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Abstract. Elastic neutron diffraction of Li,S, measured as a function of temperature, shows
the onset of a diffuse phase transition near 900K to a highly conducting state. Inelastic
neutron scattering has been used to investigate the harmoniclattice dynamicsof Li.S at 15 K.
A shellmodel has been successfully fitted to the data. The dynamical properties are computed
within the harmonic approximation and compared with experimental data.

1. Introduction

Lithium sulphide (Li,S} crystallizes in a face-centred cubic lattice with one formula unit
per primitive cell. The space group is Of (Fm3m), and the structure is anti-morphous
to the fluorites. In recent years, fluorites and anti-fluorites have attracted attention
owing to their high-temperature properties, i.e. a diffuse (‘Faraday’) transition to a
highiy ionic conducting phase at temperatures Tp = (0.6-0.8)T . (for a review on
fluorites see Hayes (1986)). The materials are therefore referred to as superionic con-
ductors. They find technological applications in batteries (as solid electrolytes and/or
as ion insertion compounds), in fuel cells or in solid state gas detectors.

The sulphur-based anti-fluorites are relatively unexplored. Recent electrical con-
ductivity measurements on single crystais {Carron 1990) showed a high ionicconductivity
for Li,S (6 =0.15 Q" 'em™! at 1000 K); furthermore, in a ‘standard plot’ of In{a7)
versus 1/T, a change in slope occurs near 800 K which might be associated with the onset
of a diffuse transition. The melting point of Li,S is 1645 K, and the ratio T3/ T, is about
0.5. This value is near the ‘best” observed for fluorites (PbF,), with a wide range between
Tg and T,,o;. Unfortunately, there exists no measurement of the specific heat of Li,S
which would give more direct evidence of the transition.

In the present paper we report, in addition to a lattice dynamics study (see below),
the observation of a diffuse transition by elastic neutron scattering of a polycrystalline
sample. The transition temperature (about 900 K}, derived from site occupancies, is in
fair agreement with the ionic conductivity experiments.

The high conductivity is assumed to be a consequence of Frenkel defect generation.
The creation of defects is closely related to the thermal motion of the ions, and therefore
knowledge of the ion dynamics is crucial for the understanding of the mechanism of ionic
conductivity in superionic conductors. The instantaneous position of the conducting ion
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relative to its neighbours is of central interest in the diffusion process and represents a
suitable reaction coordinate for ionic jumps which can be represented in terms of the
phonon structure {frequencies, eigenvectors and density of states (Flynn 1972)).

A lattice dynamical study was therefore initiated using coherent inelastic neutron
scattering of a single crystal, performed at 15 K in order to characterize the system in
the ‘harmenic’ state. The subsequent calculation withashell modeisuccessfully describes
the dispersion curves. An anharmonic extension of the model could be used to estimate
theoretically the defect formation energies and to provide the basis for computer simu-
lations of possible high-temperature structures and of the dynamics of ions in the
disordered state.

2. Experiment

Lithium in its natural isotopic composition has a rather high absorption cross section for
thermal neutrons. Therefore "Li-enriched material was used. The details of the sample
preparation as well as the single-crystal growth have been described by Carron (1990).
The crystal was of cylindrical shape with [001] axis, the volume was about 2.5 cm?, and
the mosaic spread was better than 0.4°, Li,S is very hygroscopic and therefore all the
samples were handled in a glove-box in a dry helium or argon atmosphere. The neutron
scattering experiments were performed at the reactor Saphir in Witrenlingen. The
inelastic measurements were conducted on the triple-axis spectrometer; the mono-
chromator and analyser were pyrolitic graphite, and the monochromator was used in its
doubly focusing mode of operation. Normal constant-Q and constant-w techniques with
fixed analyser energy were applied. In order to overcome anharmonic effects, common
to all fluorites, the crystal was mounted in a closed-cycle refrigerator and the experiment
was performed at 15 K. The elastic experiments on 'Li,S powder were conducted on the
multi-detector spectrometer DMC with an incoming wavelength of 1.706 A. The sample
was contained in a thin-walled vanadium ¢an, and data were collected in the temperature
range 10 K < T< 1320 K with a closed-cycle refrigerator or vacuum furnace, respect-
ively.

3. Crystal structure and phase transition

Neutron diffraction patterns of “Li,S powder were measured at 10, 295, 670, 920, 1020
and 1320 K. Two characteristic diagrams are shown in figure 1 (10 and 1320 K); because
of the negative scattering length of Li the intensities are different from the ‘standard
fluorite’ pattern. The diagrams show some weak foreign lines (due to polysulphides,
lithium ethanolate and the thermocouple). The pattern of main lines does not change
as a function of temperature, i.e. there is neither an enlargement of the unit celf nor a
change in symmetry. The pairwise comparison of intensities (e.g. (111)-(200); (311)-
(222)) for the two temperatures (figure 1) shows a relative decrease in the ‘strong’ even
lines which can be associated withincreasing disorder in the lattice. This diffuse transition
shows up more clearly by looking at the intensity of the (111} peak, plotted as a function
of temperature (figure 2). In the perfect Li,S lattice, structure factors can be grouped
into three classes (neglecting the Debye~Waller factors):

‘strong’ F=bg— 2b h,k,leven h+k+i=dn+2
‘medium’ F=by h,k, fodd
‘weak’ F=bg+2b, ok leven h+k+il=4dn

where the scattering lengths are bg = 0.285 x 10" cm and b, , = -0.22 X 107%¢m
(Koester et al 1981).
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Figure 1. Neutron diffractograms of "Li,S; experimental and difference diagrams (A =

1.706 A): {2) 10K; (b) 1320 K.
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Figure 2. (a)Neutron intensity of elastic (111) refiection of 'Li§ as a function of temperature:
the lines are a guide to the eye; Tr marks the onset of the diffuse transition, (k) Fourier map
of Flobs) at 1320 K for Li,S where contour lines correspond to 0.2 of the minimum (——~};
---- .zero line. x is parallet to [100]. and y paraliel to [00T],

For h, k, ! odd, only sulphur contributes to the structure factor; therefore the
observed intensity increase with increasing temperature (figure 2) can only be explained
with the occupation (in the time average) of new ‘non-perfect’ fluorite sites by lithium
ions. From the figure, we estimate the transition temperature T; to be near 900 K.

For the quantitative analysis the data have been refined with the program of Wiles
and Young (1982). The peak shape was assumed to be Gaussian, and the background
was represented by a self-adjusting polynomial. The results are summarized in table 1.
For temperatures 10K = T = 670 K, a good R-factor could be obtained with the regular
crystal structure and isotropic harmonic Debye-Waller factors. For higher tempera-
tures, defects had to be taken into account. A satisfactory agreement was obtained with
the simple Frenkel defect, i.e. by allowing the Li ions to leave the regular sites and to
occupy the centres of the empty cubes (4, 1, # sites). A 14% occupation at 1320 K {or
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Table 1. "Li,S; structural parameters as a function of the temperature. Profile refinement
according to Wiles and Young (1982). (Space group, Fm3m (Of); sulphur ions on positions
4a; lithium on positions 8c and, above 800 I, partially on 4b.)

Temperature a B By;
(K) (A) gy Litab) (AY (A Repy Ry
10 5.689 1.000 — 0.21(4) 0.59(4) 1.7 3.00
295 5722 1.000 - 0.43(7)  0.54(7) 3.04 4.06
670 5.760 1.000 — 1.66(7) 2.43(7) 2.03 3.04
920 5.850  0.98%5)  0.012(5) 3.0(2) 5.5(2) 218 3.79
1020 5.885 0.973(5) 0.027(5) 3.8(2) 7.4(3) 1.1 3.3
1320 5044 0.864(6) 0.136(6)  5.5(3) 8.8(6) 278  4.34

these sites looks quite reasonable; this value is rather well determined because it is
mainly derived from the observed intensity increase of the ‘medium’ lines, and not from
the decrease in the intensity of the ‘strong’ lines. Therefore the occupational parameter
is anti-correlated with the Debye—Waller factor which gives an overall intensity decrease,
a behaviour that parallels a ‘spread’ of ions throughout the unit cell. The difference
diagrams for 10 and 1320 K are plotted in figure 1 (bottom); the straight lines mark
regions excluded in the fit, The calculated intensities of the (111) peak are shown in
figure 2; the intensity increase above about 900 K is well reproduced. A Fourier map at
1320 K, based on F(obs), is plotted in figure 2(b). The section through the {110) plane
clearly shows additional intensity at (3, , }) sites. More complicated models, as intro-
duced by Dickens er al (1982) for PbF,, did not improve the quality of the fit.

4. Lattice dynamics at 15 K

Figure 3 shows the measured phonon dispersion curves of Li,S along the symmetry
directions A, %, A and Z; the group theoretical notation is according to Warren and
Worlton (1973). In order to observe and separate the different branches, the crystal was
aligned with orientations [110], [001] and [116]. Experimental errors are about 2% and
5% for the low- and high-energy modes, respectively. The zone-centre Raman-active
mode (‘breathing’ type of motion of the two Li ions) agrees well with the optical data
{Carron 1990), its frequency is higher than that of the infrared-active mode (transverse
optic (T0)). It is interesting to note that this sequence is changed in the isostructural
compounds Na,S (Buehrer and Bill 1980) and Li,O (Farley et af 1988); for Na,S (with a
heavier mass of the cation) this behaviour can be expected, but for Li,O this is rather
strange; in addition, Li,O shows a much larger To-L0 splitting than Li,S does. In other
words, the ‘chemically expected’ relationship between Li,S and Li,O is not reflected in
the inter-ionic bonding properties.

A comparison ‘by eye’ of the overall features of fluorite dispersion curves shows a
striking similarity between ’Li,S and CaF, (Elcombe and Pryor 1970) with respect to
the range of frequencies, mode sequence (infrared, Raman) in the zone centre, and TO-
Lo splitting.

The experimental frequencies have been analysed with different models for the
lattice dynamics within the harmonic, adiabatic and electrostatic approximations;
Elcombe and Pryor (1970) have given full details. The parameters of the models were
determined by a least-squares refinement, minimizing the y*-function. Phonons from
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Figure 3. Phonon dispersion of "Li,$ at 15K where the polarizations (@, longitudinal;
X, transverse) are determined by the experiment: ——, best-fit shell maodel calculation
{ parameters in table 2). The wavevector £ is in units of 2/a. The group theoretical notation
is according to Warren and Worlton {1973).

all symmetry directions have been used in the fit. During the minimization procedure,
in each iteration. the calculated frequencies were grouped according to their symmetry
{by block diagonalization of the dynamicat matrix) in order to compare them with the
corresponding experimental points.

The short-range potential isrepresented by the parameters 4 and B, for the pairwise
interaction of Li-5, Li(1)-Li(2) (different sublattices). -8 and Li-Li (same sublattice).
The rigid-ion model does not reproduce the experimental frequencies very well;
however, parameters are included in table 2 since, for molecular dynamical simulations,
one often prefers a simple model, tractable on the computer, Good agreement is
obtained with the shell model, with both types of ion polarizable. The calculated
dispersion curves are displayed in figure 3; the best-fit values of the 13 parameters are
given in table 2, together with the shelt charges and the sheli—core spring constant.

Derived quantities from the model are also given in table 2. The high-frequency
dielectric constant is rather small, showing a tendency to covalent bonding in Li,S. The
elasticconstants have been determined from the initial slopes of the measured dispersion
curves with a resideumn calculation, taking into account all seven acoustic modes in the
high-symmetry djrections. The corresponding values derived from the shell model agree
surprisingly well in view of the fact that the fitting process mainly optimizes the higher-
energy phonon modes; in fact the shell model reproduces the phonon frequencies for
all wavevectors quite well.

The frequency distribution function g(w) for the normal modes of vibration of Li»$
has been computed from the model shown in table 2. We used the extrapolation
method (Gilat and Raubenheimer 1966) to sample the frequencies at a large number of
wavevectors. The density of statesis shown in figure 4(a). Aninteresting insight into the
dynamics of a system is offered by means of the displacement—displacement correlation
functions (Maradudin er af 1971) which are obtained by weighting the density of states
with the eigenvectors of the different ions; the result is shown in figure 4(b). The energy
separation between the two ionic species close to 32 meV is remarkably clear; sulphur
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Table 2. "Li,S at 15 K: least-squares model parameters and derived quantities (details of the
models given by Elcombe and Pryor 1970): e is the electronic charge, and v is the volume of
the primitive unit cell,

Parameter Units Rigid-ion model  Shell model  Experiment®
A, Li-$ e/ 5.100 5,377
B, Li-S e*lo 0.424 0.411
Ay Li(I)-Li(2) e¥o 1.232 1.233
B,  Li(1-Li(2} %o —0.266 ~0.266
Az 5-S /v 1.129 1.118
B, $S e%fu —-(.202 -0.182
Ay Li~Li, eXfe 0.199 0.177
B, Li-Li, e*fv 0.004 0.022
z s e 0.970 1.000
@ L A — 0.044
d Li e — —-0.007
o S As — 1.046
d S e — -0.049
¥ 6.6 4.7
Shell properties

Y Li e — 1.21
k Li v — 1527
Y S e — 7.65
k 5 e - 2571

Derived guantities
- 1.0 1.35
e 10" dynem™? 9.23 9.46 9.54 0.35
i 10" dyn cm™? 2.41 2.17 209 023
Cas 10" dyn em™? 3.12 3.23 3.19 0.08

* Fit to small-wavevector acoustic phonons.
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Figure 4. (a) Frequency distribution g{w) for phonons in "Li,S, calculated with the shell
model; (b) eigenvector-weighted densities of states for Li and § in "Li,S, calculated with the
shell model.
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Figure 5. Specific heat Cy{T) and related Debye temperature @p(7) for "Li,S, computed
with the shell model in the harmonic approximation.

maoves predominantly in the lower-frequency modes, whereas lithium is mainiy involved
in the higher optic modes. Dynamical quantities may readily be computed within the
harmonic approximation (Maradudin ez al 1971). The temperature dependence of the
specificheat Cy is shownin figure 5, together with the corresponding Debye temperature
@p(T). No experimental values have been found in the literature for direct comparison.
The calculated mean square ionic displacements for the individual ions are shown in
figure 6. The comparison with the values from the diffraction experiments shows, for
both ionic species, good agreement up to temperatures near the diffuse transition.

5. Discussion

The low-temperature dynamics of Li,S can be successfully described by the shell model,
a model originally developed for ionic solids (Cowley er al 1963). This is in a way
surprising because the high melting temperature of Li;S suggests some covalent charac-
ter in the atomic bonding; furthermore sulphur has a rather complex electronic pol-
arizability (e.g. formation of polysulphides) which might influence the phonon
dispersion curves, [t turns out that the shell model is ‘flexible’. It allows us to account
for different types of bonding. Although the use of the shell model implies that some
individual physica] parameters are not uniquely defined, e.g. the ionic charge and
the mechanical and electronical polarizabilities (or shell charges and core~shell force
constants), the accurate determination of the dispersion curves within the model enables
a good description of the harmonic crystal properties to be given. At higher tempera-
tures, strong shifts of frequencies are observed for Li,S by Raman scattering (Carron
1990) and by Brillouin techniques (Comins 1990). In order to treat the anharmonic
lattice dynamics a parametrization of the electronic degrees of freedom as proposed by
Fischer (1974) for AgCl might be more adequate.

In fluorites, the high-temperature disorder has been interpreted in terms of a model
of dypamic clusters of Frenkel defects, vacancies and relaxed anions (Hutchings et af
1984). The present data set suggests that in Li,S the simple defect structure, the occu-
pation of (1, i, 3) sites, is created. The concentration of defects is in between those
observed for 8rCl, and PbF, (Dickens et al 1979). By comparing the radii of ions in
the fluorites with those in sulphur-based anti-fluorites, a different behaviour seems
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Figure 6. Mean square jonic displacements for "Li* (——) and §** (~—=) in "Li,S, derived
from figure 4(&); @, ¥, experimental values from the diffraction experiments (table 1);
———, puide to the eye.

plausible. In the fluorites (CaF,, SrCl, and PbF,}, on the one hand, the mobile anions
are larger than the cations which are believed to stay on the regular sites; in Li,S, on the
other hand, the resident $*~ anions are much larger than the Li* cations and form a
nearly close-packed lattice. The smali mobile Li* cations can be placed in the pockets
of the sulphur sublattice, on the regular sites as well as on the interstitial sites, without
an appreciable distortion of the ‘scaffold structure’.

In our present picture, the Liions diffuse along directions [xxx] into the empty cubes.
Having a look into the [attice dynamics and searching for modes which give rise to large
lithium displacements (relative to the sulphur), we have to consider zone-boundary
modes with low frequencies (easy thermal activation). Modes of the ‘Li-only’ type (by
symmetry) are at Xz, W,, Wy and L, (figure 3), and the attempt frequency for thermal
activated jumps is then about 35 meV. This average frequency is derived from the 15 K
data and will certainly be lower at higher temperatures.

The mean square displacements of the ions (derived from the diffraction experiment)
show, within the present analysis with only one parameter for the thermal motion, a
clear change in slope near the transition temperature T¢ (figure 6), and the deviation
from the harmonic value increases with increasing temperature. The extent of the
contributions from different possible origins of this deviation, i.e. anharmonicity, ani-
sotropy (tetrahedral) or ‘quasi-static’ displacements cannot be determined from the
present experiments. Additional work on Li,S in order to determine the time depen-
dence of the diffusion process is certainly necessary,
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