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Abstract. Experiments in which the Raman linewidth was measured as a function of temp-
erature (7-1183 K) and pressure (0-400 bar) were performed on the (111) and (100) planes
of single crystals of the cubic anti-fluorite 4S. The temperature dependence of the lattice
constant was determined by x-ray diffraction (11-295 K). From these results and published
Brillouin scattering data for this host, the volume thermal expansion coefficient as a function of
temperature was obtained as well as the isothermal compressibility and the isothermal Raman
mode Giineisen parameter. Using the thermodynamic approach within the quasi-harmonic
approximation, we show that below 400 K the volume effects describe well the temperature
dependence of the Raman linewidth whereas above this temperature there are direct anharmonic
effects appearing. Above approximately 850 K new Raman lines appear that; saaadAE
polarized.

1. Introduction

lonic conduction in solids has aroused much interest in the last few decades because the
underlying processes have widespread technical implications, such as in the construction
of new and more efficient batteries and in the domain of solid-state chemical reactivity,
especially at high temperatures. For these reasons an important research activity is going on
in this field. Additionally, these investigations contribute to the theoretical and experimental
understanding of the fundamental underlying mechanisms. Among the systems investigated,
solid lithium-based ion conductors have excited much interest. Important issues from the
applications side included high lithium-ion conduction in mixed glasses based,8nihi
binary sulphides (e.g. £5;, GeS) and in other systems containing mixed,&+lithium
halides [1]. Comparatively very little work has been performed on the systes Li

Lithium sulphide crystallizes in the face-centred cubic anti-fluorite structure with space
group G (Fm3m). The cations form a simple cubic Bravais lattice and the anions occupy
the centre of one in every two cubes. This structure is antimorphous to the fluorite structure
and therefore some similarity of the chemical and physical properties is expected. A most
fascinating feature is the fact that both structures can undergo at high temperatures (but
well below their melting point) a diffuse phase transition to a fast-ion-conduction region.
This was first observed for the fluorite structure compounds,C8F~, BaFk,, Pbk, and
SrChL [1-3]. Recent studies provided evidence that a similar transition does indeed occur
also in anti-fluorite alkali sulphide compounds. lonic conductivity experiments performed
in our laboratory showed undoubtedly [4] the presence of this transition at around 1250 K
in N&S (7,, ~ 1450 K). Only recently, high-temperature experimental investigations and
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theoretical studies were performed on the compounds.Li These include quasi-elastic
neutron scattering work by Altorfegt al [5, 6] and Bihreret al [7], Brillouin scattering
experiments by Mjwarat al [8], ionic conductivity experiments by Carron [9] and quantum
mechanical Hartree—Fock studies by Lichaeoal [10]. These experimental and theoretical
studies supply evidence for a substantial thermally induced disorder of the lithium sublattice
near 850 K which could be accounted for by cation Frenkel defect generation. The work
further furnishes precise data related to the thermal and elastic propertiegSofwhich
allowed us to analyse the anharmonic effects observed in our Raman scattering results. The
cubic anti-fluorite structure involves, at the centre of the Brillouin zone, one allowed Raman
line of Tog symmetry. The cations vibrate in antiphase and the anions remain stationary.
This line was studied as a function of temperature (7-1183 K) and of isotropic pressure
(0-400 bar).

It is well known that a realistic crystal potential involves anharmonic contributions
influencing importantly many thermodynamical properties of the crystal (see, e.g., [11, 12]
and references therein). Usually these terms are treated as perturbations between the phonon
modes (in [12, 13] and other references). Additionally, at higher temperatures thermally
induced disorder effects perturb the phonon spectrum [13] and, in some cases, invalidate
the phonon picture altogether. As the thermally induced disorder in the crystal destroys the
adherence to the Raman selection rules of the perfect crystal and induces Raman scattering
of other symmetries, we also performed high-temperature polarization experiments.

The isothermal Gmeisen parameteig.T of the Raman phonon mode= T,y obtained
from the Raman pressure measurements together with the temperature dependence of
the volume thermal expansion coefficiefitdetermined with the aid of x-ray diffraction
experiments and the volume compressibiktgxtracted from published Brillouin diffusion
experimental results allowed us to estimate the volume contribution (an implicit effect) to
the T,-mode frequency shiftAw;) as a function of temperature within a iBreisen—Mie
approach. Furthermore, its comparison with the total frequency shift allowed us to gain
insight into the anharmonic contribution (an explicit effect). Due to the proportionality to
T2 in the high-temperature limit, this latter effect gives measurable contributions to the
temperature dependence of the observed Raman linewidth.

2. Experimental details

High-optical-quality single crystals of L5 were grown in our laboratory by the Bridgman
technique. Details of the procedure have been given elsewhere [14]. High-quality single
crystals of several chresulted. Samples with (111)-type faces were directly cleaved from
the as-grown single crystals. Samples with (100)-type faces were obtained by cutting the
Laue-oriented crystals. The surfaces were subsequently polished. Si®dslLa very
hygroscopic compound, all of the operations were carried out under paraffin oil or in a
glove box under an inert atmosphere. Typically, the sample length varied from about 3 to
5 mm.

The Raman set-up is laboratory constructed. It consiss ® W agon-ion laser, a
1403 SPEX double monochromator (maximum resolution 0.2%rand a cooled 31034-
A2 Burle low-level photomultiplier in conjunction with a Stanford Research dual-channel
photon counter. Experiments were performed in the® E8attering geometry and in general
the argon-ion laser was operated at 488 nm, at a typical power of 0.04 W. This allowed us
to minimize laser-heating effects. The Raman frequency shifts were accurately determined
by measuring the Stokes and anti-Stokes components. The low-temperature Raman spectra
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Figure 1. A schematic diagram of the Raman furnace and sample holder. The sample is
squeezed between two platinum foils (not represented here) and measurements are carried out
under a stabilized pressure of 0.2 bar of 5N argon.

were taken with the aid of an Oxford Instruments helium-flow cryostat in conjunction
with a temperature controller. This controller measures and displays the temperature by
means of an Au+ 0.02% Fe, constantan thermocouple. Since the measured linewidths at
low temperatures were very small, it was necessary to take into account the instrumental
broadening. This was performed by recording spectra at different slit widths between
40 pm and 200um and by extrapolation to zero slit width. The high-temperature Raman
measurements were realized with the aid of a home-built furnace (see figure 1). The
design of the corresponding measurement cell containing the crystal was similar to the
one previously reported [14] but was adapted to the new configuration of the furnace. At
the highest temperaturgégd” > 1100 K), the large band thermal emission of the metallic
sample holder prevented us from detecting the Raman signal efficiently. Furthermore, a
slight deposition usually developed on the inner side of the quartz envelope and changes
were noted on the crystal surface due to the reactivity of the sample. As a consequence
the intensity of the Raman spectrum deteriorated over time. Several quartz tubes and single
crystals were needed for fully investigating the temperature range.

The pressure mount consists of an EPR cavity used in the past for isotropic stress
experiments. It is described in reference [15]. Pressures up to 400 bar were obtained
by evaporating liquid argon into the closed system and were monitored by an analogue
manometer (precisioft5 bar). Several consecutive pressure measurement sequences were
carried out to minimize the experimental errors. Since the Raman frequency shifts at
those pressures are very small (maximum 1-8nthe Raman spectra were recorded
using a liquid-nitrogen-cooled CCD camera (ASTROLAB) at the exit of the SPEX 1403
monochromator. This arrangement allows one to eliminate the usual backlash problems
encountered with a scanning monochromator. A density of 255 CCD pixels was available
for the spectral range of 340-400 th The entrance slit was set to 1Q0n.

X-ray diffraction measurements were performed ogS.ias a function of temperature.

An as-grown high-optical-quality single crystal was crushed into powder in our glove box
(with a partial pressure of oxyger10-2 Pa) and mixed with high-purity silicium. This
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latter is used as an internal standard for the accurate determination of the cell parameter
at very low temperatures. The experiments were performed with the aid of a HUBER
G645 low-temperature powder diffractometer (Cua;Kadiation) and the Rietveld method
(program: FULLPROF [16]) was applied.
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Figure 2. Unpolarized Raman spectra of theglphonon mode in 1JS single crystals at various
temperatures: (a) below 850 K; (b) above this temperature.
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Table 1. Structural, thermodynamical and spectroscopic parameters of several cubic anti-fluorite
and fluorite compounds. All of the values refer to 300 K.

LioS Li,O Cak, Srk Bak PbR

a (A) 5712 4619 5450 5782 6190 5.935
(520 K)
B (105K 5564 10.08 570 5483 560 7.50
« (1072 GPal) 213 1228 122 143 1727 163
1.79
N ) 3726 524 3RA 286 2472 256
(dw/dP)r (cm ! GPal) 18.20 73¢  6.18 8.3CF
7.00

vl = Ukw)@w;/oP)r 230 153 188 151 2,00
1.86¢ 17¢ 197

n 1.92 1.644 1430 1.440 1478 1778
1.434

2 Reference [26].
b Reference [29].
¢ Reference [30].
d Reference [31].
€ Reference [32].
f Reference [33].
9 Reference [34].
h Reference [35].
i Reference [25].

3. Results

3.1. Temperature and pressure dependence of the Raman signal

Figure 2(a) shows first-order backscattering Raman spectra of the allowed Ragian T
symmetry phonon line at different temperatures. They were obtained from (111)-cleaved
single crystals of LiS. The positions and linewidths were determined by fitting the spectra
with a Lorentzian function. The quality of the fit is better thaB% up to 800 K. At 295 K,

the frequency of the F; Raman mode was found to be 372.6¢rwith a full width at half-
maximum (FWHM) of 10.8 cm!. The Raman signal shows at first the typical intensity
decrease and line broadening with increasing temperature. However, above 850 K an
asymmetric shape develops due to the fact that a second band appears on the high-frequency
side. This latter band persisted up to the highest temperature investigated (1183 K). Figure
2(b) presents the spectrum observed at this temperature. Three main features of figure 2(b)
should be emphasized: the very strong scattering intensity increase towards the elastic peak
at the laser frequency, the remarkably large width of thglifie (200 cnt?) and, finally, the
presence of this high-frequency band. This situation in conjunction with the not especially
good S/N ratio at high temperatures made a precise spectral decomposition difficult. It
was therefore essential to perform polarized Raman experiments. They were carried out on
(100)-polished single crystals with either alyz)—x or anx(zz)—x scattering geometry.
Figure 3 shows results obtained at several temperatures. At temperatures above 850 K,
the width of the By Raman phonon line increases more rapidly than is predicted by the
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Figure 3. Polarized Raman spectra ofl9 at different temperatures above 850 K. For each
temperature, the upper curve corresponds to theadd E contributions of the polarizability
tensor and the lower curve to the T-symmetry contributions (the off-diagonal part of the
polarizability tensor).
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Figure 4. The pressure dependence of thg Phonon frequency of LS at 300 K. The line
represents the least-squares linear fit.

model discussed in this paper (see below). Simultaneously in this temperature range the
supplementary high-energy band begins to appear in the Raman spectrumg Tharacter
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of the allowed (zone-centre) Raman line is well preserved above 850 K, whereas the new
high-energy mode detected at 475 ¢nis forbidden in thex(yz)—x configuration. This
agrees with the presence ofifM- Ey contributions to the scattering tensor of this latter
band and of the broad feature. Note that the optical quality of these samples was less
good than that of the freshly cleaved crystals. Still, the supplementary features are clearly
identified above 850 K. The pressure dependence of the spectra was studied at 294 K.
They were analysed by fitting a single Lorentzian through all of the data points between
340 and 400 cm'. Figure 4 gives the peak position as a function of pressure. The data
are satisfactorily fitted by a linear relation (the continuous line in figure 5) with a slope
(dw/dP)7 of +1.82 (£0.11) cm! kbar. This value is more than twice that found for

the fluorite compounds CaF SrF,, BaF, (see table 1). No measurable changes of the
linewidth or of the Raman intensity were observed in the pressure range explored.
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Figure 5. (a) The temperature dependence of the cell parameter,8ftiétween 0 and 1100 K.

The open squares are experimental points from reference [7] . The solid line represents the best
least-squares fit obtained by using equation (4). (b) The volume expansion coefficésna
function of temperature obtained from equation (2).
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Table 2. The lattice constant of LB as a function of temperature determined by means of x-ray
diffraction.

T (K) a(A)

11  5.6913(4)
30  5.6918(3)
50  5.6913(3)
70 5.6914(3)
90  5.6923(3)
110  5.6930(3)
130  5.6938(3)
150  5.6955(3)
170 5.6972(3)
190  5.6984(3)
210  5.7010(3)
230  5.7036(3)
250  5.7057(3)
260  5.7069(3)
295  5.7123(3)

3.2. Lattice parameters as functions of temperature

Within a thermodynamic model, the analysis of the phonon anharmonicity by Raman
scattering requires knowledge of the temperature dependence of the volume thermal
expansion coefficiens and of the bulk compressibility. The only relevant experimental

data relating to the thermal expansion in&iare those of Bhreret al [7], who determined

with the aid of neutron diffraction experiments the dependence of the unit-cell parameter on
temperature (15-1320 K). Since the number of experimental data points given there is small,
in particular at low temperatures where the evolutiorBaflearly depends on temperature,

we determined with our x-ray diffraction study the lattice parameter between 11 K and RT.
Table 2 summarizes the results. The values found at 11 K and 295 K are in good agreement
with those of reference [7].

4. Discussion

4.1. Determination of the thermal expansion coefficient, the bulk compressibility and the
Raman mode Gmieisen parameter

On the basis of the temperature dependence of the lattice parameters, the linear thermal
expansion coefficient;, of Li,S was then obtained as follows. We define [17]

i)

whereag is the value of the cell parameter at zero temperature. Initially we tried to fit
our data with a quadratic function of temperature. But the resulting linear variatiGh)

at low temperatures was not satisfactory, since existing experimental data on the thermal
expansion of fluorite showed a non-linear behaviour [18]. A much more satisfactory fit is
obtained as follows. For a cubic crystal the linear thermal expansion coefficients along the
three cubic axes are equivalent, and thus the volume thermal expansion coeffigiént

given by 8 = 3u;. The experimental evolution ¢f betwea 0 K and 1100 K is described
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by the following phenomenological analytical expression:
A BT . T;
T)=|=+—|sinh?[ =). 2

o) =| 5+ 3 | s ( ) @
This equation fulfils the basic requirement thtat—> 0 as7 — 0. It is in part justified
by arguments based on the lattice dynamics of anharmonic crystals [12, 19]. On the basis
of the definition ofa; and the relation tq3, the evolution of the cell parameter versus
temperature can now be evaluated through

T
a(T) = “—;/ B(T) dT + ao. 3)
0
The relation is readily integrated and one obtains
ao |:AT1(1 — tanti(T1/T)) + B tanh(Ty/T)(1 — tanh(Ty/ T)):| N
ag

o) =73 Ty tanti(Ty/T) “)

This result was fitted in a least-squares approach to the experimental temperature dependence
of the lattice constant shown in figure 5(a). The following values of the constants were
obtained:A = 2.8 x 1073, B = 2.026 K, 71 = 2095 K andag = 5.69 A. The temperature
dependence of determined with the aid of equation (2) and by using these coefficients is
shown in figure 5(b). As expectefl,presents a physically meaningful asymptotic behaviour

at low temperatures. Its value found at 300 K i§@4x 10~°> K~ and this is quite similar

to the one reported for the well-studied cubic alkaline-earth fluorides but is about half of
the one found for LiO (see table 1).
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Figure 6. The temperature variation of the elastic constafitg and Ci, derived from
the measured square of the Brillouin frequency shifhwp)?, versus temperature, from
reference [8].

For an isotropic cubic system, the bulk compressibititis related to the components
of the elastic stiffness tensdr;; (Voigt notation) by the relation

3

= —. 5
“ Cii+2C12 ®)
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Figure 7. The bulk compressibilityix, versus temperature. From equations (5) and (6).

The values at 15 K of the elastic constantg and C1, were determined from the initial
slopes of the phonon dispersion curves measured at this temperature [7]. The results are
95.4 GPa forC1; and 20.9 GPa foC1,. Recentab initio Hartree—Fock calculations [10]

led to values of 94.1 GPa and 13.9 GPa. The agreemeidi,fois very satisfactory (within

1%) whereas the off-diagondl!;, has very different values. As both the analysis of the
experimental data and that of the numerical calculation involve simplifying assumptions, we
use the average value of 17.4 GPa €ap in the following. The temperature dependence

of the C;; was obtained by using the results of a recent experimental high-temperature
Brillouin scattering study on L5 performed between 300 K and 1000 K [8]. The Brillouin
frequency shift and the velocity of an acoustic mode propagating in a specific direction in
a cubic crystal are related [20] by

4 2. .22 ] 0 2
Aw? = 1 %Y sm<§> (6)

6'2

where v is the velocity along the direction of propagation asg is the frequency of
the exciting laser. The velocities necessary for the following discussion are given by
v = (C11/p)Y? (for [100]) andvy = [(C11 — C12)/2p]*? (for [110]). The experiments of
reference [8] were performed with a scattering angle 6f8@ at a wavelength of 488 nm of
the incident light. In order to obtain precise value<af andC1,, it was necessary to know
the refractive index; of crystalline LS atwy. We treatedny as an additional adjustable
constant, independent of temperature. This is an approximation, in particular above 850 K.
But it is justified by the absence of reliable published data for this temperature range. The
guantity n was determined by fitting equation (6) to the experimental data of figure 6,
giving nii,s (488 nm = 1.92+ 0.02. Subsequently, we found a theoretically obtained
value ofnj,s = 1.905, in good agreement with our result. This number was derived with
the aid of a lattice dynamics model including electrostatic and short-range effects [21]. The
data presented in figure 6 show two reasonably linear regions with a discontinuity of the
respective slopes in the vicinity of 850 K. In agreement with the quasi-harmonic theory
[22], the results forCy; and (C11 — C12)/2 were parametrized using linear functionsTof
The dotted lines shown in figure 6 represent the best fit obtained. Special care was taken
to get a satisfactory fit also at low temperatures.

Next, these results were used for the determination of the temperature dependence of
k. The resulting curve is presented in figure 7. Comparison of the RT valeendth the
equivalent quantity for the fluorite hosts listed in table 1 shows thg® bias a remarkably
high bulk compressibility. This is particularly evident when Sdnd LS (with practically



Investigation of phonon anharmonicity effects ing.i 2165

the same lattice constants) are compared. This high valueisfin agreement with the
steep slope of the pressure dependence of the Raman line position (figure 4).

Table 3. The Raman mode frequency, compressibility and isotherméhé&sen constant as
functions of temperature.

T (K)  on(em?)  « (102GPaY)  y/ = (Ykw)(@w;/dP)r

18 379.86 1.998 2.401
55 379.62 2.014 2.381
97 379.15 2.033 2.361
1185 378.70 2.043 2.352
139.5 378.27 2.052 2.345
160 377.65 2.062 2.337
201 376.25 2.081 2.325
242 374.57 2.101 2.313
295 372.57 2.127 2.297
361 369.37 2.160 2.281
467 365.15 2.215 2.250
540 359.37 2.255 2.246
626 355.72 2.304 2.221
745 348.19 2.376 2.201
821 343.92 2.429 2.179
918 341.43 2.509 2.125
1002 338.05 2.584 2.083
1081 336.20 2.658 2.037

The isothermal Gmeisen paramet@;T of the Raman phonon mode= T4 is obtained
from the slope of figure 4. In the quasi-harmonic approximationis only a function of
the volume of the crystal. They}.T is given by (Mitra [23])

Y olnw;\ 1 (da; )
J anv ), «kwj\ dp ),

By using the values ofc(7T) from equation (5) and the experimentally determined
dependence);(T), we calculated this mode Gmeisen parameter at different temperatures
(see table 3). As there are no reliable data available on the temperature dependence of the
slope of the Raman peak position versus pressure, it was assumed that this coefficient is
independent of temperatut®w/dp)r = (dw/dp)300k)- The values oﬁ/jT given in table 3
indicate a decrease of less than 10% between 200 K and 850 K.

4.2. Anharmonicity effects of ti, Raman line

The frequency, the intensity and the width of thg Raman phonon line strongly depend on

the crystal temperature as a consequence of the presence of anharmonic parts in the crystal
potential energy. In a light scattering event, an incident phatenis absorbed, leading

to the creation of the Raman light quantum and an optical phadrgnwhich splits into

several low-energy phonons because of anharmonic interactions. Different decay channels
are opened by these contributions. The cubic anharmonic interaction allows for instance
for the decay of one LO optical phonon into two LA acoustic phonons (a three-phonon
interaction process), whereas the inclusion of the quartic anharmonic interaction may lead
to the creation of three LA acoustic phonons (a four-phonon process). Several theoretical
papers ([11-13] and references therein) showed that the principal effects arise from the
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Figure 8. The temperature dependence of thg Phonon frequency. Full circles represent the
experimental points and the solid line the volume contribution (implicit effect) due to thermal
expansion of the crystal.

strains and the cubic and quartic contributions of the interaction potential. Within the quasi-
harmonic approximation one determines a temperature-dependent set of crystal coupling
parameters quadratic in the new displacement coordinates of the real strained crystal. To
lowest order they are determined by the equilibrium of the strained crystal in conjunction
with these effects of the third-order anharmonicity terms acting through the strains. The
solutions of the associated equations of motion are modified phonons with frequencies
depending on the volume (for cubic crystals). Then, by means of a perturbation calculation,
one includes the direct coupling between these phonons via the dominant third-order and
fourth-order anharmonic crystal potential parameters. When the lowest-order anharmonic
interactions are taken into account in the radial interaction approximation, the temperature
dependence of the Raman line position of an ionic crystal can be expressed as a sum of
three contributions [24, 25]:

w;(T) = 0;(0) + Aw; v (T) + Awj anin (T) 8)

wherew; (0) is the frequency at absolute zero of tfi@ vibrational mode of the real crystal,
including the frequency of the ideal crystal in the harmonic approximation and a contribution
due to disorder in the real crystal. The frequency shift; ,,;(T') is due to processes leading

to thermal expansion of the crystal (a volume contribution or implicit effect) g, (T)

is the frequency shift due to direct lattice anharmonicity contributions (an explicit effect).
The shift Aw; ,,(T) can be estimated by using equations (7) and (2):

T 3 .
Aw,_w,(T)=—/0 g(%) dr. )
T

We determinedAw; ,,;(T) with the aid of the functiong(7) and« (7T') determined in this

paper. The solid line in figure 8 represents the contribution of the 8L + Aw; v (T)

to the total shift of the phonon frequency, whetge(0) = 3797 cmrl. The good
correspondence between the curve and the experimental data below 400 K indicates that the
frequency shift observed at these temperatures is indeed due to the volume effects. Above
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this temperature it is necessary to include the anharmonic interaction, as its importance
increases rapidly with temperature. Fourth-order anharmonicity causes a positive shift of
the phonon frequency. This effect has already been reported for, Saf; and Bak, [26].
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Figure 9. The Raman linewidthl’;, of the Toq lattice mode in L3S as a function of temperature.
Full circles represent experimental data and the solid line is the best fit according to equation (10).

The temperature dependence of the linewidth obtained within this lattice dynamical
perturbation approach indicates that, if only cubic anharmonic terms are considered, the
linewidth increases linearly with increasing temperature, whereas if quartic anharmonic
terms are included, a quadratic temperature dependence is predicted in the classical limit.
An approximate analytical expression for the temperature dependente(ibfe full width
at half-maximum) was proposed [27, 28]. It is based on the assumption that only nearest-
neighbour central forces are effective (see also the model proposed by &flait{13]).

This results in there being two coupling constants for a cubic crystal. A further assumption
is that the frequencies, and w;, of the LA acoustic phonons produced by three- and
four-phonon processes aig = w o/2 andw;, = w 0/3. The linewidth is

r(Ty=r 1 b 1)* 1 10
§(T) = o+a<na+§>+ (nb+§) + (10)

whereT is the residual broadening due to lattice imperfections (e.g. crystal defects), and
a/2 (third order) and /3 (fourth order) are the coupling constants producing the broadening
of the phonon line at absolute zero due to the cubic and quartic anharmonicity, respectively.
The phonon occupation numbetis and n, are given by Bose—Einstein statistics. This
approach contains additional approximations, such as the omission of other possible, more
complex, decay channels and the assumption that all of the low-energy phonons have the
same frequency. The solid line in figure 9 represents the best theoretical fit, obtained using
(10). The values of the anharmonic constamtand » were found to be 0.572 cm and

1.862 cnvl, respectively, and the residual linewidth due to disorder in the crystavas

found to be 4.21 cm'. Agreement between the theoretical and experimental values was
obtained over the temperature range 0—850 K.
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A similar behaviour of the 75 phonon linewidth to that discussed above has already been
reported by Elliottet al [13] for alkaline-earth fluorides. By including both anharmonicity
and the effects due to defects (vacancies and interstitials) in a theoretical treatment of Raman
scattering, they showed that a large concentration of defects could induce a breakdown of
the selection rules and add a large broadening of the phonon linewidth.

Previous studies by Altorfeet al [5, 6] demonstrated that above 850 K the quasi-
elastic neutron scattering observed from3.iwas due to single-particle tiion motion.
They further demonstrated, with the aid of diffraction data, that a large shift of théohi
position is observed along th@&11) directions and that the octahedral interstitial sites are
partially occupied. The question of whether the observed supplementary Raman bands are
due to minute sulphur polymers deposited on the walls of the cell or whether they are
genuinely due to the local trigonal clusterSs,) with the displaced Li ion and the vacancy
located on the principal axis of the surrounding Li pseudocube remains to be resolved. The
observed symmetry of the supplementary bands is not in contradiction with the hypothesis
of such local clusters.

5. Conclusion

The temperature dependence of the one allowgdREman phonon mode in single crystals

of Li,S has been investigated in detail over the temperature range 7-1183 K. With the
aid of x-ray diffraction experiments and Raman pressure measurements, the effects of the
guasi-harmonic part associated with thermal expansion on the temperature dependence of the
phonon frequency was studied. The results showed that these effects could not totally explain
the experimental temperature dependence of the phonon frequgnapd linewidthI;

above 400 K. Fourth-order anharmonicity must be considered. Since a strong broadening of
the T4 line was pointed out above 850 K, as well as the appearance of a new high-frequency
line, supplementary high-temperature polarized Raman experiments were performed. They
demonstrated that supplementary scattering in normally forbidden symmetry is effective.
The hypothesis of the onset of a possible diffuse phase transition,$ reimarkably far

from its melting point(7,, = 1645 K) cannot be neglected.
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