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Raman spectroscopy and synchrotron angle-dispersive X-ray diffraction were applied to investigate
pressure-induced phase transitions in lithium sulfide (Li,S). We observed two reversible transitions, first
from the cubic antifluorite (Fm3m) phase to an orthorhombic anticotunnite (Pnma) phase at about
13 GPa, followed by a transition to the hexagonal NiyIn-type (P63/mmc) structure above 30 GPa, as
previously predicted by ab initio density functional theory calculations.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

Systematic studies of pressure-induced phase transitions in
compounds belonging to a particular family are important for un-
derstanding these transitions and their pathways, testing the
applicability of theoretical models, and more generally, for under-
standing the properties of matter under extreme conditions.

The sequence of pressure-induced phase transitions for alkali
metal sulfides (A,S) has recently undergone investigation [1—5].
LisS, NayS, K3S, and Rb,S crystalize at ambient conditions in the
cubic antifluorite structure (space group: Fm3m). Under high
pressure, LipS, NapS, and RbS undergo an antifluorite-to-
anticotunnite (PbCl,-type structure with the space group: Pnma)
phase transition at continuously lower pressures. Increasing the
cation size [1,2,4] results in the stability of the anticotunnite
structure of Cs,S already at ambient pressure [5]. At higher pres-
sures, a second phase transition from the anticotunnite phase to a
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hexagonal P63/mmc NiIn-type phase (or its distorted analogue)
was observed for Na;S [2], Rb,S [4], and Cs;S [5], whereas in K3S,
the NiyIn-type structure was identified at 6 GPa without the for-
mation of the anticotunnite structure [3]. For Li5S, a transition from
the anticotunnite phase to a NiyIn-type structure was predicted
theoretically by ab initio total energy calculations in the pressure
range 28.8—40.6 GPa, depending on the calculation method used
[6,7]; however, it has not been observed experimentally until now.

It can be expected that the related family of alkali oxides (A,0),
which adopts the antifluorite structure at ambient conditions, will
also follow the same series of phase transitions. Indeed, the only
high-pressure studies of LiO reveal the antifluorite-to-
anticotunnite phase transition at ~50 GPa [8,9].

Alkali metal chalcogenides and oxides are isoelectronic with ice
(H20), for which a transition from symmetric ice X to the anti-
fluorite structure of ice XI was predicted for pressures above
150 GPa [10,11]. Due to this similarity, an understanding of the
high-pressure behavior of Li,S will potentially aid in the description
of dense ice structures that are important for planetary geosciences
and fundamental chemistry. Investigation of this material will
provide better understanding of more complex metal oxides and
chalcogenides.

Recently, the transition to a superconducting state at high
pressures was reported for HpS at T. = 203 K [12]. This critical
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temperature is higher than that of any previously known super-
conducting compound and was attributed to the conventional
mechanism of superconductivity caused by electron-phonon
interaction, the high T. arising due to the small mass of the
hydrogen atom. However, an alternative explanation of the
observed effect that implied the mechanism of hole superconduc-
tivity was proposed in Ref. [13]. Within the framework of this
theory, insulating alkali metal sulfides (Li,S, Na;S, and K3S) were
proposed as candidates for high-temperature superconductivity at
high pressure [13]. Phase transitions in these materials have thus
far not been explored experimentally above 20 GPa. In order to
clarify these theoretical propositions, the upper limit of the
experimental studies should be raised to the Mbar pressure range.

In the present work, we report our results of the studies on
phase transitions in Li»S by in situ Raman spectroscopy and angle-
dispersive X-ray diffraction in a diamond anvil cell up to 64 GPa at
room temperature.

2. Material and methods

The finely powdered samples of Li,S (Alfa-Aesar, nominal purity
99.98%) were loaded in a diamond anvil cell (DAC) with a stainless
steel gasket. The diamond anvils had flat culets of 500 pm diameter.
Because of the high sensitivity of LiyS to oxygen and moisture, the
sample batch was stored in a glovebox. The sample loading was
performed in a glovebox in an atmosphere of pure argon, con-
taining <0.1 ppm of oxygen and water. To avoid sample contami-
nation, no pressure-transmitting medium was used.

In Raman spectroscopic measurements, a Melles Griot 25-LHP-
928-230 HeNe laser with a nominal power of 35 mW was used for
excitation, and the spectra were recorded in back-scattering ge-
ometry. The laser power at the sample position can be estimated as
=26 mW because of losses due to the optical elements. Spectral
acquisition was achieved using a customary Raman optical micro-
scope system for DACs with a single imaging spectrograph
(Princeton Instruments Acton SP 2500; focal length 500 mm),
equipped with a diffraction grating of 1200 grooves/mm and a
liquid nitrogen cooled charge-coupled device detector. The spectral
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resolution in the studied spectral range was of ~1 cm~". The Raman
spectrometer was calibrated using Ne spectral lines with an error of
+1 cm™ L. The pressure was determined using the fluorescence lines
of a ruby ball, which was loaded into the hole in the gasket in
contact with the sample.

Angle-dispersive X-ray powder diffraction patterns were
measured on the IDO9A beamline at the European Synchrotron
Radiation Facility using a monochromatic beam of wavelength
A = 0.41235 A. The integration of two-dimensional images was
done using the FIT2D program [14].

3. Results and discussion

At ambient pressure, Li,S crystalizes in the cubic Fm3m anti-
fluorite type structure. Symmetry analysis predicts only one Raman
active mode of F>¢ symmetry in this structure, corresponding to the
breathing-type motion of the Li atom substructure. In this study,
the Raman spectra recorded for Li,S at pressures up to about 13 GPa
show only this single peak (Figs. 1 and 2); X-ray diffraction patterns
collected at low pressures can be unambiguously indexed to the
antifluorite Fm3m structure (Figs. 3 and 4). The frequency of the
observed Raman peak and its shift to higher frequencies upon
compression (Fig. 2), as well as changes in the lattice parameters
with increasing pressure (Fig. 5a), are in good agreement with data
from previous high-pressure studies of LiyS [1]. The fit of the third-
order Birch-Murnaghan equation of state [15] to the experimental
pressure-volume data (Fig. 5b) yields a bulk modulus (Bp) value of
52(4) GPa, in good agreement with previous experimental studies
[1] and theoretical calculations [7].

At a pressure of = 13 GPa, new bands in Raman spectra (Fig. 1)
and additional peaks in the X-ray diffraction patterns (Fig. 3)
appear, indicating a structural phase transition to the anticotunnite
phase [1]. The observed Raman spectra and diffraction patterns
indexed to the orthorhombic Pnma anticotunnite-type structure
are in good agreement with previous studies [1], as are the pressure
dependencies of the frequencies of Raman bands (Fig. 2) and lattice
parameters (Fig. 5) [1]. The bulk modulus of Li,S in the anti-
cotunnite phase is found to be 133(3) GPa, which is very close to the
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Fig. 1. Representative Raman spectra of Li,S measured in the course of increasing (a) and decreasing pressure (b). Linear background presumably due to the luminescence from
diamond anvils is subtracted from the spectra recorded at 51 and 64 GPa. Pressure values in GPa are given on the right hand side of the curves.
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Fig. 2. The frequencies of the Raman active modes of Li,S plotted as a function of
pressure. Circles and diamonds refer to the data reported in Ref. [1] for cubic anti-
fluorite and orthorhombic anticotunnite phases, respectively. Triangles, stars, penta-
gons and squares represent the data of the present work obtained in different pressure
runs. Solid and open symbols are for increasing and decreasing pressure runs,
respectively. Solid lines drown through the data points are the guides for eye.
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Fig. 3. X-ray powder diffraction patterns obtained upon increasing pressure. Red
vertical bars denote reflections from the Al,03 pressure gauge balls embedded in the
Li,S sample. Blue, dark yellow, and magenta vertical bars correspond to the Bragg
reflections of low-pressure, cubic Fm3m phase, high pressure, orthorhombic Pnma
phase and high pressure, hexagonal P6s/mmc phase (NiyIn-type structure), respec-
tively. Corresponding Miller indices are given below the bars. Digits to the right of each
pattern denote the corresponding pressure values in GPa. Spurious reflections from
Al,05 were subtracted from the pattern obtained at 1.8 GPa. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

previously reported value of 137 GPa[1]. The anticotunnite phase of
Li>S appears to be much less compressible when compared to its
antifluorite structure. Similar behavior is also observed in Na;S [2].

The anticotunnite structure appears to be stable up to a pressure
of = 30 GPa, above which changes in both Raman spectra and X-ray
diffraction patterns indicate the onset of another structural phase
transition. In Raman spectra, at pressure above 30 GPa, the in-
tensity of the band located initially at a frequency near 250-
260 cm~! abruptly increases, whereas all other bands exhibit
strong broadening and their intensities decrease. Finally, at pres-
sures above 45 GPa, the mode with a frequency of 265 cm™! ap-
pears to be the only spectral feature detected within the whole
experimental frequency interval.

The X-ray diffraction patterns also reveal significant changes in
the intensities of the peaks in the same pressure range (Fig. 3). For
instance, the intensities of the diffraction peaks (002), (111), and
(013) of the Pnma structure abruptly increase, whereas the in-
tensity of the (102) peaks strongly decreases. The resulting
diffraction patterns at pressures above 45 GPa can be assigned to
the hexagonal lattice and the systematic absences are consistent
with the P63/mmc space group describing the NiyIn-type structure,
as shown in Figs. 3 and 4. A pressure-induced transition to this
structure is expected to occur in Li;S because the NiyIn-type
structure was previously observed at high pressures in all other
alkali sulfides [2—5], and the anticotunnite-to-NiyIn-type structure
transition in Li»S was theoretically predicted to occur in the pres-
sure range from 28.8 to 40.6 GPa [6,7].

The diffraction pattern obtained at 45.4 GPa was used for Riet-
veld refinement (Fig. 4) using the program TOPAS 4.2 [16]. The
refined parameters were Chebyshev polynomial background
function, Stephens profile function [17] (to account for the aniso-
tropic peak broadening due to a strain unavoidable for the case of
the high-pressure experiments with an uniaxial compression
component in a DAC [1]), cell parameters, and March-Dollase
correction for preferred orientation. We obtained the following
cell parameters for the P63/mmc phase: a = 3.635(2) A and
¢ =4.782(8) A. Weak reflections near 11 and 12° (Fig. 4) that do not
correspond to the NiyIn-type high-pressure phase are presumably
due to the remains of the Pnma phase.

The changes in Raman spectra are in agreement with structural
transition to higher symmetry NiyIn-type structure, and the only
observed Raman band at 260 cm™~! can be assigned to the E;-mode
of the P63/mmc structure. Unfortunately, no Raman spectroscopy
data on the NiyIn-type structure of other alkali sulfides have been
reported, preventing any direct comparison with the spectra of the
LipS high-pressure phase recorded in our study. However, similar
evolution of the Raman spectra with pressure was observed for
barium hydride (BaH;), where the ambient pressure phase, the
orthorhombic cotunnite structure (Pnma), underwent a transition
to the hexagonal NiyIn-type phase (P6s/mmc) at 1.6 GPa [18].

The NizIn-type and anticotunnite structures are closely related.
In both structures, the walls of trigonal prisms of alkali atoms
occupied by S atoms and sharing lateral edges are present. In the
anticotunnite structure, these walls are puckered, whereas in the
NipIn-type structure, they are straight [2,5]. Thus, the intensity
changes observed in the diffraction patterns could be due to a
continuous evolution between these two structures, as it is in the
case of Cs3S [5]. On the other hand, the Raman bands of anti-
cotunnite phase located in the range 400—500 cm~' exhibited
broadening at pressures above 30 GPa, whereas the peak located at
~ 250-260 cm™ !, which is the only one observed in the NiyIn-type
phase, remains relatively sharp at all pressures. Thus, we suppose
that the anticotunnite-to-NiyIn-type phase transition in LiyS is of
first order, as in NayS [2], and both phases coexist within the
pressure range 30—45 GPa.
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Fig. 4. Representative X-ray diffraction patterns of cubic antifluorite (Fm3m), ortho-
rhombic anticotunnite (Pnma) and hexagonal (P6s/mmc, NiyIn-type structure) phases
of Li,S. Red vertical bars denote reflections from the Al,05 balls embedded in the Li,S
sample. Blue, dark yellow, and cyan vertical bars correspond to the Bragg reflections of
low-pressure, cubic Fm3m phase; high pressure, orthorhombic Pnma phase; and high
pressure, hexagonal P63/mmc phase, respectively. Digits to the right show the corre-
sponding pressure values in GPa. For the pattern at 45.4 GPa, structural refinement
with hexagonal (P6s/mmc) NiyIn-type structure is shown: observed (symbols), calcu-
lated (solid gray line) and difference (solid black line). The difference line (given in the
same scale) shows sufficiently good agreement between observed and calculated
diffraction peaks positions. However, severe anisotropic peak broadening at high
pressures and the presence of the remains of the Pnma phase lead to a rather poor
profile, with a weighted R-agreement factor, Rw, = 13.3%. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

It should be noted that non-hydrostatic pressure conditions may
be relevant in our experiments. Unfortunately, the chemical reac-
tivity of the sample precludes the use of a pressure-transmitting
medium; therefore, non-hydrostaticity may be the reason for the
observed broad range of phase coexistence in the case of the
anticotunnite-to-NiyIn-type phase transition. Nevertheless, our
observation of the transition to the NiyIn-type structure in Li,S is in
good agreement with theoretical predictions [6,7] and the gener-
alized phase diagram of alkali metal sulfides [5].
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According to Raman spectroscopy data (Fig. 1), the NiyIn-type
phase remains stable up to the highest pressure of 64 GPa attained
in our experiments. Up to this pressure, the sample remains
transparent and colorless. Raman spectra recorded at pressure
release (Fig. 1b) indicate that both the high-pressure phase tran-
sitions in Li,S are reversible.

An interesting aspect of previous high-pressure studies on alkali
metal sulfides was a comparison of the crystal structures of high-
pressure phases of the sulfides, A;S, with the cation arrays of the
corresponding oxides, A;SO4 [2—5]. For all sulfides, the correlation
between experimentally observed high-pressure structures and the
cation subarrays of ambient-pressure polymorphs of the corre-
sponding oxides was found, confirming the idea of formal equiva-
lence between oxidation and pressure application [20]. For the
NiIn-type structure of Li,S, no related structure exists at ambient
pressure in the corresponding sulfate Li;SOg4, but at a pressure of
7 GPa the e-phase of Li;SO4 adopts a structure isomorphic to the
phase III of Na;SO4 [21], in which Na,S subarrays are of the NiyIn-
type. Thus, also in the case of Li,S, the correlation between its high-
pressure structure and the cation subarray of its corresponding
oxide can be established, allowing quantification of the pressure
effect due to oxidation. Insertion of four oxygen atoms per LiyS
virtually produces the same effect as a pressure of ~25 GPa, which
stabilizes the NiIn-type structure of LiyS. This value is in accor-
dance with a similar estimation for the NiyIn-type structure of Na,S,
giving a value of 16 GPa [2].

Variation with pressure of the Li,S lattice parameters and the
unit cell volume is shown in Fig. 5. The relative change in the vol-
ume between orthorhombic and hexagonal phases at 31.9 GPa is
4.2%. The sequence of phase transitions observed under pressure
for alkali metal sulfides (Li,S, NayS, K5S and Rb,S), as well as the
antifluorite-to-anticotunnite transformation reported by Lazicki
et al. [9] for Li»O, point to the systematic general phase transition
sequence in alkali metal chalcogenides under high pressure.

The general sequence of the phase transitions in alkali
metal chalcogenides and structurally related compounds at high
pressures and/or elevated temperatures as proposed in previous
reports [4,5,22,23] appears as follows: anti-CaF,— anti-
PbCl, — NizIn — anti-TiSi, MgCuy-type (Laves phase). Development
of the Zintl-Klemm concept described previously [22] has intro-
duced a new general approach for explanation of pressure-induced
phase transitions in various types of inorganic compounds,
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Fig. 5. Pressure dependences of the lattice parameters (a) and formula unit volume (b) of Li,S. Circles and diamonds represent the data of [1] while squares (Fm3m), triangles
(Pnma) and hexagons (P63/mmc) represent the data obtained in the present study. Solid and open symbols denote data corresponding to increasing and decreasing pressure runs,
respectively. Solid curves are Birch-Murnaghan equation of state fits to the experimental data. Star symbols denote the lattice parameter and volume values at ambient pressure

from Ref. [19].
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employing the ideas of ‘pseudoatoms’ and ‘building skeletons’ [22].
This novel approach allows one to predict structures of complex
compounds from simple ones, e.g., AB building skeleton can be
used for A;B, AB,, ABX, compounds. According to the authors [22],
this new method works only at a qualitative level. Its quantification
requires intensive experimental and theoretical exploration of
pressure-induced phase transitions of alkali metal oxides and
chalcogenides similar to the recent investigations of alkaline earth
fluorides in the 1—2 Mbar pressure range [24—27].

4. Conclusion

High-pressure Raman spectroscopy and X-ray powder diffrac-
tion studies of LiyS reveal a sequence of reversible phase transitions
from antifluorite to anticotunnite-type structure at =13 GPa, in
agreement with previous high-pressure studies of Li»S [1], and
from anticotunnite-to-NiyIn-type structure in the 30—45 GPa
pressure range. The high-pressure phases of other alkali metal
sulfides adopt the NiyIn-type structure and the transition to this
structure in Li,S was predicted theoretically. Thus, presented re-
sults provide experimental evidence that all alkali sulfides undergo
the same sequence (antifluorite-anticotunnite-NixIn type) of
pressure-induced phase transitions. Recent observation of an
antifluorite-to-anticotunnite transformation in Li;O [9] reveals the
general sequence of phase transitions in the alkali metal chalco-
genides under high pressure.
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