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We have investigated the high-pressure behavior of lithium
sul5de Li2S by Raman spectroscopy and synchrotron angle-
dispersive powder X-ray di4raction in a diamond anvil cell
(T 5 298 K). There occurs a fully reversible phase transition
from the anti6uorite (Fm3m, Z 5 4) to an orthorhombic struc-
ture at about 12 GPa (increasing pressure). Atomic positions of
the orthorhombic phase were re5ned using the Rietveld method.
Near 20 GPa the structure of the high pressure phase is of the
anticotunnite type (Pnma, Z 5 4), which consists of a distorted
hexagonal close packed (hcp) array of S atoms, Li(1) atoms
occupying all the octahedral sites, and Li(2) atoms situated in
one-half of the tetrahedral positions. The Li(1) atoms are shifted
toward one of the S atoms so that their actual coordination is
square pyramidal (5 1 1). At lower pressures the orthorhombic
phase passes through an intermediate structural arrangement
where the Li atoms are disordered, occupying a larger fraction of
the tetrahedral sites of the anticotunnite-like hcp sulfur sublat-
tice. Based on the analysis of atomic positions, we discuss the
mechanism for the anti6ourite to anticotunnite transforma-
tion. ( 2000 Academic Press

INTRODUCTION

Lithium sul"de Li
2
S, "rst synthesized by Zintl et al. (1),

has the anti#uorite structure at ambient conditions, Fm3m,
Z"4 (1, 2). It undergoes a di!use (&&Faraday'') phase
transition to a fast-ion-conduction region at about 850 K
and is referred to as a superionic conductor (3, 4). Its high
ionic conductivity is discussed as a consequence of a Fren-
kel defect formation by a lithium atom redistribution on
their regular sites as well as on interstitial sites without any
signi"cant distortion of the fcc sulfur sublattice.

Pressure-induced phase transitions in the -uorite com-
pounds into the PbCl

2
(cotunnite) structure (Pnma, Z"4)
1To whom correspondence should be addressed. Fax: ##49 711 689
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were "rst reported for CaF
2
, SrF

2
, BaF

2
, PbF

2
, and EuF

2
(5, 6). The orthorhombic structures of CaF

2
and BaF

2
were

re"ned from X-ray and neutron di!raction data by Gerward
et al. (7) and by Leger et al. (8), respectively. Subsequently,
the same #uoritePcotunnite transition was found to take
place in several dihalogenides and dioxides (9}11). Some of
the dihalogenides further transform into the &&post'' cotun-
nite (P2

1
/a, Z"8) or Ni

2
In (P6

3
/mmc, Z"2) structures

(12). The sequence of pressure-induced transitions Fm3mP

PnmaPP2
1
/a or Fm3mPPnmaPP6

3
/mmc involves an

increase of the cation coordination numbers from
8 (#uorite), 9 (cotunnite), and 10 (&&post'' cotunnite) to 11
(Ni

2
In).

The "rst reported studies of pressure-induced structural
changes in the anti-uorite compounds concern Mg

2
Si,

Mg
2
Ge, and Mg

2
Sn (13, 14). In these materials, phase

transitions were observed in the range from 2.5 to 5.5 GPa
and the powder di!raction patterns of the high-pressure
phases were indexed on the basis of a hexagonal cell. How-
ever, two more recent studies carried out on Mg

2
Ge and

Mg
2
Sn showed that these hexagonal phases do not corres-

pond to compounds with the ideal 2:1 stoichiometry but to
compositions Mg

9
Sn

5
(15) and Mg

2
Sn

1`x
(16), respectively.

In the former, the crystal structure determination revealed
that the Mg subarray is very similar to that of the cotunnite
structure, the small di!erences being a result of an insertion
of additional Sn atoms (15). In the latter, the satellite re#ec-
tions were interpreted as due to the existence of a composite
with two closely related crystal structures corresponding to
two incommensurate atomic subsystems (16).

In this study, we are interested in the high pressure
behavior of lithium sul"de at room temperature. Structure
and properties of this material have so far been extensively
studied as a function of temperature at atmospheric condi-
tions but not as a function of elevated pressures. Here, we
present our high-pressure data on Li

2
S obtained by in situ

Raman spectroscopy and angle-dispersive X-ray di!raction
in a diamond anvil cell at pressures up to 20 GPa
(¹"298 K).
3
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EXPERIMENTAL

A "nely grained sample of Li
2
S (Alfa-Aesar) with the

99.9% nominal purity was used for all the experiments.
A chemical analysis of the compound with the ICP method
gave the stoichiometry Li

1.975
S. The deviation from the

ideal composition is within the error limits of the analytical
technique. Small amounts of oxygen which could be due to
the presence of impurities of Li

2
SO

4
were detected. How-

ever, these impurities could not be observed by X-ray dif-
fraction and Raman spectroscopy so that in all the
subsequent experimental procedures and data analysis we
assumed that our sample has the ideal Li

2
S stoichiometry.

The X-ray powder di!raction diagram at ambient pressure
was obtained with a STOE di!ractometer in the 2h range of
10}853 using monochromatic CuKa

1
radiation. A least-

squares re"nement of the 2h values for nine re#exions of
Li

2
S, with silicon as an internal standard, led to the unit cell

parameter a"5.7125 (2) As .
Both the high-pressure Raman and the XRD experiments

up to 20 GPa (¹"298 K) were carried out on the same
batch of the sample. The Li

2
S "ne powder was always

handled in glove boxes. It was loaded into diamond cells
(DACs) without any pressure medium. Raman spectra were
collected using a triple spectrograph with CCD signal detec-
tion. Raman scattering was excited using an Ar ion laser at
FIG. 1. Raman spectra of Li
2
S upon c
a wavelength of 487.98 nm. Angle-dispersive X-ray powder
di!ractograms in a DAC were measured on the ID9 beam-
line at the European Synchrotron Radiation Facility
(Grenoble). Monochromatic radiation at j"0.43171(1) As
was used for pattern collection on image plates. The images
were integrated using the program FIT2D (17) to yield
intensity versus 2h diagrams. The instrumental resolution
(the minimum full width at half height of di!raction peaks)
was about 0.033. To improve powder averaging, the DAC
was rotated by $33. The ruby #uorescence method (18)
was used for pressure calibration.

RESULTS

Raman Spectroscopy

At ambient pressure, only one Raman mode of the
F
2'

symmetry, mainly due to the motion of the Li sublattice,
is allowed for the cubic anti#uorite structure (3, 4). This
mode is observed at 372 cm~1. An additional broad and
weak band is seen at 462 cm~1 (Fig. 1). The frequency of this
band approximately agrees with that of a rather #at longitu-
dinal optical (LO) phonon branch as determined by inelas-
tic neutron scattering (3). Thus, the broad Raman feature
possibly is due to "rst-order LO scattering, induced by
a small size of crystallites and/or disorder e!ects. On the
other hand, no disorder-induced scattering is observed in
ompression (a) and decompression (b).
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the acoustical phonon regime. Therefore, we cannot rule out
that the broad feature arises from second-order Raman
scattering involving zone boundary acoustical modes.

Upon compression (Fig. 1a) both Raman peaks shift to
higher energy. At pressures above about 12.5 GPa new
Raman bands appear. Furthermore, a signi"cant decrease
in intensity of the Raman signal is observed. In transmitted
light the sample turns dark yellow. The changes in the
Raman peaks indicate a structural phase transition. The
hysteresis is signi"cant and the high-pressure phase can be
retained down to about 6 GPa, as indicated by the Raman
spectra for decreasing pressure shown in Fig. 1b. Upon
decompression, the intensity changes in the spectra are
reversible. Up to four strong and two weak features can be
identi"ed in the Raman spectra of the high pressure phase.
This is clearly evident from spectra measured for decreasing
pressure (Fig. 1b).

Figure 2 shows Raman frequencies as a function of pres-
sure for the anti#uorite phase and the high-pressure modi"-
cation of Li

2
S. We note the rather strong pressure

dependence of the F
2'

mode of the cubic phase. Its shift is
about three times larger compared to that of the the broad
Raman feature observed for the cubic phase.
FIG. 2. Pressure shift of the Raman bands of Li
2
S. Circles and dia-

monds refer to the anti#uorite (Fm3m, Z"4) and orthorhombic (Pnma,
Z"4) phases, respectively. Solid and open symbols are for increasing and
decreasing pressure, respectively. Lines through the data points measured
for increasing pressure are guides for the eye. The dashed vertical lines
indicate phase transition pressures for increasing and decreasing pressure.
X-Ray Diwraction

Di!raction diagrams measured at di!erent pressures are
shown in Fig. 3. At pressures up to about 13 GPa, all the
di!raction peaks are due to the cubic anti#uorite structure.
At higher pressures, additional peaks appear, indicating the
onset of a phase transition in agreement with the Raman
data. The pressure region upon compression, at which the
two phases coexist, is quite broad and the re#ections corre-
sponding to Li

2
S anti#uorite completely disappear at about

18 GPa. The high-pressure polymorph can be decom-
pressed at least down to 7.9 GPa.

All the Bragg peaks of the new phase at 20.5 GPa could
be indexed (19) on the basis of only one orthorhombic cell:
a"5.724(6) As , b"3.559 (4) As , and c"6.669 (4) As
(M

21
"6.7, F

21
"15.6). The cell volume <"135.87 As 3

indicated that the number of Li
2
S formula units in the unit

cell is four, Z"4. The systematic extinctions consistent
with space group Pnma together with the unit cell dimen-
sions suggested that the new orthorhombic phase would
have the anticotunnite structure. A full Rietveld pro"le
re"nement of the pattern at 18.8 GPa (Fig. 4) was carried
out using the program GSAS (20). The starting atomic
coordinates were those of the cesium and sulfur atoms in
Cs

2
S (21). The re"ned parameters were the fractional coor-

dinates, isotropic thermal parameters, Chebyshev poly-
nomial background, Stephens pro"le function (22), cell
parameters, and March-Dollase correction for preferred
orientation. The same strategy and sets of structural and
global parameters were used for all the other Rietveld re-
"nements discussed in this work. It should be emphasized
that the Stephens pro"le function, incorporating the anisot-
ropic peak broadening due to a strain (22), is indispensable
for the case of the high-pressure experiments with an
uniaxial compression component in a DAC. The re"nement
converged to R

81
"12.4%, R

1
"10.0%, s2"2.47,

R(F2)"8.4%. The "nal atomic and lattice parameters are
given in Table 1 and Table 2 lists the interatomic distances.
The structure is represented in Fig. 5. The Li(1) atoms
occupy half of the available tetrahedral sites. The octahedral
Li(2) atoms are shifted from the equatorial plane toward one
of the apical S atoms, leading to a coordination number 5,
corresponding to a square pyramide (5#1).

Close examination of the patterns collected upon decom-
pression reveals that the relative intensities of the peaks,
especially the ones in the range 2h"7.5}93, are continuous-
ly changing (Figs. 3 and 4). For instance, there is an intensity
inversion of the (011) and (111) re#ections at 7.9 GPa rela-
tive to the intensity ratio of these peaks at much higher
pressures. Indexing all the patterns upon decompression can
be done using the orthorhombic cell (Pnma, Z"4) and
there are no peaks (dis)appearing that would possibly sug-
gest changes in symmetry. However, a Rietveld re"nement
of the pattern at 7.9 GPa with the anticotunnite structure



FIG. 3. X-ray powder di!raction patterns of Li
2
S upon compression (a) and decompression (b). Miller indices are given for the (011) and (111)

re#ections of the high-pressure orthorhombic phase.
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failed with unacceptably short Li}S bonds. When con-
straints on the minimal Li}S and Li}Li distances were used,
such &&soft'' constraints could not be removed at any stage of
the re"nement. Additionally, the relative contribution of
these constraints to s2 at the "nal stage amounted to 97%
and the R agreement factors were very poor. It should be
FIG. 4. Observed, calculated, and di!erence X-ray di!raction pro"les
of orthorhombic Li

2
S at 18.8 GPa (increasing pressure) and 7.9 GPa (de-

creasing pressue). Vertical markers indicate Bragg re#ections.
noted that similar intensity anomalies are observed upon
compression just above the phase transition in the region
where the two phases coexist (Fig. 3). We thus attribute the
intensity changes of Bragg peaks observed upon ap-
plying/releasing pressure to a rearrangement of Li atoms
within the sulfur framework.

Application of direct methods (23) to solve the structure
of Li

2
S in the Pnma space group from the pattern at 7.9 GPa

yields 5 maxima in the Fourier maps, all of them at the
special positions 4c (x, 1

4
, y) (Table 3). The highest maximum

corresponds to the S atom at the coordinates close to those
of the anticotunnite structure. The remaining four maxima
are approximately of the same height. Two of them repro-
duce, together with the S atom, the anticotunnite structure
TABLE 1
Final Atomic Coordinates for the Anticotunnite Phase of Li2S

at 18.8 GPa=Pnma (Z54), a 5 5.7353(11) As , b 5 3.5448(4) As ,
c 5 6.6861(8) As

x y z

S 0.7559(9) 1
4

0.6075(2)
Li(1) 0.1535(20) 1

4
0.5735(16)

Li(2) 0.500(5) 1
4

0.3210(18)



TABLE 2
Interatomic Distances (As ) in the Coordination Polyhedra around

Li Atoms in the Anticotunnite Phase of Li2S at 18.8 GPa

Li(1)S
4

tetrahedron Li(2)S
6

octahedron
Li(1)}S** 2.296(12) Li(2)}S*** 2.351(17)
}S*** 2.216(11) }S*7 2.351(17)
}S*7 2.212(7) }S7* 2.680(16)
}S7 2.212(7) }S7** 2.680(16)

}S* 2.420(19)
}S7*** 3.192(16)

Note. Symmetry codes: i, x, y, z; ii, x!1, y, z; iii, x!1
2
, y, 3

2
!z; iv, 1!x,

y, 1!z; v, 1!x, y#1
2
, 1!z; vi, 3

2
!x, y, z!1

2
; vii, 3

2
!x, y#1

2
, z!1

2
; viii,

x!1
2
, y, 1

2
!z.

TABLE 3
Atomic and Fourier Peak Coordinates for Li2S (Pnma, Z 5 4) at

7.9 GPa Obtained with Direct Methods (23)

Height x y z

S 2210 0.774 1
4

0.604
Li

#
269 0.090 1

4
0.596

Li
#

224 0.470 1
4

0.573
Li 217 0.935 1

4
0.372

Li 200 0.215 1
4

0.614

Note. The "nal R(F2) value of a calculated di!raction pattern using all
"ve atoms and half-occupancy of Li sites, with no Rietveld re"nement, is
12.3%. The two atoms Li

c
, together with the sulfur atom, give the an-

ticotunnite structure displaced by the vector c/2.
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displaced by c/2. The other two and the S atom form a new
arrangement, discussed below. A calculated di!ractogram
with all "ve atom positions and half-occupancy of the Li
sites accounts very well for the inversion of the intensities.
However, a determination of interatomic distances results in
some very short (well below 2 As ) Li}S and Li}Li distances.

The results given in Table 3 suggest a structural model
where a mixture of two phases is assumed, i.e., an anticotun-
nite phase and a second component, that has the same
FIG. 5. Crystal structure of anticotunnite Li
2
S at 18.8 GPa (Pnma,

Z"4). Large and small circles are the sulfur and lithium atoms, respective-
ly. Dark and light symbols stand for the atoms at y"3

4
and y"1

4
,

respectively.
lattice parameters and the same structural parameters for
the sulfur sublattice, but a di!erent arrangement of Li
atoms. In our two-phase re"nements described below, the
&&soft'' constraints for atomic distances in both phases were
necessary only in the initial stages and could be removed for
the "nal re"nement. In the "rst case considered, both com-
ponents have the Pnma symmetry and all the atoms occupy
the 4c sites (x, 1

4
, z) in the Pnma lattice. After the re"nement,

however, some of the Li}Li and Li}S distances in the second
(non-anticotunnite) component were found to be anomal-
ously short, and the model was rejected.

We thus considered a second case where the anticotunnite
component has the Pnma space group, while the other phase
is in the Pn2

1
a space group and both components have

equal abundance. The noncentrosymmetric space group
allows for a higher degree of freedom in the lithium atom
positions. In the space group Pn2

1
a, which has the same

extinction conditions as Pnma, these atoms are in the gen-
eral 4a sites (x, y, z) with no restriction y"1

4
. The re"ned

structural model with the second component in the Pn2
1
a

space group is given in Table 4. The origin of the unit cell in
the Pn2

1
a space group was "xed at the sulfur atoms by

restraining their y coordinate at y"1
4
. The optimized
TABLE 4
Final Atomic Coordinates for Orthorhombic Li2S at 7.9 GPa

x y z

Pnma (Z"4)
S 0.7700(7) 1

4
0.6077(12)

Li(1) 0.9298(20) 1
4

0.3633(17)
Li(2) 0.315(3) 1

4
0.555(3)

Pn2
1
a (Z"4)

S 0.7700(7) 1
4

0.6077(12)
Li(1) 0.849(2) 0.78(2) 0.362(2)
Li(2) 0.522(3) 0.797(14) 0.406(3)

Note. The cell parameters are a"5.9219(13) As , b"3.6463(4) As ,
c"6.8977(8) As . The results refer to a two-phase re"nement involving equal
weights of the Pnma and Pn2

1
a components.



TABLE 5
Interatomic Li+S Distances (As ) in the Pn21a Phase

of Li2S at 7.9 GPa

Li(1)S
4

tetrahedron Li(2)S
4

tetrahedron
Li(1)}S* 2.60(7) Li(2)}S* 2.84(4)
}S** 2.46(6) }S** 2.61(4)
}S*** 1.89(2) }S*** 2.41(2)
}S*7 2.27(2) }S7 1.74(2)

Distances in the Li}wurtzite-like net
Li(1)}Li(1)*7 3.18(3) Li(2)}Li(2)7*** 2.25(2)
}Li(1)7* 3.18(3) }Li(2)7 2.25(2)
}Li(2)7** 2.12(2) }Li(1)*9 2.12(2)
}Li(2)* 1.97(2) }Li(1)* 1.97(2)

Note. Symmetry codes: i, x, y, z; ii, x, 1#y, z; iii, 3
2
!x, 1

2
#y, z!1

2
; iv,

2!x, 1
2
#y, 1!z; v, 1!x, 1

2
#y, 1!z; vi, 2!x, y!1

2
, 1!z; vii, 1

2
#x,

y, 1
2
!z; viii, 1!x, y!1

2
, 1!z; ix, x!1

2
, y, 1

2
!z.
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y coordinate for the Li(1) atom is close to y"3
4
. The

re"nement converged to R
81

"12.9%, R
1
"10.1%,

s2"2.76, R(F2)"12.0% (Fig. 4). The "nal interatomic
distances are collected in Table 5. The major feature of the
atomic arrangement in the Pn2

1
a component, discussed in

more detail in the next section, is the presence of empty
octahedral positions and the occurrence of all the Li atoms
at two adjacent tetrahedral sites; i.e., the two coordination
tetrahedra of Li have a common face. From a stereochem-
ical point of view (a Pauling rule), such an arrangement may
be considered unstable as a result of the Li}Li repulsion. On
the other hand, all determined Li}Li and Li}S distances are
comparable to the ones found in other Li-containing com-
pounds at ambient pressure, e.g., Li

4
Mo

6
S
8

(Li}Li"2.09,
2.13 As ) (24), Li

3
InO

3
(Li}Li"1.96}2.33 As ) (25), Li

8
O

2
(GeO

4
) (Li}Li"2.19 As ) (26), Li

8
CoO

6
(Li}Li"2.13 As )

(27), Li
1.02

Mo
6
S
8

(Li}S"2.00 As ) (24), and Li
4
Re

6
S
11

(Li}S"2.08 As ) (28).
We tested a third model that is based on the parent

anticotunnite structure (Fig. 5). In this model, the Li atoms
at the octahedral sites would be distributed at two split
positions shifted toward the opposite apical sulfur atoms;
i.e., the actual coordination for the two split sites would be
5#1. This, in turn, would give very short Li}Li distances
with the lithium atoms occupying the half of tetrahedral
sites. To avoid this situation, lithium atoms would need to
be distributed over the available tetrahedral positions in
a correlated manner. Such a cooperative redistribution of
the Li atoms leads to two interpenetrating structures dis-
placed with respect to each other by a vector c/2. A Rietveld
re"nement with this set of tetrahedral and octahedral sites,
"xed at 0.5 each, converged to R(F2)"13.0%. When the
respective split occupancies were re"ned, this agreement
factor dropped to 10.9%. Like in the previous two-phase
model, all determined Li}Li and Li}S distances fall in an
acceptable range. However, the inversion of the intensities
of the (011) and (111) peaks is not well accounted for.
From our structural modeling of the low-pressure di!rac-
tion data of orthorhombic Li

2
S we conclude that a two-

phase model involving equal abundance of an anticotunnite
component and a second component with Pn2

1
a space

group provides the most satisfactory, but still approximate,
description of the disordered arrangement of Li atoms
which develops in the low-pressure regime of the orthor-
hombic phase. At higher pressure the disorder is reduced,
such that near 20 GPa we arrive at the anticotunnite struc-
ture, where all octahedral sites and half of the tetrahedral
sites are occupied.

Equation of State and GruK neisen Parameters

The pressure dependence of lattice parameters and unit
cell volume is shown in Fig. 6. The unit cell volume of the
anti#uorite phase, determined from the X-ray pattern col-
lected at ambient pressure, is 186.41 As 3. The relative volume
change for the anti#uorite and orthorhombic phases of Li

2
S

at 13.7 GPa is 6.6%. The third-order Birch-Murnaghan
equation of state (29) was used for "tting the pressure
dependences of the unit cell volume. The extracted isother-
mal bulk modulus (K

0
), and its "rst derivative (K@

0
), both at

zero pressure, for the anti#uorite phase are 52(2) GPa and
2.1(4), respectively. The corresponding parameters for the
orthorhombic polymorph at <

0
"141 As 3 (P

0
"13.6 GPa)

are K
0
"137(23) GPa and K@

0
"4 ("xed). The sensitivity of

the sample precluded a use of any pressure medium. How-
ever, we would like to point out that Li

2
S, especially in the

anti#uorite structure, is relatively soft so that the obtained
values of the bulk moduli as well as the accuracies of
transition pressure for both the Raman and X-ray data are
not signi"cantly a!ected by nonhydrostatic conditions of
our experiments.

The volume dependence of Raman modes can be
described by a mode GruK neisen parameter
c"!(L ln l/L ln<)"(K

0
/l

0
) (Ll/LP), where l is the fre-

quency of a Raman band and < is the volume. For the
allowed Raman mode of the anti#urite phase the GruK neisen
parameter, assuming K

0
"52 GPa, is c"1.26. For the

broad Raman feature observed in the anti#uorite phase we
have c"0.35. The GruK neisen parameters for the Raman
features of the orthorhombic phase, corresponding to the
slopes of the solid lines in Fig. 2, range from about c"1.5 to
c"3.0.

DISCUSSION

The results of this study show that at room temperature
lithium sul"de undergoes a pressure-induced anti#uorite
Panticotunnite phase transition at about 12 GPa. In this
respect, Li

2
S behaves like #uorite-type compounds, which

transform to their cotunnite-type polymorphs at high pres-
sures (5}12). For the anti#uorite-structured light alkali



FIG. 6. Pressure dependence of lattice parameters (a) and unit cell volume (b) of Li
2
S. Circles and diamonds refer to the anti#uorite and orthorhombic

phases, respectively. For both phases the number of formula units in the unit cell is Z"4. Solid and open symbols are for increasing and decreasing
pressure, respectively.
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metal sul"des this transition is expected, because Cs
2
S has

the anticotunnite lattice at atmospheric pressure (21). The
transformation anticotunnite % anti#uorite in Li

2
S in-

volves an orthorhombic intermediate with a disordered
lithium sublattice. This disorder is manifested by the anom-
alous relative intensities of the (011) and (111) X-ray re#ec-
tions.

The anticotunnite structure (Pnma, Z"4) can be de-
scribed in two di!erent ways. The "rst one (30}32) considers
the coordination polyhedra of the majority element (in this
case lithium) around the minority (in this case sulfur) atoms
(Fig. 5). Accordingly, the anticotunnite lattice in Li

2
S con-

sists of chains of trigonal prisms around the S atoms, con-
nected by common edges and running parallel to the ab
plane. The chains are displaced by b/2 with respect to each
other. The S atoms are inserted into these trigonal prisms in
such a way that each S2~ anion (y"1

4
) is surrounded by

nine Li` cations. Six of them (y"!1
4

and 3
4
) are situated at

the apices of the trigonal prisms and the remaining three
(y"1

4
) belong to adjacent chains and are capping the three

lateral faces of the prisms. The interatomic distances given
in Table 3 compare well to those expected from the corre-
sponding ionic radii.

An alternative description of this structure has been pro-
posed for Cs

2
S (21). The lattice consists of a distorted hcp
array of S atoms, with Li(1) atoms occupying all the oc-
tahedral sites and Li(2) situated in one-half of the tetrahed-
ral holes (Fig. 5). The octahedral Li atoms are shifted from
the equatorial plane toward one of the apical S atoms,
leading to a coordination number 5, corresponding to
a square pyramide (5#1).

The latter description makes it possible to relate the
anticotunnite structure to the lithium disorder. From the
stereochemical point of view, the disordering could be best
explained by the presence of the split octahedral (the actual
5#1 coordination) and tetrahedral sites for the lithium
atoms. However, the observed X-ray intensity anomalies
cannot be well accounted for with such a structure model.
The model, whose calculated patterns better match the
observed ones, would require a transfer of octahedral Li
atoms to the other half of the tetrahedral holes which are
empty in the parent anticotunnite lattice. The "nal (hypo-
thetical) result of such a transfer would be an unaltered hcp
arrangement of S atoms with all the tetrahedral sites occu-
pied by Li atoms and with all the octahedral positions
unoccupied (Fig. 7).

In such a structure, which is only partially realized in
orthorhombic Li

2
S, the coordination numbers are again

those of the anti#uorite type. The S atoms are coordinated
by eight Li atoms, forming trigonal prisms, whose triangular



FIG. 7. The intermediate structure of Li
2
S in the Pn2

1
a space group. (a) A projection along the b axis showing the array of the Li atoms. (b)

A stereopair showing one layer of chair-conformed hexagons of Li atoms. Large and small circles correspond to S and Li atoms, respectively. Di!erent
shades of gray are used for the sake of the oclarity of the stereopair. The mechanism for a formation of the simple cubic subarray of Li atoms can easily be
deduced by moving the Li atoms, which form the vertical bonds, above and below the center of the hexagons.
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faces are capped by two additional Li atoms. The Li atoms
form a tetrahedral wurtzite-like array, in which every Li
atom is coordinated by four other ones at distances of 2.11,
2.32, and 2]2.64 As (Table 5). It should be recalled that in
the hcp array, pairs of tetrahedra have a common face. In
the Pn2

1
a framework (Tables 4 and 5), all these tetrahedra
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are occupied by Li atoms separated by the shortest Li}Li
distance of 2.11 As . The Li}Li distance of 2.11 As would
destabilize the lattice as a consequence of the repulsion of
the two cations. However, this repulsion could be compen-
sated by the two short Li}S distances (close to 2.00 As )
between the Li atoms and the S atoms at two opposite
corners of the tetrahedra (Table 5). In fact, simple Coulomb
calculations (21) for the &&split Li atom'' model and the &&all
tetrahedral'' arrangement reveal that the lattice energies of
the two structures (2988 and 3031 kJ/mol at 7.9 GPa, re-
spectively) are very close to each other so that both of them
could be expected to occur in the metastability region of the
pressure-induced anticotunnite structure, i.e., upon decom-
pression at pressures well below 12 GPa, as well as on
compression in the pressure region where the two phases
coexist. Lattice expansion on releasing pressure, and hence
changes in packing of the sulfur substructure, would result
in low-valent lithium atoms occupying a large fraction of
the available tetrahedral sites of the hcp lattice.

The structure, with all the octahedral sites unoccupied,
can be viewed as a probable intermediate step in the an-
ticotunnite % anti#uorite transition. A mechanism for this
transition path could be the displacement of every third
S layer of the hcp array to form the fcc array present in the
anti#uorite structure. At the same time the chair-conformed
layers of Li atoms, which constitute the wurtzite-like sublat-
tice, are also displaced with respect to each other in such
a way that the atoms forming the shortest Li}Li distances
are situated above and below the center of every chair-
conformed hexagon. The result is a simple cubic net that is
in fact the Li sublattice in the anti#uorite structure.
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