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ARTICLE INFO ABSTRACT

Keywords: We report a joint experimental and theoretical study of the structural, vibrational, and electric properties of the
PbBlzTe‘_t ) topological insulator PbBi;Tes under compression through X-ray diffraction, Raman scattering, and electrical
Topological insulators measurements at high pressure, which are complemented with theoretical calculations that include the analysis

Thermoelectric materials
Tetradymite
High pressure

of the topological electron density. The internal polyhedral compressibility of the rhombohedral phase, the
behavior of its Raman-active modes, the electrical behavior, and the nature of its different bonds under
compression are discussed and compared with their parent binary compounds and with related ternary materials.
Interestingly, PbBi;Te, retains its topological insulating properties as far as the rhombohedral tetradymite-like
phase is retained under compression, unlike other tetradymite-like compounds. In addition, PbBiyTes un-
dergoes an unconventional reversible pressure-induced decomposition into the high-pressure phases of its parent
binary compounds (PbTe and BipTes3) above 8GPa. Finally, we discuss that the intralayer bonds in the
tetradymite-like structure of PbBiyTe4 are electron-deficient multicenter bonds; i.e. bonds of the same kind as
those present in its parent binary compounds, in related chalcogenides, such as SnSbyTey, and in general in
chalcogenide-based phase change materials. These unconventional bonds are intermediate between covalent and
metallic bonds and provide exceptional properties to the materials.
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T. Garcia-Sanchez et al.
1. Introduction

Since the start of this millennium, there has been a steady increase in
the rate of materials consumption obtained directly from the earth (non-
renewable materials), so we are forced to look for new compounds to
cover our energy needs. In the last decade, new advanced functional
compounds have emerged, such as halide perovskite-based solar ab-
sorbers, topological insulators, and hydrides for high-temperature su-
perconductivity, [1-6] which can help decrease the rate of materials
consumption to cover our energy needs.

Ternary compounds of the A"BY X} family (A= Ge, Sn, Pb; B= Bi, Sb;
X=Se, Te) with a tetradymite-like structure have attracted considerable
interest as potential topological insulators (TIs) and topological super-
conductors (TSs). Shelimova et al. [7,8] These layered materials are very
interesting in the materials science field due to their relationship to
fundamental physics and their applications in spintronics, [9] quantum
computation low power electronics, and phase-change materials. Qi and
Zhang [10-15] Moreover, the preservation of the layered
tetradymite-like structure for very different compositions opens up
considerable opportunities to improve the known properties and
discover new emerging properties [16].

PbBiyTe4 is known as mineral rucklidgeite since it was first observed
in Canada mountains [17-19] and is one of the tetradymite-like ternary
compounds of the AVBYXY' family. The structural and vibrational
properties of this compound have been characterized by X-ray diffrac-
tion (XRD) [20-23] and Raman scattering [24] measurements at room
pressure and different temperatures. In addition, the electrical proper-
ties of this compound have been studied via transport measurements.
Zhang and Singh [25-29]. Finally, it must be mentioned that its elec-
tronic structure and thermoelectric properties have been widely inves-
tigated to determine its capacity as a thermoelectric converter.
Kuznetsova et al. [21,25,30,31,29] In fact, n(PbTe)-m(BisTe3) com-
pounds with n and m integer numbers, such as Bi;Tes (n=0,m=1),
PbBisTes (n=1,m=1), and PbBisTe; (n=1,m=2), have been recently
considered as promising thermoelectric materials in a wide temperature
range, where the thermoelectric properties depend on the sequence of
PbTe and BiyTes blocks aligned along the c-axis of the hexagonal unit
cell as in a LEGO playset. [25] Moreover, an increase in the thermo-
electric Seebeck coefficient has been predicted for this family of LEGO
thermoelectrics on increasing compressive strain. [30]

It is well known that chemical bonding is the primary factor that
governs the structure and, hence, the properties of a compound.
Consequently, a detailed understanding of chemical bonding is neces-
sary in order to design new materials for innovative applications. Wuttig
et al. [6] In this context, the investigation of materials properties at high
pressure (HP) is a very interesting field since pressure allows the tuning
of the interatomic distances that alters the interatomic interactions. This
strategy has proved very fruitful to know many materials properties, e.g.
the recent discovery of electron-deficient multicenter bonding in pnic-
togens, chalcogens, and phase change materials. Osman et al. [32,33]

The properties of several TIs of the AVBY X} family (A= Ge, Sn, Pb;
B= Bi, Sb; X= Se, Te) have been studied under compression. HP studies
have been conducted in rocksalt-type SnSbyTe4 and GeSb,Tey, [34] and
more recently in rhombohedral SnBisTey4, [35] PbBisTey, [36] SnSboTey,
[15] and GeBiyTe4. Liu et al. [37] A pressure-induced amorphization
(PIA) was reported in rocksalt-type SnSbyTes (GeSbyTes) upon
compression above 11 (15) GPa. [34] A pressure-induced electronic
topological transition (ETT) has been suggested to occur in rhombohe-
dral SnBiyTey4. Hsieh et al. [35] An isostructural phase transition around
2 GPa, a Fermi resonance around 3.5 GPa, and a pressure-induced
decomposition into the high-pressure phases of its parent binary com-
pounds (a-SbyTes and SnTe) has been reported above 7 GPa in
SnSb,Tey4. Sans et al. [15] Moreover, a trial for the rationalization of
pressure-induced effects upon the classification of the different A" By X}!
compounds depending on the quadratic elongation of the AXg and BXg
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polyhedral units was performed in Ref. [15]. However, the number of
HP studies in compounds of this family is still scarce to do such kind of
deductions. In addition, many questions have yet to be addressed for the
rhombohedral phases of these compounds, like the behavior of the to-
pological properties under compression and, perhaps the most
intriguing one, the origin of the pressure-induced superconductivity
found in rhombohedral PbBiyTes [36], in SnSbyTes, [38] and in
GeBiyTey. Liu et al. [37]

In this work, we report the behavior of room-temperature structural,
vibrational, and electrical properties of PbBiyTe4 under compression in a
combined experimental and theoretical study, where powder X-ray
diffraction (XRD), Raman scattering (RS), and transport measurements
under high pressure are complemented with ab initio calculations and a
thorough electron density analysis. We pay special attention to the
evolution of the interlayer van der Waals interaction under compression,
considering this feature the key element to understanding the behavior
of the c/a ratio under compression and the stability pressure range of its
low-pressure (LP) phase. We report that the topological properties of the
rhombohedral LP phase of PbBi,Te4 are retained under compression up
to 8 GPa, where we find a reversible pressure-induced chemical
decomposition of PbBisTes into the HP phases of its parent binary
compounds (PbTe and BiyTes). This pressure-induced decomposition
explains the appearance of pressure-induced superconductivity reported
by previous studies. Moreover, we provide evidence that the extraor-
dinary properties of the LP phase of PbBi,Te, are related to the existence
of electron-deficient multicenter bonding. This bonding, already present
in rocksalt-like phase change materials of the IV-VI semiconductor
family, such as PbTe, and in the tetradymite-like structure of pnictogen
sesquichalcogenides, such as BisTes, makes PbBisTe,4 a highly-desired
multifunctional material. Osman et al. [32,33]

2. Experimental details

Bulk samples of PbBisTe4 were prepared by melting stoichiometric
amounts of the pure elements Pb (99.999 %, Smart Elements), Bi
(99.999 %, Smart Elements) and Te (99.999 %, Alfa Aesar) at 950 °C for
93 h in sealed silica glass ampules under argon atmosphere and subse-
quent annealing at 450-500 °C for 8 days and then quenched in air.
Oeckler et al. [39] Representative parts of the samples were crushed to
powders and fixed on Mylar foils with silicon grease to collect powder
diffraction patterns on a Huber G670 powder diffractometer equipped
with an imaging plate detector (Cu-K ,; radiation, Ge monochromator, A
=1.54051 A) in Guinier geometry. Rietveld refinement of powder X-ray
diffraction data confirmed the high purity of the samples as shown in
Fig. 1.

For HP-RS and HP-XRD measurements in powder or single crystal
samples of PbBi;Tey, the samples were placed in a 250-ym-diameter hole
performed in a stainless-steel gasket pre-indented to a thickness of 50 ym
inside a membrane-driven diamond anvil cell (DAC) equipped with di-
amonds a culet of 500-ym-diameter. These HP experiments used a 4:1
methanol-ethanol (M-E) mixture as a pressure-transmitting medium
(PTM). This medium is quasi-hydrostatic up to 10.5 GPa. Special
attention was paid to avoid the sample bridging between the diamond
anvils. Errandonea [40]

Structural characterization at HP was performed by means of angle-
dispersive powder HP-XRD measurements at the BLO4-MSPD beamline
of the ALBA synchrotron, employing a monochromatic X-ray beam with
2 =0.4246 A focused to 20 x 20 umz. Fauth et al. [41] The X-ray beam
was focused by Kirkpartrick-Baez mirrors. XRD images were collected
using a Rayonix SX165 CCD detector located at 240 mm from the
sample. The detector parameters were calibrated using LaBg as standard.
The two-dimensional diffraction images were integrated into
one-dimensional profiles of intensity versus 20 using Dioptas. Prescher
and Prakapenka [42] XRD profiles were analyzed using the Le Bail
method. In addition, Cu grains were loaded close to the sample in the
HP-XRD experiments in order to use it as a pressure scale. Dewaele et al.
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Fig. 1. XRD pattern measured at ambient conditions outside the DAC using 4 =
1.5406 A. The black and green ticks indicate the Bragg positions of PbBi,Te4
and PbTe, respectively. The points are the results from experiments and the red
is the Rietveld refinement. The blue line shows the difference. The R-values are
R,= 1.58 % and R,,,=2.45 %.

[43]

Vibrational characterization was carried out using polarized and
unpolarized RS measurements at room conditions and HP to distinguish
between the large number of phonons expected for this compound. All
RS measurements were carried out with a Horiba Jobin Yvon LabRAM
UV HR microspectrometer equipped with a thermoelectrically cooled
multichannel CCD detector that allows a spectral resolution better than
2 cm~!. The Raman signal was excited with a HeNe laser (632.8 nm
line) with a power of less than 10 mW and collected in back-scattering
geometry using a ULF Notch filter that allows obtaining signal down
to 10 cm L. The frequencies of the Raman-active first-order phonons
were obtained after fitting the Raman peaks with Voigt profiles of fixed
Gaussian linewidth to the experimental setup resolution (1.6 cm™ ). For
measuring the pressure, the ruby fluorescence scale was used. Mao et al.
[44]

Hall-effect and resistivity measurements under pressure up to
13.35 GPa with an opposed anvils cell. We used steel-belted Bridgman
tungsten carbide (WC) anvils with a tip of 15 mm in diameter. The
samples were contained using two annealed pyrophyllite gaskets
(0.5 mm thick each) in a split gasket geometry. The internal diameter of
the gaskets was 5 mm. Hexagonal boron nitride (BN) was used as
pressure-transmitting medium and also to electrically insulate the
sample from the anvils. A 150-ton oil press was used to apply the load in
the WC anvils. The sample was obtained by pre-compressing a fresh
piece of PbBiyTes cut from the original sample. After this, the pre-
compressed sample has a thickness of 50 ym thick. This sample was
cut to have a surface of 2 mm x 2 mm. The pressure applied to the
sample was determined by calibrating the load applied to the anvils
against high-pressure resistivity transitions in calibrants. Errandonea
etal. [45] The maximum pressure that can be achieved with this setup is
14 GPa. [46] Transport measurements were performed in a four-point
configuration using silver (Ag) wires of 100 ym in diameter as elec-
trical leads. To guarantee the good quality of contacts, the silver wires
were flattened and sharpened at the tip, being soldered with high-purity
indium to the sample. Hall effect measurements were conducted by
applying alternatively a positive and a negative magnetic field (0.6 T).
From the transport measurements, we obtained the pressure evolution of
the resistivity, carrier concentration, and carrier mobility.

3. Theoretical calculations

Ab-initio calculations were performed within the density-functional
theory (DFT) [47] wusing plane-wave basis-sets and the
projector-augmented wave (PAW) [48,49] scheme with the Vienna
ab-initio simulation package (VASP) package. Kresse and Hafner
[50-52] The plane-wave kinetic—energy cutoff was defined with 400 eV
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in order to achieve highly converged results regarding the description of
the electronic properties. Structure optimization is performed until the
Hellman-Feynman forces on each atom are less than 10~ eV/A, while
the energy convergence threshold is 107> eV. We have used the gen-
eralized-gradient approximation (GGA) for the exchange-correlation
energy with the Perdew-Burke-Ernzerhof parametrization revised for
solids (PBEsol). Perdew et al. [53] At each selected volume, the struc-
tures were fully relaxed to their equilibrium configuration through the
calculation of the forces on atoms and the stress tensor with a dense
special k-point sampling Monkhorst-Pack grids. Calculations of the
electronic-band structures have been considered by employing
spin-orbit coupling (SOC). In particular, the electronic band structures
along high-symmetry directions and the corresponding electronic den-
sity of states (EDOS) were computed with a mesh of 18 x 18 x 18
k—points. The k-points path for the band structure calculations and the
analysis of the DOS are carried out using VASPKIT. Wang et al. [54] The
application of DFT-based calculations to the study of semiconductor
properties under HP has been reviewed in the literature. Mujica et al.
[55]

Lattice-dynamics calculations of phonon modes were performed at
the zone center (I" point) of the Brillouin zone. For the calculation of the
dynamical matrix at I’ we used the direct force-constant approach (or
supercell method), [51] using the Phonopy package, [56] which in-
volves the calculation of all the atomic forces when each non-
—symmetry-related atom in the unit cell is displaced along
non-symmetry-related directions.

The Bader analysis was performed by partitioning the PBEsol-DFT
core and valence charge density grids. Tang et al. [57-60] A fine FFT
grid was required to reproduce the correct total core charge accurately.
The non—covalent interactions (NCI) of the PBEsol-DFT charge densities
were computed using the NCI index. Johnson and Keinan [61,62] Such a
tool defines a visualization index based on the electron density and its
derivatives, enabling the identification of non—covalent interactions,
based on the peaks that appear in the reduced density gradient at low
densities.

4. Results and discussion
4.1. Structural properties under compression

PbBi,Te4 exhibits a rhombohedral crystal structure, described by
space group R3m, which is shown in Fig. 2. This structure can be
described as a superposition of septuple atomic layers (Te-Bi-Te-Pb-Te-
Bi-Te) along the c-axis in which a PbTe layer is inserted in the middle of
a quintuple (Te-Bi-Te-Bi-Te) layer of BiyTes. Since both PbBiyTe4 and
BiyTes have a hexagonal unit cell that extends for three septuple layers
along the c-axis, the insertion of the PbTe sublayer in each layer of
BiyTes leads to an increase of the c lattice parameter of PbBisTes with
respect to BipTes, whereas the a lattice parameter remains almost con-
stant and similar to that of Bi;Tes. Within the layers of PbBisTe4, Pb and
Bi are octahedrically coordinated by Te atoms as in their parent binary
compounds PbTe and BiyTes at room conditions. The octahedra are
linked sharing edges forming 2D layers stacked along the c direction.
The geometry of the two octahedra are slightly different. While the
octahedron around Pb atoms is regular with the six Pb-Te distances
being of equal length (around 3.162 A), the octahedron around Bi atoms
is not regular because it features two different Bi-Te distances, being the
terminal Bi-Te distances (around 3.080 A) much shorter than the in-
ternal ones (around 3.326 A). Zhukova and Zaslavsky [23]

Fig. 1 shows a XDR pattern measured at ambient pressure before
loading the sample in the DAC. Most peaks can be attributed to the
known crystalline structure of PbBi;Tey. However, there are a few
additional weak peaks that can be attributed to a very small amounts of
PbTe (0.16 %). The Rietveld refinement of the XRD pattern to the
structural model gives the following results for the lattice parameters for
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Fig. 2. PbBi,Te4 unit cell at ambient pressure. Grey, magenta, and brown
colors correspond to Pb, Bi, and Te atoms, respectively.

PbBisTes: a = 4.442(1) A and ¢ = 41.778(4) A. These values are
consistent with the values reported in the literature. [20-23] The same
can be said for the atomic positions which are summarized in Table 1.
Results from present DFT simulations agree quite well with experiments.
The calculated unit-cell parameters at 0 GPa are a = 4.435 A and ¢ =
41.555 A and the atomic positions are summarized in Table 1.

Fig. 3 shows a selection of XRD patterns measured up to 10 GPa
under compression and under decompression up to 0.7 GPa. The figure
shows a Rietveld refinement of the XRD pattern measured at 1.1 GPa. In
addition to the peaks from the sample, a peak from Cu (the pressure

Table 1

Fractional atomic coordinates for PbBi,Te4. (Top) Present DFT calculations at
0 GPa and 0 K. (Bottom) Present experiment at room conditions. Experimental
uncertainties are given in parentheses.

Atom Wyckoff position S.O.F. X y z

Pb 3a 1 0.000 0.000 0.000

Bi 6¢c 1 0.000 0.000 0.428
Tel 6¢c 1 0.000 0.000 0.135
Te2 6¢c 1 0.000 0.000 0.287
Pb 3a 1 0.000 0.000 0.000

Bi 6¢c 1 0.000 0.000 0.429(4)
Tel 6¢c 1 0.000 0.000 0.133(1)
Te2 6¢c 1 0.000 0.000 0.285(2)
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marker) is present in the XRD patterns. Up to 6.8 GPa the XRD pattern
can be explained with the known rhombohedral structure of PbBi;Te4 by
only changing the unit-cell parameters. At 7 GPa additional peaks
appear indicating that changes occur in the sample. The additional
peaks (the most intense are connected by lines in the figure) become
stronger as pressure increases. In addition, the peaks of the ambient-
pressure phase become weaker. The most intense peaks of the low-
pressure phase are still present at 9.1 GPa (see for instance the peak
denoted by an asterisk in Fig. 3) but disappear at 9.6 GPa. Above
9.1 GPa, a broad peak from the gasket becomes evident due to the
closing of the gasket hole. All XRD patterns measured above 9.6 GPa
cannot be indexed assuming only one crystal structure, not even with a
triclinic space group. On the contrary, we found that these XRD patterns
can be well fitted by the LeBail mehtod assuming the coexistence of PbTe
and BiyTes (see example of fit at 9.6 GPa in Fig. 3). For BiyTes the
structure is that of the high-pressure phase which is described by space
group C2/m [63]. This result suggests that pressure induces a decom-
position of PbBiyTe4. This hypothesis is supported by our DFT calcula-
tions since the total enthalpy of the decomposition products becomes
smaller than the enthalpy of PbBi;Te4 at 8 GPa (see Fig. 4). The occur-
rence of decomposition is also supported by our Raman experiments as
we will shown in the next section of this paper. The pressure-driven
decomposition of PbBiyTey4 is analogous to the pressure-driven decom-
position of SnSbyTe,4 into SnTe and SbyTes [15]. It should be noted here,
than in recent study [64] it was proposed a structural phase transition,
instead of decomposition, to explain changes observed in the XRD pat-
ters of SnSbyTe4. The proposed crystal structure, which was not sup-
ported by a structural refinement, is described by space group C2/m.
However, such structure can never describe a compound with three
formula units per unit cell (like SnSboTe4 and PbBi;Tes), therefore is not
correct. In addition, the unit-cell paramaters proposed for such mono-
clinic structure are identical to those of the high-pressure phase of
SbyTes, which is also descriobed by space group C2/m [65]. Thus, the
results reported by Ma et al. indeed confirm the pressure-driven
decomposition of SnSbyTey.
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Fig. 3. HP-XRD patterns of PbBi,Te, on compression up to 9.6 GPa. The
pressures are indicated in the figure. R-values of the Rietveld and LeBail fits are
included in the figure.
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Fig. 4. Pressure dependence of the relative enthalpy of the decomposition
products (PbTe and Bi,Tes, red line) with respect to PbBi,;Te4 (black line).

Upon decompression, we observe that the XRD patterns of the phases
observed above 9 GPa are still present at 5.4 GPa. However, the XRD
pattern of the original rhombohedral phase of PbBisTe, is obtained at
3.1 GPa and smaller pressures supporting the reversibility of the
observed decomposition. The hysteresis in the reversion of decomposi-
tion could be related to the role played by kinetic barriers. Notice that
the XRD pattern of the rhombohedral phase PbBi,Te4 at low pressures is
similar to that of the rhombohedral phase of BiyTes so they could be
mistaken; however, despite the a lattice parameter of both compounds
are similar, the lattice parameter ¢ of PbBisTey4 is ca. 42 A while the
corresponding one for Bi,Tes is ca. 31 A. Another fact we would like to
highlight is that peak intensity ratios slightly between the profile under
1.1 GPa in the compression cycle and that under 0.7 GPa after decom-
pression. The differences in intensities could be related to the presence
of preferred orientations in the sample after decompression.

All in all the above results suggest the observation of a reversible
pressure-induced decomposition in compressed PbBisTes. Notice that
the pressure-induced chemical decomposition is usually an irreversible
phenomenon since releasing pressure means decreasing the energy
given to the system so no spontaneous chemical reaction is expected to
occur in such conditions. However, the reversible decomposition of
solids is possible according to thermodynamics. Hotta and Koga [66]. In
fact, a partially reversible pressure-induced chemical decomposition has
been recently reported in several compounds related to PbBisTey, e.g.
PbGayS4 [67] and SnSbyTey. Sans et al. [15]. This phenomenon might be
related to the large stability of the polyhedral units of the compounds
that prevail after the pressure-induced decomposition. Further theoret-
ical studies are needed to depper understand how pressure affects
decomposition and confirm our hypothesis. However, they are beyond
the scope of this study. We hope our results will trigger such studies.

The pressure-induced decomposition is gradual from 6.8 to 9.6 GPa.
To quantify the amount of decomposition we have used the intensity of
two peaks shown in Fig. 5(a) which can be assigned one to PbBiyTe4 and
the another to the decomposition product. The fraction of decomposi-
tion is calculated using the quatient Igp/(ILp-+Igp), where I;p is the in-
tensity of the peak assigned to the low-pressure phase and Iyp is the
intensity of the peak of the decomposition product. This quotient can be
considered as the fraction of decomposition of PbBi;Te4. Errandonea
et al. [68] The results are shown in Fig. 5(b). The figure shows that
decomposition is gradual being only completed at 9.6 GPa. The
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observed observation provides an alternative explanation to the obser-
vation of superconductivity in PbBi;Te4 above 10 GPa [36] which was
supported by resistivity measurements which were not complemented
by XRD studies and were not supported by eletron-phonon coupling
calculations. We propose that the observed superconductivity is not
inherent to PbBi;Tes, but might be a result of pressure-induced
decomposition. This is because, it is well documented that the
high-pressure phase of BiyTes stable at 10 GPa, which is described by
space group C2/m [69], and has been observed in our XRD and Raman
experiments, is known to be superconducting. Zhang et al. [70] Inter-
estingly, in the study of Matsumoto et al. [36] changes in the super-
conducting properties were observed at 21.7 GPa, which agrees with the
critical superconducting pressure of PbTe. Brandt et al.[71] We consider
that the agreement of the two critical pressure reported by Matsumoto
et al. [36] with the superconducting temperatures of BioTes could not be
a mere coincide, providing indirect support to the decomposition hy-
pothesis. Future high-pressure superconducting studies on a homoge-
neous mixture of PbTe and Bi;Teg are needed to confirm our hypothesis,
but they are beyond the scope of this study.

From the XRD patterns, we have obtained the pressure dependence
of unit-cell lattice parameters and unit-cell volume of the low-pressure
phase of PbBisTey4 (see Fig. 6). The results are reported up to 8.5 GPa
because at higher pressure phase coexistence precludes an accurate
determination of the unit-cell parameters. A good agreement between
the experimental and theoretical results is observed. We have found that
compression is not isotropic. Up to 2-3 GPa the c-axis is more
compressible axis as a consequence of the weak interlayer bonding. This
interlayer bonding is slightly stronger than the van der Waals forces
typical of layered materials [72,73] because of the existence of intra-
layer non-conventional bonds, recently named electron-deficient
multicenter bonds. Osman et al. [32,33] The compressibility pattern
changes beyond 2-3 GPa since the a-axis becomes the most compressible
axis above this pressure. This phenomenon is a consequence of the rapid
change at low-pressure of the interlayer bonds, which rapidly become as
hard as the intralayer bonds. This is a typical phenomenon of van der
Waals layered compounds. Segura [74] The pressure dependence of the
volume has been analyzed using a third-order Birch-Murnaghan equa-
tion of state (EOS) [75]. The obtained unit-cell volume at zero pressure
(Vo), bulk modulus at zero pressure (By), and its pressure derivative (Bj)
are summarized in Table 2. The fit of the EOS from experiments was
performed using only the data collected under HP. Both calculations and
experiments give nearly identical results. The V; obtained from the ex-
periments performed in the DAC is 1 % smaller than the volume
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Fig. 6. Pressure dependence of the unit-cell volume (a) and lattice parameters (b). The inset shows the evolution of the c/a ratio with pressure. Solid lines represent
the theoretically simulated data, solid (empty) squares are the experimental data obtained during compression (decompression). Green symbols represent the
experiment at ambient pressure. The dashed red line in (a) is the EOS determined from experiments.

measured at ambient conditions with the sample outside the DAC. The
small difference could be related to the use of two different set-ups. The
bulk modulus is in the range of values reported for other layered tellu-
rides, such as in BiyTes, [76], SnSb,Te4 and SnSbyTey (31-41 GPa), [15,
35] or GaGeTe (41-45 GPa) [77]. This means that the bulk modulus of
PbBi,Tey is dominated by the compressibility of the interlayer space as
in other layered AB»X4 compounds. Sans et al. [15]

A consequence of the change in the compressibility of the two
crystallographic axes around 3 GPa is the existence of a minimum of the
c/a ratio in the 2-3 GPa range (see inset of Fig. 6). This ratio shows a
clear change of tendency above 2 GPa similar to that observed experi-
mental and theoretically in binary sesquichalcogenides with tetradymite
structure a-SbyTes, a-BisTes and a-BisSes, [78,79,65,63] and also in
related ternary tetradymite-like compounds, such as SnSbyTes and
SnBiyTey. Vilaplana et al. [15,35] The big change in the slope of the c/a
ratio in all these tetradymite-like compounds at HP is likely related to a
pressure-induced isostructural phase transition (IPT) related to the
hardening of the interlayer interactions. In other words, these layered
compounds are prone to show an IPT of electronic origin as was already
shown for SnSb,Te4. Sans et al. [15]

4.2. Vibrational properties under compression

PbBi,Te4 has a rhombohedral R3m structure, which contains in its
primitive unit cell one formula unit (7 atoms). Therefore, according to
group theory, PbBisTe4 should have 21 vibrational modes at the I" point
with the mechanical representation: [80]

I' = 3Ayg + 4Az, + 4E, + 3E, (€Y
where E modes are doubly degenerated. From the 21 vibrational modes,
there are 18 optical modes 3A1; + 3Ay, + 3E, + 3Eg and 3 acoustic

Table 2

EoS parameters (Vo, in A3, By, in GPa, and B, dimensionless) for PbBi;Te,
compound. Results obtained from present XRD experiments (XRD) and DFT
calculations (DFT) are compared.

PbBi,Te, Vo Bo B,
XRD 707.3(9) 41.5(6) 5.0(3)
DFT 705.4 41.9 4.9

modes (Ay, + E,). The 18 vibrational modes are separated between
Raman-active (gerade, g) and IR-active (ungerade, u) modes. Therefore,
the 18 vibrational modes distribute as 6 Raman-active (ITrgman = 3A14 +
3E,) and 6 IR-active first-order modes (I';r = 3A2, + 3E,). All six Raman-
active modes have been theoretically calculated and reported in Table 3.
However, only five Raman-active modes were theoretically predicted for
PbBiyTey in a recent work. Mal et al. [24] Since the assignment of the 12
Raman-active and IR-active modes to atomic movements was recently
done for isostructural SnSbsTey [15] through the Jmol Interface for
Crystallographic and Electronic Properties (J-ICE), [81] we are going to
use in this work the same notation for the different modes used in the
work of rhombohedral SnSb,Tey.

To corroborate the results found in the structural study under pres-
sure, we performed unpolarized HP-RS measurements. Fig. 7 shows the
Raman spectrum of PbBisTe4 on upstroke to 14 GPa and downstroke to
2.0 GPa. As can be observed, four of the six theoretically predicted
Raman-active modes are observed at room pressure. Our Raman spec-
trum at room pressure is similar to that previously reported, [24]
although our symmetry assignment of the different Raman-active modes
is different. In particular, the predicted Raman mode with the lowest
frequency (Eé around 31 cm™!) has not been observed neither by us nor
by Mal et al. This is consistent with the small Raman cross-section of this
mode in all tetradymites, as BisTes. Kullmann et al. [82] Fortunately, the
Raman spectra of PbBisTe4 do not show the Raman modes attributed to
Te clusters that were found in SnSb,Tey4. Sans et al. [15,83] Given the

Table 3

Theoretical (th.) and experimental (exp.) Raman-active frequencies at zero
pressure (wo, in em™ 1) and pressure coefficients (a;, in em 'GPa”Y; a,, in
cm~'GPa™?) in PbBi,Te, according to fits to wo+a;P+ a,P?. Uncertainties are
given in parenthesis.

PbBi,Tey th. PbBi,Te,4 exp.

Mode wo a; as wo a; as

Eé 31.0 2.4 -0.1

A}g 46.1 4.1 -0.2 48 (3) 3.4 (0.3) —0.10 (0.04)
E§ 93.6 3.4 -0.1 93 (4) 3.0 (0.3) 0.00 (0.04)
Eg 109.2 4.2 -0.1 104 (4) 4.0 (0.4) —0.09 (0.04)
Afg 112.2 3.3 -0.1

A3 139.5 3.5 0.0 130 (4) 3.4 (0.5) —0.05 (0.06)
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Fig. 7. Normalized Raman spectra of PbBi,Te, at high pressure up to 13.8 GPa
and decompression to 1.99 GPa.

good agreement between the experimental and theoretical Ram-
an-active mode frequencies (see also Table 3), we have tentatively
assigned experimental Raman modes considering the predicted fre-
quencies and pressure coefficients, as discussed below.

In layered materials vibrational modes at the I" point can be classified
into interlayer modes (in the low-frequency region) and intralayer
modes (in medium- and high-frequency regions). Moreover, layered
compounds crystallizing either in rhombohedral, hexagonal, or tetrag-
onal space groups, show A (or B) and E modes. In rhombohedral
PbBi;Tey, there are two pure interlayer modes (E; and Aig), which have
the lowest frequencies, and the other ten Raman and IR-active modes are
intralayer modes distributed in both the medium and high-frequency
ranges (see Table 3). The two interlayer modes, also known as rigid layer
modes, correspond to out-of-phase movements of the neighbor layers
both along the a-b plane (E; mode) and along the c-axis (A%g mode).
Sans et al. [15]

The pressure dependence of the experimental and theoretical Ram-
an-active modes in PbBis;Te,4 (see Fig. 8 and Table 3) shows a good
agreement of the experimental and theoretical frequencies withina 5 %
accuracy interval. The only experimental mode whose assignment bears
some doubts is the highest frequency mode measured at 130 cm ™. We
have tentatively attributed it to the theoretical Afg mode that is closer in
frequency; however, it could happen that this mode is the Afg since both
theoretical modes have similar pressure coefficients and a Raman mode
has been experimentally found around 142 cm ™! at room conditions in
an earlier work. Mal et al. [24]

It must be noted that our Raman results for PbBi;Te4 compare also
nicely with the results for the isostructural compound SnSbyTe4 [15]. As
expected, the frequencies of all modes in PbBi;Te4 are smaller than those
of in SnSb,Te4 due to the larger masses of Pb and Bi than Sn and Sb,
respectively. On the other hand, it can be observed that in both com-
pounds the pressure coefficients at zero pressure (a;) of the A;z modes
are larger than those of the E; modes of similar frequency. This feature is
characteristic of the larger increase of the interlayer forces with pressure
than those of the intralayer forces and is consistent with the larger
compressibility of the c-axis than that of the a-axis below 3 GPa
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previously commented.

Above 8 GPa, a clear change in the Raman spectra is observed that
matches with the changes observed in XRD patterns above similar
pressures, which we have related to a reversible decomposition. In
particular, the Raman spectrum shows broadened bands leading to the
observation of more Raman-active modes than those present at lower
pressures before decomposition occurs. Those broad bands show two
groups of Raman-active modes near 8 GPa. The low-frequency modes
observed from 30 to 80 cm™! and the high-frequency modes observed
from 100 to 150 cm L. These two groups of Raman bands are consistent
with those previously observed in the monoclinic C2/m phase of beta-
BipTes. Vilaplana et al. [63] The broad bands observed from 100 to
150 em ™! also coincide with the frequencies of the Raman modes of
PbTe at the same pressures. Ves et al. [84] Therefore, we can conclude
our HP-RS measurements confirm the pressure-induced decomposition
observed by HP-XRD measurements.

On decreasing pressure from 14 GPa, we can observed that the same
Raman spectra are found down to 5 GPa. However, a change of the
Raman spectrum is found below 3 GPa. In particular the Raman spec-
trum at 2.0 GPa can be clearly identified as the one corresponding to the
original rhombohedral structure of PbBiyTe4. Notice that the Raman
spectrum of the rhombohedral phase PbBi;Tes at low pressures only
shows four Raman-active modes out of six predicted ones so it is easy to
mistakenly interpret it as that of the rhombohedral phase of BiyTes; [63]
however, the A%g Raman-active mode of PbBisTe4 is observed more than

10 cm™! lower in frequency than the A%g Raman-active mode of BiyTes.
In summary, HP-RS measurements confirm the reversible
pressure-induced decomposition of PbBi;Tes observed in HP-XRD
measurements. We would like to remark that the same hysteresis
observed by XRD for the reversion of decomposition is found by Raman
experiments.

4.3. Transport properties under compression

PbBisTey is a narrow band gap semiconductor with an indirect band
gap around 0.23 eV [85] and a n-type conductivity. Kuznetsova et al.
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[21,28,22,29] Resistance of PbBiyTe4 has been reported at pressures as a
function of temperature in line with the discovery of pressure-induced
superconductivity; [36] however, the resistivity at room temperature
as a function of pressure has not been reported in PbBiyTey. Fig. 9 shows
the pressure dependence of the resistivity (p), carrier concentration (n),
and carrier mobility (1) of PbBisTey4 as obtained from our resistivity and
Hall-effect measurements up to 13.4(1) GPa. The resistivity at ambient
pressure is comparable to that previously reported. Matsumoto et al.
[36] Thus, our results are consistent with the n-type semiconductor and
narrow band gap of that PbBisTes. The value of 9 x 1073Q - cm is
compatible with an intrinsic semiconductor with a band-gap energy
close to 0.2 eV. Up to 6 GPa there is slight increase in the electron
mobility and a slight decrease of the carrier concentration. The second
phenomenon leads to a gradual decrease of resistivity. Above 6 GPa,
there are pronounced changes of both carrier concentration and
mobility that cause a sharp decrease of resistivity up to 10.5 GPa. The
value of resistivity above 10.5 GPa is consistent with a metallic
behavior. The carrier concentration and electrical resistivity remain
nearly constant under pressures above 10.5 GPa. This is consistent with
a metallic behavior. In metals the resistivity is slightly affected by
pressure in contrast to the behavior of semiconductors. Ezenwa and
Yoshino [86]

In order to interpret the above results, we performed ab initio DFT
calculations of the electronic band structure at pressures between 0 and
10 GPa. The electronic band structures of PbBi,Te4 at 0 and 8 GPa are
shown in Fig. 10, where the top valence band and the lowermost con-
duction band are highlighted. At room pressure, the valence band
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Fig. 9. Resistivity, carrier concentration, and carrier mobility of PbBi,Te4 at
room temperature as a function of pressure. Solid symbols were measured
during compression and empty symbols during decompression.
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maximum occurs at I' point and the conduction band minimum lies
along the I'-Z direction. Therefore, our simulations suggest that
PbBi;Te4 is a narrow band gap semiconductor with an indirect band gap
of 0.175 eV at ambient conditions, in good agreement with previous
calculations at room pressure. Zhang and Singh [30,36,87-89,29] As
pressure increases above 1 GPa, the valence band maximum shift to a
point along the I'-L direction so there is a new indirect bandgap.
Therefore, the absolute indirect bandgap has a negligible change with
increasing pressure up to 10 GPa, much like the change of the direct
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Fig. 10. Electronic band structure of PbBi,Te4 at 0 GPa (a) and 8 GPa (b). The
topmost valence band and the lowermost conduction bands are plotted in red
and blue colors, respectively.(c) Pressure dependence of the smallest direct and
indirect bandgaps in the tetradymite-like phase.
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bandgap at the I" point. These changes of the different bandgaps with
increasing pressure are plotted in Fig. 10. The small changes of the direct
and absolute indirect bandgap of the tetradymite-like phase of PbBisTey4
with increasing pressure results in the maintenance of the strong topo-
logical insulating character of the compound up to the maximum pres-
sure according to the calculated Zj indices vy (v1, vo,v3) = 1(1,1,1)
according to VASP2TRACE software of the Bilbao Crystallographic
Server. Vergniory et al. [90-92] This result is in contrast to the results of
other tetradymite-like compounds, such as f-As;Tes, that loose the to-
pological properties on increasing pressure. Vilaplana et al. [73]

The experimental results imply a decrease of the bandgap energy
above 6 GPa [93] that does not occur according to our calculations. This
means that the decrease of the resistivity above 6 GPa is consistent with
a metallic behavior that does not correspond to the theoretical results for
the tetradymite-like phase. Notice that the pressure dependence of p in
PbBiyTey is different from that reported for SnBisTes and SnSbyTey,
which are p-type semiconductors. Pan et al. [28,15,35]

Therefore, the changes observed in the transport properties of
PbBi;Tes; above 6 GPa are consistent with the decomposition of
PbBisTes observed in HP-XRD and HP-RS experiments. Notice that
BiyTes undergoes a semiconductor-to-metal transition above 8-10 GPa
due to the phase transition from the rhombohedral R-3m to the mono-
clinic C2/m phase. Einaga et al. [94,95] This is the same pressure range
in which the onset of metallization is observed in our experiments. In
particular, the decrease of the carrier mobility is consistent with the
formation of defects in the sample leading to an enhancement of electron
scattering by ionized defects. Errandonea et al. [96] The change of slope
of the mobility at about 6 GPa would correspond to a change of the
dominant carrier scattering mechanism. When increasing further the
pressure there are no important changes caused in the transport prop-
erties. All changes induced by pressure in the transport are reversible
supporting the reversibility of the pressure-induced decomposition
already observed in HP-XRD and HP-RS measurements.

Interestingly, the observed pressure-induced decomposition above
ca. 6-9 GPa according to our HP-XRD, HP-RS, and HP-transport mea-
surements allows us to give a reasonable explanation for the previously
observed pressure-induced superconductivity of PbBisTes above this
pressure range. Matsumoto et al. [36] Note that superconductivity was
reported to occur in PbBiyTeyq at 10 GPa, pressure at which we have
shown there is a mixture of the decomposition products PbTe and
BiyTes. Moreover, a critical temperature around 2-3 K was observed at
10-13 GPa in good agreement with the 2.8 K critical temperature found
in the C2/m phase of BizTes at 10.2 GPa. Nakayama et al. [79,94]
Consequently, the superconductivity in PbBisTes at 10 GPa can be
explained by the observed pressure-induced superconductivity in BizTes
above 7 GPa. Matsubayashi et al. [97] Interestingly, Matsumoto et al.
measured a change in the slope of the pressure dependence of the
superconducting temperature at 16 GPa [36] and this pressure coincides
with the onset of superconductivity in PbTe. Brandt et al. [71] There-
fore, the reported results on pressure-induced superconductivity in
PbBiyTey are fully consistent with the pressure-driven decomposition
reported here so superconductivity cannot be ascribed to PbBi,Te4 but
to their decomposition products, in particular to the C2/m phase of
BizTeg.

A similar explanation to that already given for the observation of
pressure-induced superconductivity in PbBi;Te4 can likely be given for
the observation of pressure-induced superconductivity in other ABoX4
compounds, e.g. GeSbyTe4, [98] SnSbyTey, [38,64] and GeBiyTey. Liu
et al. [37] In particular, a pressure-induced decomposition has been also
observed in SnSb,Te,4 and suggested to occur in SnBizTe4, [15] and the
lattice parameters found for the C2/m phase of SnSb,Te4 above 6 GPa
[15,64] are very similar to those already reported for the C2/m phases of
SbyTes and BipTes. Zhu et al. [65,99] Moreover, the possibility of a
pressure-induced decomposition in GeBisTe4 has been already suggested
by Liu et al. [37] On the other hand, we have to stress that
pressure-induced superconductivity was not observed on upstroke in the
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rhombohedral phase of GeSbsTe4 but only once after decompression
from the body-centered cubic (BCC) phase. Greenberg et al. [98] Note
that the BCC phase is a disorderded phase with mixed cations and anions
that has been already found in all tetradymite-like sesquichalcogenides
at HP [100,69,99] and that it is quenchable at room conditions in
GeSbyTey. Kalkan et al. [101] Therefore, pressure-induced supercon-
ductivity in GeSbyTe4 can be likely ascribed to the quenched disordered
BCC phase; the same phase that is observed in tetradymite sesquichal-
cogenides at HP.

4.4. Chemical bonding in PbBizTey4

To finish the paper, we want to comment on the different types of
chemical bonding present in PbBi;Tey4. As already commented, there are
two main types of chemical bonds in layered materials, the intralayer
and the interlayer bonds. The interlayer bonds in common layered
materials are typically considered to be weak bonds of van der Waals
(vdW) type. This type of bonds is observed e.g. in III-VI layered com-
pounds, such as InSe, GaSe, and GaS, and in transition metal chalco-
genides AX; (A=W, Mo; X=S, Se, Te). In contrast, recent studies have
revealed that interlayer bonds in tetradymite-like V,VI3 sesquichalco-
genides, such as BisSeg, BisTes, SboTes, and beta-AsyTes, show a stron-
ger interlayer bonding that is reflected in the smaller interlayer space in
tetradymite-like compounds than what is expected for common vdW
materials. Wang et al. [72,102,103,73,104] In other words, the typical
van der Waals interlayer bonding is strengthened due to the presence of
additional electronic charge in the interlayer space coming from the
intralayer bonds. This extra interlayer charge is caused by the partial
delocalization of electrons present in intralayer bonds and it is related to
the non-conventional character of the intralayer bonding in these and
other phase change materials, such as rocksalt-like IV-VI compounds.
Wuttig et al. [72,105] This non-conventional bonding in phase change
materials has been discussed in the recent years to be explained by two
models: the hypervalent and the metavalent bonding models. Wuttig
et al. [106,107,6]. However, it has recently been suggested that these
materials feature an old kind of bond that was till now thought to be not
possible in electron-rich elements, the electron-deficient multicenter
bond. Osman et al. [32,33]

In order to show the electron-deficient character of the intralayer
bonding in PbBiyTe4, we have theoretically calculated the number of
electrons shared (ES) between the Pb-Te and Bi-Te atoms inside the
septuple atomic layers according to the Quantum Theory of Atoms in
Molecules. Richard and Bader [72,33,108] At 0 GPa, the calculated ES
values for Pb-Te2, Bi-Te2, and Bi-Tel are 0.91, 0.93, and 1.14, respec-
tively. In comparison the corresponding ES values for Sn-Te2, Sb-Te2,
and Sb-Tel in SnSbyTey are 0.88, 0.91, and 1.4, respectively. In a prior
work on SnSb,Te,4, we showed that the Sb-Tel bonds were considered be
slightly modified covalent bonds, while the Sn-Te2 and Sb-Te2 bonds are
not covalent bonds but unconventional bonds that were considered to be
metavalent; [15] i.e. they can be catalogued as electron-deficient
multicenter bonds according to the revised notation. Osman et al. [32,
33]

The comparison of the ES values of the Pb-Te2 and Bi-Te2 bonds in
PbBiyTes with their corresponding Sn-Te2 and Sb-Te2 bonds in
SnSb,Te,4 suggest that all these bonds are electron-deficient multicenter
bonds. On the other hand, the much lower ES value of the Bi-Tel bond in
PbBi,Tey4 than that of its corresponding Sb-Tel bond in SnSb,Te4 suggest
that the former bond is already an electron-deficient multicenter bond
unlike the later. This result is consistent with the occurrence of the
electron-deficient multicenter bonds in the heavier elements of the
group. Osman et al. [33] The appearance of more defined
electron-deficient multicenter bonds in the compounds with the heaviest
elements is also consistent with the appearance of topological insulating
properties in the compounds with the heaviest elements, such as tellu-
rides instead than in selenides, as it is the case of PbBisSe4 vs. SnBisSey.
Menshchikova et al. [87] Moreover, the covalent character and the
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electron-deficient multicenter character (previously considered to be
metavalent) of the different intralayer bonds is consistent with the
location of the different bonds in the ES vs. ET map, being ET the
renormalized number of electrons transferred between the two bonded
atoms, if we consider that Pb-Te2, Bi-Te2, Bi-Tel, Sn-Te2, Sb-Te2, and
Sb-Tel have ET values around 0.25(5). Wuttig et al. [6,33] This is also
consistent with the observation of these unconventional bonds in
tetradymite-like pnictogen sesquichalcogenides. Cheng et al. [72,73]

While the electron-deficient character of the intralayer bonds in
PbBi,Tey is reflected in the low ES values of the Pb-Te2, Bi-Tel, and Bi-
Te2 bonds as compared to covalent bonds with ES values well above 1.5,
[6,33] the multicenter character of the intralayer bonds in PbBiyTey4 is
reflected in the hypercoordinated (sixfold) Pb and Bi cations and the
linear Te-Pb-Te and Te-Bi-Te bonds in three dimensions. Osman et al.
[33] Notice that normally coordinated (fourfold) Ge and Sb cations with
angular covalent bonds occur in glassy GeSbaSe4 [109] and intermediate
hypercoordinated (fivefold) Sn and Sb cations, with a mixture of cova-
lent and electron-deficient multicenter bonds in two dimensions similar
to that present in TlI, Inl, and InBr, [33] is found in SnSb,Se4. Smith and
Parise [110] Therefore, it can be concluded that the increase of hyper-
coordination, and therefore of multicenter character along different
spatial directions, increases when heavier elements participate in ABoX4
compounds, being the tetradymite-like structures those having the
largest number (three) of electron-deficient multicenter bonds (linear
anion-cation-anion bonds) around each cation.

Finally, it must be stressed that our calculations for PbBi;Te4 and
SnSbsTe4 do not show a significant change of the ES and ET values as
pressure increases (up to 10 GPa) as long as the low-pressure rhombo-
hedral structure is maintained. Therefore, we conclude that the main
intralayer bonds in these layered tetradymite-like compounds are
electron-deficient multicenter bonds irrespective to the pressure. In this
context, it must be observed that despite all the intralayer bonds are
electron-deficient multicenter bonds, the bond with the larger covalent
character is the Bi-Tel bond that has the larger ES value. The larger ES
value of the Bi-Tel bond than of the Bi-Te2 at 0 GPa is consistent with
the shorter length of the Bi-Tel bond (3.080 A) than for the Bi-Te2 bond
(3.326 A) since covalent bonds are shorter that multicenter bonds,
irrespective of they being electron-rich or electron-deficient. As ex-
pected, an even shorter Bi-Tel bond length (3.075 A) is found in
SnBi,Tey since a much larger covalent character of this bond is expected
for the tetradymite-like compounds with lighter elements. In summary,
the presece of intralayer bonds with electron-deficient multicenter
character explains the delocalized character of some electrons that
contribute to strengthen the interlayer bonds in these tetradymite-like
layered materials in contrast to common layered vdW compounds.

5. Conclusions

We have reported a joint experimental and theoretical study of the
topological insulator and thermoelectric material PbBiyTe4 in which its
structural, vibrational, and electric properties have been studied under
compression. The results of powder X-ray diffraction, Raman scattering,
and transport measurements have been explained thanks to the help of
state-of-the-art ab initio calculations. In addition to reporting the
equation of state of the rhombohedral phase and the pressure depen-
dence of the Raman-active phonons and transport properties, we have
found that this compound retains the topological properties of the
rhombohedral tetradymite-like phase up to its reversible pressure-
induced decomposition into its parent materials (PbTe and BisTes) in
the range from 6 to 9 GPa. This decomposition allows us to explain the
observed pressure-induced superconductivity in this and related com-
pounds with tetradymite-like structures since the same type of pressure-
induced superconductivity has been previously observed in tetradymite-
like sesquichalcogenides (SbyTes, BizTes, and BisSes). In addition, we
have clarified the different nature of the interlayer and intralayer
bonding in these materials in comparison with other layered
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chalcogenides, emphasizing that the extraordinary properties of the
tetradymite-like phase of PbBiyTes are related to the existence of
electron-deficient multicenter bonds in this material as well as in its
parent PbTe and BiyTes compounds.
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