast,
Li2 has four close O>~ neighbors (two Ol-type at 1.897 A
and two O2-type at 2.214 A), with two O2-type further away
at 2.569 A. This is a highly distorted environment. The two
closest Li2-O distances at 1.897 A and two furthest away at
2.569 A are to 0> ions from four distinct SO?[ groups,
whereas the two Li2-O distances at 2.214 A are to O>" ions
from the same SO;~ tetrahedron. The latter results in a rela-
tively acute O-Li2—O bond angle of 66°.

IV. MOLECULAR DYNAMICS SIMULATIONS

There has already been some success in using molecular
dynamics (MD) simulations to model the structure and dy-
namics of the a- and B phases of Li,SO4.!""!? The simula-
tions carried out here follow a similar method using fully
ionic nonpolarizable SOi_ and Li* ions. We adopt without
change many of the parameters used in the model of Klein et
al.'> However, instead of constraining the lengths of the S-O
and O-O bonds within each sulphate group, we allow them
to vary within a harmonic potential, with spring constants
and equilibrium lengths determined from the vibrational
spectra of Li,SO,.!°! The remaining intermolecular interac-
tions are described by a standard potential, v, of the form

2
9.49p¢

a. =Aa —ta + s
v ,B(V) ,ﬁeXp( a ,,3”) ey

where « and B label the ions, r is their separation, g,e is the
charge on ion a, A,z and a, g are an energy and inverse
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TABLE II. Numerical values of the parameters used in the mo-
lecular dynamics simulations. Other interactions were vanishingly
small and were neglected.

Exponential terms

a- A g(MJ mol ™) anpA7Y)
0—0 234.0 4.180
O—Li 16.5 3.255
Harmonic terms

a-B kap(MJ mol™' A-2) R p5(A)
S—O 1.278 1.51
0—O0 1.062 2.46

length for the interaction between ion « and ion S, respec-
tively. As in previous work, the lithium ions are assigned a
charge of e, whereas to model the covalent nature of the S—O
bond the oxygen ions are assigned a charge of —0.8e and the
sulphur ions have the remaining 1.2e. Numeric values for the
remaining parameters are given in Table II. Simulations of
the phases of Li,SO,4 with known structures were carried out
using these parameters, and stable structures of the ambient
pressure a- and B-Li,SO, phases with densities in good
agreement with experiment were obtained. Furthermore, the
B-Li,SO, structure was stable to high pressures, presumably
because the MD technique is not always amenable to studies
of phase transitions and works most effectively for detailed
studies of known phases.

The initial configurations for the simulations were based
on the structure of e-Li,SO, determined from the analysis of
the x-ray diffraction data as presented in Table I. The infinite
crystal was constructed by applying periodic boundary con-
ditions to a 3 X3 X3 supercell, giving a total of 756 inde-
pendent ions. The time step for force integration was 15
atomic units, or approximately 0.36 femtoseconds. Short
simulations at constant temperature and pressure were car-
ried out at a number of pressures up to 10 GPa and at tem-
peratures up to the simulated melting point at each pressure.
Each new simulation started with the atomic positions and
simulation box size taken from the end of a previous simu-
lation at similar pressure and temperature. Longer simula-
tions (up to 10° time steps) were carried out at the higher
temperatures to ensure that the simulated structures under
these conditions were stable against the melting of the sul-
phate sublattice on a reasonable simulation time scale and to
investigate diffusion processes.

The average ion positions from an MD simulation at 6.7
GPa and 700 K are given in Table IIl. These are in good
agreement with those measured experimentally (see Table I)
and show that the structure of e-Li,SO, is reproduced well
by the MD simulation. The MD simulations also confirmed
that the internal structural parameters do not change signifi-
cantly with temperature within the € phase.

Table IV shows the compressibility and expansivity of the
high-pressure € phase as calculated by fitting a second-order
Birch-Murnaghan (i.e., k' y=4) equation of state?” to the ex-
perimental unit cell volume, determined over a limited range
of pressures and temperatures, and assuming the thermal ex-
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TABLE III. Average structural parameters for the high-pressure
phase e-Li,SO,4 from an MD simulation at 6.7 GPa and 700 K.

Space group Cmcem

a,b,c 5.24(4), 8.09(8), 5.89(4) A
Formula units/unit cell Z=4

Unit cell volume 250(6) A3

Lil* 4(0)(0,4,0)
Li2* 4(c)(0,y.1,3)
S* 4(c)<0,y5,i)

017 8((0.yo1.201)
02%" 8(g)(xoz,yoz,i)

(=0.0003[ 1], 0.5050[1], 0.0000[1])
(=0.0001[3], 0.1961[6], 0.2500[2])
(0.0000[4], 0.8550[1], 0.2500[1])
(-0.010[9], 0.2450[1], 0.541[1])
(0.272[14], 0.4650[1], 0.250[1])

pansivity, &(T)= . Parameters from the MD simulations are
also given, obtained in the same way, but from data covering
a more extensive range of pressure and temperature. The
experimental and simulated parameters are in good agree-
ment, further validating the potentials used in the simula-
tions.

V. DISCUSSION

A. Structural changes in Li,SO, at high pressure

There are some discrepancies between the phase behavior
observed here and that reported previously based on Raman
studies.'3 In particular, there is no evidence for the proposed
B— vy transition at 1.3 GPa although, given the rather low
symmetry and high degree of peak overlap in the S phase,
our data do not preclude a subtle distortion of the LiOg oc-
tahedra as suggested by Lemos et al.'* However, MD simu-
lations of B-Li,SO, also did not show any changes in the
local environment of the Li* ion with increased pressure.

Based upon the y— & transition pressure reported by Le-
mos et al.,'3 we have associated the sluggish transition which
begins in our work around 3 GPa with the appearance of the
0 phase. This phase produced broad, weak Bragg peaks,
which may be the result of strain broadening, the incomplete
formation of a single phase, or a very low symmetry struc-
ture. It is also possible that there is no thermodynamically
stable intermediate phase, and the observed spectra are the
result of a kinetically hindered transition to the higher pres-
sure € phase.

TABLE 1V. Equation of state details for e-Li,SO, as derived
from molecular dynamics simulations and compared with the values
obtained from the diffraction data. V refers to the unit cell volume
at ambient pressure and 273 K.

Simulation Experiment

Vo(A?) 258.2(3) 277.2(6)
ko(GPa™!) 48.9(8) 54(2)
k; (Fixed) 4 4

ap(X 1075 K1 10.1(4) 8(2)

a, (Fixed) (K™?) 0 0

dk

(), ~0.014(1) -0.015(8)
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It is difficult to reconcile the hexagonal peaks and the
large number of broad peaks which appear above 3 GPa with
a single phase. It is possible that the hexagonal peaks corre-
spond to a high-pressure modification of residual hydrated
Li,SO,, occurring at levels which could not be detected at
ambient pressure, given the similarities of the x-ray spectra
of Li,SO, and hydrated Li,SO, at room temperature and
pressure.?>~2> The lack of intensity increase of the hexagonal
peaks as the B-phase peak intensities decrease and the exis-
tence of a transition in the hydrated compound at ~2.6 GPa
(Ref. 25) support this possibility.

In the wider context of the family of sulphate-containing
compounds, there has been the observation®=3° that some
lithium sulphate-based tertiary compounds (of the form
LiMSO,4; M=Cs, K, Na, NH,) exhibit a degree of orienta-
tional disordering of the SOZ’ units upon pressurizing. There
have also been claims of the formation of incommensurate
structures and  pressure-induced  amorphization in
LiKS0,.2°"% No increase in the level of diffuse scattering is
observed in this high-pressure phase of Li,SO,, nor is any
pressure-dependent qualitative change reported in the Raman
spectra of Li,SO,,'> both of which support the conclusion
that disorder is not responsible for the poor resolution of the
Bragg peaks observed in the & phase. Sakuntala et al.?> have
proposed an overarching mechanism in which pressure-
driven disordering in LiMSO, compounds is critically de-
pendent on the degree of size mismatch between the Li* ion
and the M* ion; a lack of disorder upon applied pressure in
Li,SO, is consistent with this scheme.

As noted previously, the high-pressure € phase of Li,SO,
shares a structure with the high-temperature phase III of
Na,S0O,. The structure is part of a subgroup of the metath-
enardite stru cture (P6;/mmc) with the group-subgroup
transformation achieved by long-range ordering of the SOZ‘
units’ orientation. Similar relationships have been shown to
produce as many as 25 different structures based on the or-
dering of SO3~ units within sulphate compounds.?'

B. Disorder in Li,SO,4 at high pressures and temperatures

Much of the previous interest in Li,SO, stems from the
thermally induced disorder observed in the superionic «
phase. It is therefore interesting to ascertain whether the
high-pressure € phase, with a structure entirely different from
those of the @- and S phases, will also exhibit either sulphate
group orientational disorder or lithium ion diffusion at high
temperature. The results from the diffraction measurements
taken at high temperature within the e phase do not show
extensive disorder. However, the data are unlikely to be sen-
sitive to low levels of disorder, given the problems of obtain-
ing good powders from Li,SO, under high temperature and
pressure conditions. Instead, and encouraged by the fact that
the MD models of the e phase produced good representative
average structures at all temperatures, thermally induced dis-
order within e-Li,SO, was investigated further using MD
simulation.

At ambient pressures, raising the temperature of the simu-
lation of e-Li,SO, produces melting of the sulphate sublat-
tice without the presence of an intermediate disordered
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FIG. 4. (Color online) Mean-squared displacement of the
S .07, and Li* ions within e-Li,SO, during the course of a single
MBD simulation simulation at 6.7 GPa and 1380 K. For comparison,
the inset shows equivalent mean-squared displacements from MD
simulations of the superionic « phase at 0.5 GPa and 800 K. Labels
(a) to (f) identify Li* diffusive events.

phase. Some lithium ion diffusion and reorientation of SO;~
groups was observed, but only in simulations that were prone
to melting as the simulations progressed. Simulations that
did not melt displayed vanishingly small levels of disorder.
At higher pressures (=5 GPa) it was possible to stabilize
configurations which exhibited low levels of orientational
disorder in addition to the slow formation of lithium defects.
The observed disorder was limited and existed, in a compu-
tationally sensible time scale, only for a narrow temperature
range (=50 K) just below the melting point.

Figure 4 shows the mean-squared displacements (msd) of
the three constituent ions in e-Li,SO4 from a very long
(>350 ps) MD simulation at 7.2 GPa and a temperature that
is =10 K below the simulation melting temperature. It is
evident that any ionic motion is very limited; the O>~ ion
msd has not attained the “saturation” value expected for fully
rotating SOZ‘ tetrahedra (reached in ~10 ps in the a phase—
see the inset to Fig. 4), and the Li* ion msd shows several
plateaus linked by a small number of jumps over a few time
steps. These jumps are associated with very limited Li* mi-
gration through the sulphate ion lattice. Importantly, the
jumps in the Li* msd are not coincident with substantial
changes in the O~ msd, indicating that they are not directly
linked to SO3™ rotations.

To probe the dynamics in more detail, maps of the ion
trajectories from the MD simulation at 7.2 GPa and 1380 K
were constructed. Those Li* ions observed to diffuse are
shown in Fig. 5. It is clear that the diffusion is only short
range; a small number (<4) of neighboring Li* ions form
correlated closed loops within the structure. The correlated
nature of the diffusion explains why the jumps in Li* msd are
sharp. Of the diffusive events clearly observed in the 350-ps-
long MD simulation (see Fig. 4), the majority involved Li*
ions moving from 4(c)—4(b) sites (and vice versa), some
moving directly between 4(b) sites.

The O trajectories from individual SOZ‘ groups show
significant librational motion with occasional larger rotations
of ~120° about a specific S—O bond. This shows that the
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[001] (A)

[010] (A)

FIG. 5. (Color online) Plot of the 3 X 3 X 3 MD configuration of
€-Li,SO,4 at 7.2 GPa and 1380 K and projected down the [100] axis.
The plot shows the instantaneous positions of the SOi_ groups at
one time step together with the trajectories of the small number of
Li* ions involved in local diffusion for 6000 time steps around the
jumps in Li* ion msd. For clarity, the trajectories correspond to
joining ion positions 100 time steps apart. The labels on the plot
refer to specific jumps in Li* msd similarly identified in Fig. 4 and
the colors to different Li* ions. The open and filled circles in the top
left-hand corner indicate the positions of the octahedral 4(b) and
distorted “tetrahedral” 4(c) positions, respectively.

SOAZ[ units are able to reorientate to each of their four
equivalent symmetry positions, although free rotations ap-
pear sterically forbidden. This is in contrast to the behavior
of the a phase, where a structural model with overall spheri-
cally symmetric O~ density for the SOZ_ groups best de-
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scribes the diffraction data® and MD simulations show that
the rate of SO?[ group reorientation is very rapid.'!

VI. CONCLUSIONS

The structural behavior of Li,SO, fits broadly within the
general relationships observed in other related compounds.
In the ambient pressure B phase the Li* ions occupy tetrahe-
dral positions and, as shown in both experiment’~'® and
simulation,'? the octahedral voids are too large to allow sig-
nificant Li* ion occupancy. The rotation of the SO%‘ units
within the a phase also shows that inter-SOZ‘ group O—O
interactions are not significant in determining the crystal
structure. As the pressure is raised an octahedral coordination
of the Li* becomes more favorable and also intersulphate
group O—O interactions become more important as they
become closer together.

In the a phase of Li,SO, high levels of ionic conduction
are observed, along with the rotation of the sulphate groups.
In contrast, the disordering observed in MD simulations of
the € phase is on a far more modest scale, with a different
packing of sulphate groups and no suitable vacant sites
which can support the defect formation necessary for bulk
cation migration. In some senses, the behavior of the € phase
of Li,SO, may be compared with the high-temperature supe-
rionic cubic y phase of Na;PO,, where sodium ions occupy
all available octahedral and tetrahedral sites.’>3* In this
phase, although both octahedral and tetrahedral sites are in-
volved in Na* ion conduction, neutron diffraction’? and MD
simulations® suggest that the Na* ions in octahedral sites are
more readily mobile. Significant Na* diffusion is only ob-
served in the MD simulations at temperatures above
=1200 K within superionic y-Nas;PO,, whereas the simu-
lated transition to the +y phase is at 7.=620 K. Furthermore,
this diffusion is not correlated to PO,-group rotations since
they freely rotate at all temperatures above 7.3

*Electronic address: d.c.parfitt@rl.ac.uk
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