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The effect of pressure on the structural, vibrational, and optical properties of lead thiogallate, PbGa,S4,
crystallizing under room conditions in the orthorhombic EuGa,S4-type structure (space group Fddd), is
investigated. The results from X-ray diffraction, Raman scattering, and optical-absorption measurements
at a high pressure beyond 20 GPa are reported and compared not only to ab initio calculations, but also
to the related compounds o'-Ga,Ss, CdGayS4, and HgGasS4. Evidence of a partially reversible pressure-
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induced decomposition of PbGa,S,4 into a mixture of PbgGaypS,1 and GaySs above 15 GPa is reported.
Thus, our measurements and calculations show a route for the high-pressure synthesis of PbgGaioS21,
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1 Introduction

Ternary metal chalcogenides of the A"BY'X}" family (X = S, Se,
Te) can be basically divided into three subfamilies. The first
one is constituted by compounds with both A and B cations
showing a fourfold coordination. These compounds usually
crystallize in the defect chalcopyrite, defect stannite (or defect
famatinite), pseudo-cubic, and related structures that are
derived from the zinc blende or wurtzite structures. Examples
of those compounds are (Zn,Cd,Hg)(Al,Ga),(S,Se), compounds.
The second subfamily is constituted by compounds in which

“ Departamento de Ingenieria Eléctica, MALTA Consolider Team,
Universitat Politécnica de Valéncia, Camino de Vera, s/n., Valencia, Spain.
E-mail: tagarsan@die.upv.es; Tel: +34 96 387 70 00
b Departamento de Fisica, MALTA Consolider Team,
Universitat Politécnica de Valéncia, Camino de Vera, s/n., Valencia, Spain
¢ Departamento de Fisica Aplicada-ICMUV, MALTA Consolider Team,
Universitat de Valencia, Dr Moliner 50, Burjassot, Valencia, 46100, Spain
'iDepartamento de Fisica, Instituto de Materiales y Nanotecnologia, MALTA
Consolider Team, Universidad de La Laguna, La Laguna, Tenerife, 38205, Spain
¢ ALBA-CELLS, MALTA Consolider Team, Cerdanyola del Valles (Barcelona),
Catalufia, 08290, Spain
/National Center for Materials Study and Testing, Technical University of Moldova,
Chisinau MD-2004, Republic of Moldova
i Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3tc02288a
i Present address: European Synchrotron Radiation Facility, 71 Avenue des
Martyrs, 38000 Grenoble, France.
§ Present address: Centre for Science at Extreme Conditions and School of
Physics and Astronomy, University of Edinburgh, Edinburgh EH9 3FD, United
Kingdom.

11606 | J. Mater. Chem. C, 2023, 11, 11606-11619

which is isostructural to the stable PbglnioS,1 compound at room pressure.

there is a mixture of cations with fourfold and sixfold coordination.
These compounds crystallize mainly in the spinel (MgAl,O,) or
in related structures, such as (Mg,Zn,Cd,Mn)In,(S,Se),, and
show similar structural characteristics to many oxospinels.
The third subfamily, and the less studied one, is composed
of A cations featuring a coordination much larger than six.
Examples of these compounds are those crystallizing in the
orthorhombic EuGa,S,-type and related structures, such as
(Ca,Sr,Pb,Eu,Sm,Yb)(Al,Ga,In), (S,Se,Te),."

The studies in the last subfamily of EuGa,S,-type com-
pounds have come from the interest in the development first of
phosphors,” and later of mid-infrared (35 wm) solid-state
lasers,®” due to the large band gap, low-phonon energy, and
chemical and thermal stability of these ternary sulphides.
In particular, mid-infrared (mid-IR) laser radiation in PbGa,S,
has been consistently reported.®™® This fact has resulted in
recent studies to improve the crystal quality of this mid-IR laser
material."""?

Several works have reported the structural, vibrational, and
optical properties of PbGa,S, under room conditions. From the
structural point of view, PbGa,S, is a layered material that
crystallizes in the orthorhombic EuGa,S,-type structure (space
group No. 70, D,,>*—Fddd).>"*™® The crystal structure (see
Fig. 1 and Fig. S1 and S2 in the ESI¥) is built on a framework
of GaS, tetrahedral units and square antiprismatic PbSg poly-
hedra. The GaS, tetrahedra are located in layers stacked along
the c-axis, where such layers are constructed from edge-shared
Ga,S¢ dimers connected to three other dimers via sharing
corners. By contrast, the PbSg polyhedra are linked to two other

This journal is © The Royal Society of Chemistry 2023
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15.3 GPa (shown in Fig. S7 in the ESIf) and those already
described for PbGa,S,.

4 Conclusions

We have reported the effect of pressure on the structural,
vibrational, and optical properties of lead thiogallate by means
of powder HP-XRD, HP-RS, and HP-OA measurements beyond
20 GPa. Those measurements have been complemented with
ab initio calculations at HP. First of all, we have checked that
PbGa,S, crystallizes at room conditions in the EuGa,S,-type
orthorhombic (space group Fddd) structure by means of single-
crystal XRD measurements. Then, we have shown by means of
powder HP-XRD measurements that PbGa,S, is an anisotropic
material, as expected from its layered-like structure. Its axial
and bulk moduli are of the same order as those of monoclinic
o’-Ga,S; and tetragonal CdGa,S, and HgGa,S,;; ie. semi-
conductors with similar GaS, tetrahedra.

After checking the complex vibrational pattern of PbGa,S,
by means of polarized RS measurements at room conditions,
we have shown that the vibrational modes of PbGa,S, show
phonon spectra that show a considerable similarity to those
of o’-Ga,S;, CdGa,S,;, and HgGa,S,. In fact, we have shown
that the pressure dependence of the Raman-active modes in
PbGa,S, is similar to those of the mentioned semiconductors
and have made a tentative assignment of the symmetry of the
Raman-active modes experimentally observed.

Finally, we have measured the pressure dependence of the
optical bandgap of PbGa,S, by means of HP-OA measurements.
We have confirmed that PbGa,S, is an indirect bandgap
semiconductor, whose bandgap decreases as pressure increases,
unlike what happens in o'-Ga,S;, CdGa,S,, and HgGa,S,. The
different behavior is explained by the contribution of the 6s lone
electron pair of Pb to the topmost valence band and the strong
decrease of the Pb-S bond distance upon compression that leads
to a strong increase of the energy of the topmost valence band
under pressure.

To finish, we want to stress that all our measurements have
shown evidence of a partially reversible pressure-induced
decomposition of PbGa,S, into a mixture of PbgGa,,S,; and
B’-Ga,S; above 16 GPa. This decomposition is supported by
enthalpy vs. pressure calculations of the three compounds
and makes sense because both compounds show sixfold-
coordinated Ga atoms in comparison with the fourfold-
coordinated Ga atoms in PbGa,S,. The structure of the new
compound PbgGa,,S,; at HP, which is isostructural to already
known PbgIn,oS,; at RP, is reported at 23.5 GPa since it seems
not to be stable at RP. Moreover, we have determined its
Raman-active phonons and optical bandgap above 16 GPa.
In summary, this work shows the first HP study of a compound
with EuGa,S,-type (orthorhombic Fddd) structure and the route
for the synthesis of PbsGa;S,;. Therefore, this work will be of
interest for the study of the EuGa,S,-type subfamily of A"B}'X}"
compounds, in which the effect of pressure is far from being
understood.

This journal is © The Royal Society of Chemistry 2023
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