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Influence of the stacking sequence on layered-chalcogenides
properties: First principle investigation of Pb,Bi,Tec

Weiliang MA,“> Marie-Christine RECORD,*“ Jing TIAN,* and Pascal BOULET”

ABSTRACT: The Pb,Bi,Tes compound has been reported in literature with two stacking sequences -Te-Pb-Te-Bi-
Te-Bi-Te-Pb-Te- and -Te-Bi-Te-Pb-Te-Pb-Te-Bi-Te- labelled in this work as A and B, respectively. The electronic and the
thermoelectric properties of the Pb,Bi,Te; compound with the 2 different stacking sequences have been determined
from a series of first principles calculations using density functional theory (DFT). The related compounds PbTe and
Bi,Te; have also been investigated for comparison. Different exchange-correlation functionals have been tested, w/o
spin-orbit coupling, which has been found to have important effects. The elastic moduli, dielectric constants, Born
effective charges, and phonon dispersion within the quasi-harmonic approximation have also been calculated and
based on these calculations results, the thermal conductivity has been determined by solving the Boltzmann transport
equation. Additionally, the QTAIM theory was employed to explain the differences in the properties of the 2 stackings.
The most interesting compound for thermoelectric applications has been found to be Pb,Bi,Tes with the stacking B
sequence. The highest zT values have been found to be 4.02 in the a-axis direction and 2.26 in the c-axis one.

1 Introduction

Due to their low lattice heat conductivity, complex layered chalcogenides such as ternary compounds in the quasi-
binary A’V CY’-BY C} systems (A’ = Ge, Sn, Pb; By = Bi, Sb ; Cy; = Te, Se) are potential candidates for thermoelectric
applications.” The existence of homologous series of layered compounds of the n(A!YC"")-m(BYCY?) type in this
system? offers large possibilities for optimizing the thermoelectric properties. Indeed by using different types of stacks
as well as various combinations, these homologous series behave as compounds generating devices. Many n(A!V C"/)-
m(BY C}") compounds have been already investigated as potential thermoelectric materials®"®, phase change memories
for optical data storage®” and topological insulators (TIs)®O,

In the PbTe-Bi,Te; quasi-binary system, six ternary compounds belonging to the homologous series n(A!V C"1)-
m(BY CY7) have been evidenced. Five of them, namely PbBi,Te,, Pb,BisTe,, PbBi, Te,, PbBigTe;, and PbBigTe;; with
a trigonal symmetry, are located in the Bi,Te, rich side!”1% whereas Pb,Bi,Te; with a nine-layers hexagonal unit
cell1820 js Jocated in the PbTe rich side. Most of the studies reported in literature concerns the compounds belonging
to the Bi,Te, rich side, e.g. thermodynamic properties of PbBi,Te, and PbBi,Te, %!, vibrational spectra of Pb,Bi,Tes,
PbBi,Te, and PbBi,Te,2, thermoelectric properties of PbBi,Te,* and PbBi, Te, 4.

The Pb,Bi,Tes compound with a stability that was even questioned” has been much less investigated. In 1969,
Petrov et al.1® synthesized Pb,Bi,Tes from PbBi, Te, using a long time annealing to evaporate Bi,Te; and characterized
it by electronography. The unit cell of Pb,Bi,Tes consists in nine-atomic layers, which are made by inserting two
PbTe into Bi,Te; according to the following sequence: -Te-Pb-Te-Bi-Te-Bi-Te-Pb-Te-, whereas the unit cell of PbBi,Te,
consists in 12-atomic layers made of a 5-layers slab (-Te-Bi-Te-Bi-Te-) and a 7-layers slab (-Te-Bi-Te-Pb-Te-Bi-Te-). The
nine atomic layers in Pb,Bi,Tes are linked by van der Waals interactions. Recently Chartterjee et al.2 synthesized by
a simple solution-phase method at low temperatures a two-dimensional Pb,Bi, Te; nano-sheet and characterized it by
several methods including powder X-ray diffraction, inductively coupled plasma atomic emission spectroscopy (ICP-
AES) and energy dispersive X-ray analysis (EDAX). In agreement with the previous results1®, the unit cell of Pb,Bi, Tes
is constituted of nine-atomic layers but with a different atomic sequence, namely —Te-Bi-Te-Pb-Te-Pb-Te-Bi-Te-.

Therefore the stability and the atomic layer stacking sequence for this compound are still questioned.

In the present work, by using first principles calculations and density functional perturbation theory (DFPT),
we investigated the stability, the electronic structure, the thermoelectric properties and the thermal conductivity of
Pb,Bi, Te; for each stacking sequence.

2 Computational procedure

The electronic structure calculations have been performed within the frame of density functional theory using all-
electron FP-LAPW approach with local orbital method as implemented in WIEN2K#%. Several exchange-correlation
functionals have been used the detail of which will be mentioned when appropriate in the results section. For structural
optimizations the Brillouin zone has been sampled with the k-meshes 8 x 8 x 8,8 x 8 x 8 and 12 x 12 x 2, for PbTe,
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Bi,Te; and Pb,Bi,Tes, respectively. For the subsequent convergence of the self-consistent energy the k-meshes have
been set as 16 x 16x16, 16 x 16 x 16 and 18 x 18 x 4. The total energy and atomic forces convergence threshold
have been defined as 0.136 meV and 0.257 meV/A, respectively. The cut off energy for the core-valence separation
has been fixed at -5.0 Ry for PbTe and Pb,Bi,Tes, and -6.0 Ry for Bi,Te; and the Ry, K. value as 9.0. The structure
and charge density calculated above are used to analyze the topological properties within QTAIM theory22'2°,

The thermoelectric properties have been computed by solving the Boltzmann transport equation within the con-
stant relaxation time 7 and the rigid band structure approximations as implemented in BoltzTraP2 package2’. The
implementation of BoltzTraP2 is based on the use of full bands structure in the Brillouin zone. The sampling, which
is important in transport calculation, has been done using a very dense k-mesh of 48 x 48 x 48 for PbTe, 36 x 36
x 36 for Bi,Te;, and 64 x 64 x 14 for Pb,Bi,Te;. Within the limit of validity of the semi-classical linearized Boltz-
mann transport equation, the strongly band structure dependent Seebeck coefficient (S) can be directly obtained. By
contrast, for the calculation of the electronic part x, of the thermal conductivity and the electronic conductivity o that
depend on 7, the 7 value has to be evaluated independently. For this, we have used the effective mass approximation
with deformation potential (DP) theory to calculate.’%®

Second and third order anharmonic force constants have been calculated by means of DFPT method? by using
the QUANTUM-ESPRESSO package®? together with the Phono3py“! program. A plane-wave energy cutoff of 70 Ry
(952 eV) has been employed. Total energies have been minimized with a convergence criterium of 10~7 Ry and a total
force threshold of 10~* Ry/Bohr. A supercell of 2 x 2 x 2 has been considered, which consists in a total of 64, 40, and
72 atoms for PbTe, Bi,Te; and Pb,Bi,Tes, respectively, with 4 x 4 x 4,6 x 6 x 6 and 4 x 4 x 1 g-mesh sampling. In
subsequent post-processing, phonon lifetimes have been sampled with a finer 19 x 19 x 5 mesh.

3 Structural information

The bulk crystal structure of PbTe is a face-centered cubic one (space group Fm3m) with 2 atoms in the primitive cell
(Fig. ). Bi,Te; crystallizes in the rhombohedral lattice system (R3m) with 5 atoms in the primitive cell stacked
along the c-axis and can also be described with a hexagonal unit cell (Fig. [Ip). There are three equivalent atomic
positions, which locate at Bi (u, u, p), Tel (v, v, v) and Te2 (0, 0, 0). The structure of Bi, Te; consisting in three slabs
containing five atom layers each can be easily visualized in the conventional hexagonal cell. The weak Te-Te bonds
(373.3 pm®2) show that adjacent slabs are linked together through van der Waals forces that contribute to the crystal
cohesion.
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Figure 1 (a) Primitive cell of PbTe; (b) primitive and conventional cells of Bi,Tes; (c) 1 x 1 x 2 supercell of Pb,Bi, Teg in stacking
A; (d) 1 x 1 x 2 supercell of Pb,Bi,Teg in stacking B.

The studied compound Pb,Bi,Tes, which can also be identified as the quasi-binary compound 2(PbTe)-Bi,Tes,
crystallizes in the P3m1 space group with nine atoms per unit cell stacked along the c-axis. To get a direct view
of the atoms stacking, a 1 x 1 x 2 supercell along the c-axis can be considered (see Fig. [1k,d). Among the nine
atoms, five inequivalent atoms can be seen. As with Bi,Te; a weak Te-Te interaction is observed between slabs. As
mentioned above, two possible atoms sequences have been reported in the literature180: .Te3-Pb-Te2-Bi-Tel-Bi-Te2-
Pb-Te3- (stacking A) and -Te3-Bi-Te2-Pb-Tel-Pb-Te2-Bi-Te3- (stacking B); from one structure to the next the bismuth
atoms and the lead ones are interchanged.

4 Results

4.1 Structural properties

The equilibrium lattice constants of PbTe, Bi,Te; and Pb,Bi, Te; have been calculated with three exchange-correlation
functionals, namely LDA23534 PBEBS and rev-vdW-DF24¢ with and without spin-orbit coupling (SOC). As there are
weak Te-Te bonds in Bi,Te; and Pb,Bi,Tes, van der Waals forces have been considered in these compounds. The



rev-vdW-DF22¢ has been shown to be accurate in weakly bound solid systems, such as rare gases and graphite-
like structure, and also reliable in strongly bound systems.2” The calculated lattice constants have been determined
by fitting the Birch-Murnaghan equation and the results are listed in Tabldl] together with experimental data for
comparison. Although the calculations on Bi,Te; have been performed with the rhombohedral primitive cell, in order
to be consistent with the hexagonal structure of Pb,Bi,Te; we have given in Table|l| the hexagonal lattice parameters
of Bi,Te;. The effect of SOC on the lattice constants is negligible as we can see from Fig. S1-4 (supplementary
materials). For PbTe, the lattice constants are in better agreement with the experimental ones when calculated with
PBE, whereas the agreement is better when calculated with rev-vdW-DF2 for Bi,Te;. The agreement is also better
when using rev-vdW-DF2 for Pb,Bi,Tes stacking B. For Pb,Bi,Te; stacking A from PBE to rev-vdW-DF2 the c lattice
parameter agreement is worsen whereas the a one is improved. This could suggest that the contribution of the van
der Waals interactions is larger in stacking B. To allow for comparisons between forthcoming results on stacking A and
B, the calculations have been performed with the rev-vdW-DF2 functional.

Table 1 Calculated lattice constants in pm and atomic position of fractional coordinates compared with experimental values. The
first atomic position is 0 for Te2 in BiyTes, Tel in Pb,Bi,Teg for both stacking A and stacking B.

LDA PBE rev-vdW-DF2  Other works
PbTe a 638.4 6572 - 645.48
a 436.0 445.7  435.0 43783207 438159
BiTe c 2999.9 3074.7 3020.8 303452 30492
273 v 0.209 0.211  0.208 0.212
u 0.400 0.399  0.400 0.400
a 443.0 4544 451.6 446/18
Pb.Bi.Te. © 1687.8 1733.4 1721.1 175218
StaikiflgS Bi 0.1128 0.1117 0.1125 0.109
A Te2 0.2110 0.2066 0.2088 0.218
Pb  0.3391 0.3394 0.3396 0.329
Te3 0.4315 0.4293 0.4301 0.440
a 4428 454.6  450.8 442120%
Pb.Bi-Te. © 1732.0 1740.8 1768.7 178620+
StazckiflgS Pb  0.1099 0.1097 0.1100
B Te2 0.2192 0.2194 0.2189

Bi 0.3326 0.3349 0.3323
Te3 0.4299 0.4294 0.4261
* Lattice parameter from thin film.

4.2 Electronic and thermal properties

4.2.1 Electronic band structure

Based on the rev-vdW-DF2 optimized structure, the band gaps have been calculated with six different functionals with
and without SOC. The Engel-Vosko functional (EV-GGA)“? allows for reproducing the real exchange potential and
the Tran-Blaha-modified Becke-Johnson exchange potential (TB-mBJ)4Y for getting band gaps with a high accuracy
similar to that obtained from GW calculations. The HSE hybrid functional, with 25% Hartree-Fock exchange, obviates
the band-gap underestimation commonly observed with conventional GGA functionals. The results are presented
together with literature values in Table As can be seen, the effect of SOC is significant for all the compounds.
The non-SOC energy gaps are overestimated compared with the experimental values. The inclusion of SOC yields
closer values to experimental ones, in particular with the PBE functional. Hence this functional has been chosen
for all subsequent calculations. Even if gaps are enlarged with HSE, it is still closed for Pb,Bi,Tes with stacking A,
which reflects its metallic character. The band gap of Pb,Bi,Tes stacking B is about 0.113 eV, thus this structure can
be considered as a narrow gap semiconductor. The gaps of Bi,Te; and Pb,Bi,Tes calculated with and without vdW
corrections are close, which indicates that the effect of vdW on their electronic structures is negligible.

The calculated bands structures with and without SOC along high symmetry points of the first Brillouin zone
are shown in Figure [2| for PbTe and Bi,Te;, and in Figure (3| for Pb,Bi,Te;. All the compounds are found to be
semiconductors, except Pb,Bi,Teg in stacking A, which shows typical metallic character with overlapping between
conduction and valence bands. The valence band maximum (VBM) and conduction band minimum (CBM) for PbTe,
Bi,Te; and Pb,Bi, Te; stacking B locate at the I" point with non-SOC calculations. For Bi, Te; and stacking B the location
of both the VBM and CBM differs with and without SOC. Both structures bear a direct and indirect gap without and
with SOC, respectively. For Bi,Te; with SOC the VBM locates near the Z point and the CBM is along the Z-F direction
with relatively flat bands. For all the compounds, one can observe that SOC splits both high-lying conduction band
degenerated orbitals and low-lying valence band ones at high symmetry points. For Pb,Bi,Tes, SOC affects more
markedly the bottom conduction orbitals than the top valence ones. Therefore the changes in thermoelectric properties
should be more noticeable for the n-type doped compound. In addition without SOC the bottom conduction orbital



Table 2 Band gaps (eV) for PbTe, BiyTez, Pb,Bi,Tes stacking A and Pb,Bi, Teg stacking B calculated with various functionals
compared to the experimental ones. Both the non-SOC and SOC results (in parenthesis) are presented.

LDA PBE EV TB-mBJ PBE/vdw HSE (this work) HSE (from lit.)  Exp.
PbTe 0.574 0.827 1.149 1.196 - 1.26 1.13142 0.194143
(0.084) (0.172) (0.358) (0.441) - (0.379) (0.29)42
Bi, Te, 0.168 0.256 0.521 0.554 0.316 0.633 - 0.165816
(0.088) (0.113) (0.116) (0.126)  (0.114) (0.306) (0.311)44
Pb,Bi,Tes stacking A 0 0 0 0 0 0 - -
(0) 0) 0) 0) 0) 0)
Pb,Bi, Tes stacking B 0.380 0.504 0.766 0.785 0.489 0.887 - -

(0.145) (0.113) (0.072) (0.07) (0.116) (0.110)

exhibits a typical parabolic behaviour around the point whereas with SOC the band is flat and extends itself between
and A. In the latter case, the band effective mass and electron mobility should then be lighter and higher, respectively,
both leading to lower Seebeck coefficient and to higher electrical conductivity. From these effects, coupled with the
fact that the gap is significantly lowered by SOC, and assuming that the thermal conductivity is not affected, the
zT value for n-type Pb,Bi,Te; should be degraded when considering the SOC effect in the calculations and all the
more that the temperature increases. These assumptions have been verified by additional calculations (see Fig.S5 in
supplementary materials).

Since the effect of SOC on the band structures is significant for all the compounds, except in very few cases where
notified, we have included this effect in the following electronic calculations.
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Figure 2 Calculated electronic band structures of PbTe (a), BiyTez (b) with PBE-GGA functional. The blue lines and the red lines
represent the band structures without and with SOC, respectively.

Both the valence and conduction bands of the two Pb,Bi,Tes stacking sequences have mixed contributions from
Pb-Te and Bi-Te states belonging from different electrons states as shown in Figure 4 The DOS of the stacking B is
more closely related to that of PbTe than that of Bi, Te; with a strong Pb 6s state below the Fermi level, while the DOS
of stacking A is more similar to that of Bi,Te;. The strong peak near -0.4 eV comes from the hybridization between
Pb-6s, Pb-6p, Bi-6s and Te-5p for stacking A, and from a strong hybridization of Pb-6s, Bi-6s, Bi-6p and Te-5p for
stacking B. In the stacking A where Pb atoms locate near the slab edge, an additional peak occurs at about -0.23 eV
from a strong hybridization of Bi-6p, Pb-6p and Te-5p, especially with Te3 located at the edge of the ennead atoms
slab. These results show that the inner atoms of the slab are the main contributors to the electronic band structure,
the contribution of the atoms located at the edge of the slab being larger around the Fermi level. For stacking B, the
tellurium atom at the slab edge (Te3) contributes less to the states near the top of the valence band due to the large
electronegativity of the Bi atom to which it is bonded.
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Figure 3 Calculated electronic band structures of Pb,Bi, Teg stacking A (a) and Pb,Bi, Teg stacking B (b) with PBE-GGA functional.
The blue lines and the red lines represent the band structures without and with SOC, respectively.

4.2.2 Electronic transport properties

The electronic conductivity (o) and the electronic thermal conductivity (k,) calculated by BolzTrap2 are given as the
ratios /7 and x/7, respectively. The relaxation time 7 depends on the charge carrier concentration, the temperature
and the electrons energy. However, treating 7 as a constant is not a satisfactory approximation to get thermoelectric
properties. According to Ref28, 7 can be evaluated from effective mass approximation with deformation potential (DP)
theory. The mean free path ¢, the mobility y and the relaxation time t can be defined as:

1 m2E kT
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where kg is the Boltzmann constant, ¢;; is the lattice elastic constant, and E; is the deformation potential expressed as:

47 da/ay

where gy is the equilibrium lattice constant.
The effective mass m* is derived from the second derivative of E along the g-axis and the c-axis direction: m;; =

12 /(9%E /dkik;). For isotropic PbTe, only the c-axis has been considered while for the anisotropic Bi,Te; and Pb,Bi, Tes,
both in-layers a-axis and cross-layers c-axis have been considered. The DP has been calculated by using seven values
of lattice constant, namely the equilibrium one and six around this value chosen by step of 0.01 A. A deep core state
has been used as a reference to evaluate the absolute DP. The results are listed in Table [31

The elastic constants of bulk PbTe, Bi,Te; and Pb,Bi,Te; have been calculated by fitting the energy-strain curve to
quadratic or sextuple polynomial, as detailed in Re. We have implemented a series of distortions on the equilibrium
structure. The bulk modulus has been obtained by fitting the results with the Birch-Murnaghan equation. Based on
the space group, the elastic constants of PbTe (Ci1, Ci2, C14), BiyTes (Ci1, Ci2, C13, Cia, C33, Cs4) and Pb,Bi, Teg (same
as with Bi,Te,) are listed in Table

The temperature and doping dependence of the electronic properties S, ¢ and k, are shown in Fig. [5| and in
Fig. [6] Since the best thermoelectric properties are obtained for semiconductors with carriers concentrations around
10'° carriers/cm?,%% the doping dependence was investigated in the domain of carriers concentration ranging from
10'7 /em? to 10?2 /cm?. The calculations have been performed for both electron-doping and hole-doping in in-layers
a-axis (xx) and cross-layers c-axis (zz). As shown in Fig. [5, the maximum | S | of stacking A appears in the area of
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Figure 4 Total DOS (a), projected DOS of PbTe and Bi, Tez (b) and projected DOS of Pb,Bi, Teg stacking A and B (c,d) calculated
with PBE-GGA functional.

Table 3 Deformation potential constants Ed and carriers effective mass m* at zero Kelvin in the c direction and in the ab plane
calculated with PBE-GGA functional.

*
Structures  Charge m ab c Ed(E\Qb
holes 0.259 10.64

PbTe electrons -0.368 9.62

Bi.Te holes 0.123  0.018 10.73 14.05
273 electrons -0.131 -0.019 9.74  13.92

Pb,Bi,Te;  holes 0.077  0.023 10.84 13.22

stacking A electrons -0.305 -0.06 8.86 12.04

Pb,Bi,Te;  holes 112 0.106 9.75 12,51

stacking B electrons -0.343 -0.132 9.89 12.69

intermediate doping level (range 10'° - 3 x 10?° carriers per cubic centimeter) in a wide temperature range. Irrespective
of the doping type the Seebeck coefficient absolute values are of the same order of magnitude and the anisotropy is
small. By contrast to S, the in-layer ¢ is more than an order of magnitude larger than that in cross-layer, which is
expected from the structure since the separated layer slabs along the c-axis hold together by vdW interactions. As to
the stacking B in Fig. [6 the optimum doping level is relatively lower than for stacking A (around 10'® - 10! e/cm?).
Generally, stacking B has a higher S and a lower o than stacking A, due to the metallic character of stacking A.

4.2.3 Lattice thermal conductivity

After having comprehensively determined the electronic part of TE properties we have accurately calculated the lattice
thermal conductivity x; of Pb,Bi,Tes. In order to use QUANTUM ESPRESSO for this purpose we have first re-optimized
the structures of PbTe, Bi,Te; and Pb,Bi,Te: stacking A and B with this package using the PBE associated with vdW-
DF2 exchange-correlation functional without SOC. The obtained equilibrium lattice constants are ¢ = 657 pm for PbTe,
a =435 pm, ¢ = 2985 pm for Bi,Te;, a = 441 pm, ¢ = 1752 pm for stacking A and a =442 pm, ¢ = 1732 pm for stacking
B, which are quite close to the constants optimized by WIEN2k and the experimental ones.

In a previous work®! it has been reported that, van der Waals functionals yield underestimated bulk modulus
by about 20-40% compared to LDA, resulting in too low phonon frequencies that do not agree with experimental
data, hence these functionals have been discarded for our study. Furthermore, the harmonic phonon spectrum mostly
depends on the choice of the lattice parameters and little on the choice of the functional®?. Hence, the LDA functionals
have been used to determine the harmonic and anharmonic force constants.

The longitudinal optical (LO) - transverse optical (TO) splitting at the Gamma point, which has a significant effect
on the phonon dispersion of PbTe caused by large Born effective charges, has been evaluated by adding the non-
analytical term to the dynamical matrix. The spectra of PbTe and Bi,Te; are shown with and without LO-TO splitting
in Fig. S6. A good agreement is obtained between the phonon dispersion curves of PbTe and Bi,Te; along a high
symmetry path and experimental data from Ref°3>% (Fig. . The Born effective charges calculated by the Berry phase
method™” and dielectric constants are listed in Table [5Sl Because of the rock salt structure, the Born effective charge
tensor of PbTe has identical diagonal elements. Furthermore, PbTe being a binary compound we have the relation
Z3, = —Z;,. The TO modes are very soft, which is well in agreement with both experimental data®* and previous DFT
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Table 4 Bulk modulus B (GPa) and elastic constants C;; (GPa) of PbTe, Bi, Te; and Pb,Bi, Teg calculated with PBE-GGA together
with calculated results and experimental data from the literature.

B Ciy Ci2 Ci3 Ciy C33 Cys

PbTe 375 991 6.7 - - - 13.4
Other Calc.4® 404 1110 6.7 - - - 14.4
Exp. 47 39.8 1053 7.0 - - - 13.2
Bi,Te, 47.0 780 227 381 232 69.4 46.7
Other Calc.#® 364 828 20.8 40.1 - 60.4 40.1
Exp.42 409 744 29.2 292 154 51.6 29.2
PbZB?TeS 473 777 27.1 385 -21.1 624 441
stacking A

Pb,Bi;Tes 456 77.0 210 373 -224 654 454
stacking B

works4054,

(a) 4.0

Frequency (THz)

Frequency (THz)

Figure 7 Phonon dispersion relations and total and projected phonon density of states for PbTe (a) and BiyTez (b) in a unit cell at
equilibrium. The solid red lines are from this work, and the blue dots are experimental results extracted from Ref®* for PbTe and
Ref3 for Bi, Tes.

With the same scheme as for PbTe and Bi, Te;, the anharmonic force constants have been computed for Pb,Bi, Tes.
The phonon dispersion curves together with the DOS of the two stacking sequences are shown in Fig. [8] Stacking A
and Bi,Te; have similar dispersion curves with a unique phonon band spreading the whole Brillouin zone around 2
THz and a frequency gap between 2.3 and 2.5 THz for stacking A though being smaller for Bi,Te; (2.0 to 2.1 THz).
For stacking B, the bands are more interlaced than in stacking A and there is no frequency gap.

The phonon spectra similarities with Bi,Te; have already been observed in literature for other layered Pb-Bi-Te
compounds, namely PbBi,Te, and PbBi, Te,.%% Interestingly in PbBi,Te,, like in Pb,Bi, Tes stacking B, the Bi atoms are
located at the boundary of the constitutive layers and the small peak observed at 131 cm™! in the experimental Raman
spectrum of PbBi,Te, could correspond to the 4 THz frequencies of the Pb,Bi,Te; phonon spectrum calculated in this
work (Figure . Indeed according to Mal et al.22, the peak at 131 cm™! is related to the interactions at the boundary
of the layers and in the present work the atomic contributions to the 4 THz frequencies for Pb,Bi,Tes stacking B solely
belong to the Bi and Te3 atoms.

To evaluate the lattice thermal conductivity k;, the Boltzmann transport equation (BTE)©®2 has to be solved self
consistently including all the scattering processes. The compounds of interest are considered as ideal ones without
scattering impurities. The x; can be calculated using a full solution of the linearized phonon Boltzmann equation
(LBTE) following the method introduced in Ref®3. The LBTE gives a rigorous way to evaluate lattice thermal con-
ductivity by considering phonon-phonon interactions but necessitates huge calculations. In previous researches on
metal and semiconductor®©> the single-mode relaxation time approximation (RTA)® has been proved to be a fast



Table 5 Calculated Born effective charges Z* (e) and dielectric constants €. in in-layer a-axis(xx) and in cross-layer c-axis(zz).

This work [xx, zz]  Other works [xx, zz]

PbTe zy, [5.75,5.75] [6.5, 6.5]°0[5.8, 5.8]4°
£orx  37.61 36.9(77 K) 32.8(300 K)=7
7 [6.83,6.83] [7.29, 3.58]"8
Zr, [-6.79,-6.79] [-6.03, -5.25]°5

Bi,Te, Zto  [-3.46,-3.46] [-4.28, -0.96]°8
Eoxx  43.96 45-50°271
£ope  42.36 3860

Z5 [7.86, 3.93]

Z5, [5.84, 5.98]
Pb,BiyTes Z, [-4.41,-1.27]
stacking Zleo [-6.29,-5.71]

B Zts [6.69,-5.93]
Eoxx  94.57
Ewzz  42.77

Table 6 Lattice thermal conductivity (W/(m-K)) for Pb,Bi,Te; A and B stacking sequences obtained from LBTE and RTA at the
temperatures of 300 K, 500 K, 700 K and 900 K. The average thermal conductivity values as well as that in the in-layer xx and
cross-layer zz direction are given

LBTE RTA

Kxx Kzz Kave Kxx Kzz Kave

300K 0.98 0.19 0.70 0.65 0.18 0.50

Stacking A 500 K 0.59 0.11 0.43 0.39 0.11 0.30
700 K 0.42 0.08 0.31 0.28 0.08 0.21

900 K 0.33 0.06 0.24 0.22 0.06 0.17

300K 0.98 0.35 0.75 0.91 0.34 0.72

Stacking B 500 K 0.59 0.21 0.46 0.55 0.20 0.43
700 K 0.42 0.15 0.33 0.39 0.14 0.31

900 K 0.32 0.12 0.25 0.30 0.11 0.24

and reliable choice to simplify the calculations. Within the RTA theory, the lattice thermal conductivity is given by:

1
KK=—Y C30 V1T,
zNVO;AA@@AA

where Vj is the unit cell volume, v, is the group velocity and 7, is the phonon scattering time in the specific phonon
mode (A). The summation runs over all the band in the Brillouin zone. The specific mode heat capacity of the
(1) phonon with frequency @, is C; = kg(hw, B)*ng (n + 1), with B = 1/(ksT). nj is the Bose-Einstein distribution
function.

We have calculated the lattice thermal conductivity using both LBTE and RTA at 300 K, 500 K, 700 K and 900
K for the two stacking sequences. The results of in-layer g-axis, cross-layer c-axis, and average thermal conductivity
Kave = (2 X K + Kz2) /3 67 are summarized in Table @ With LBTE, the thermal conductivity at 300 K amounts to &y, =
0.98 Wm~'K~! in the in-layer direction and x., = 0.35 Wm™'K~! in the cross-layer direction for stacking B. Pb,Bi, Tes
with ordered sequence A has a similar k,, value to that of stacking B, while the cross-layer one . (0.19 Wm 'K~ 1) is
noticeably smaller. Both structures are found to have very low and anisotropic lattice thermal conductivity. Comparing
LBTE and RTA results, irrespective of the stacking, one can note that, the cross-layer x,, values are similar while the
in-layer ones are different. When increasing temperature, k; decreases in the two directions.

The cumulative lattice thermal conductivity, phonon lifetime 7, group velocity in a-axis and c-axis directions for
Pb,Bi, Te; with the two stacking sequences, calculated at 300 K by using RTA, are shown in Fig. @ The temperature
dependence of the thermal conductivity of the two stacking sequences in a—axis and c-axis directions as well as
that of the average thermal conductivity are presented in Fig. It can be clearly seen that the in-layers thermal
conductivities of the two stacking sequences are close, while the cross-layers thermal conductivities of stacking B is
almost twice as large as that of stacking A. The interaction between the acoustic branches and the optical ones plays
an important role in the lattice thermal conductivities. Based on the cumulative k; curves, we can divide the frequency
domain into three parts: (a) 0-1.8 THz, (b) 1.8-3.4 THz and (c) 3.4-4.1 THz. In the first part (a), the cumulative
k; curves of both structures show a S-shape like behavior. In this frequency domain the cumulative lattice thermal
conductivities of the two stacking sequences are similar. In the second part (b), correlated with the phonon band gap
observed between 2.3 to 2.5 THz in stacking A (Fig. [8), the cumulative «; of this stacking sequence reaches a plateau.
In the third part (c) the optical phonons come into play and participate, though weakly, to the heat conduction. The
contribution provided by the first, second and third parts to heat conduction amounts to 78%, 10%, 12% for stacking
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Figure 8 Phonon dispersion relations of Pb,Bi,Teg for stacking A (a) and stacking B (b), as well as total and projected phonon
density of states.

A and 66%, 28%, 6% for stacking B, respectively. Meanwhile, the gap in the optical branches in stacking A leads to
fewer phonon scattering, producing much longer phonon lifetimes (Fig. [9p).
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Figure 9 Calculated cumulative lattice thermal conductivity for Pb,Bi, Teg stacking A (blue) and stacking B (orange) with RTA (a).

Phonon lifetimes for A and B (b). Group velocity for A (c) and B (d) in the in-layer a-axis and cross-layers c-axis. Results obtained
at 300 K.

4.2.4 Thermoelectric figure of merit

From the Seebeck coefficients and the electronic and thermal conductivities the figure of merit zT can be evaluated as a
function of carriers concentration and temperature. The results are depicted in Fig. The zT values of Pb,Bi, Tes
with stacking A depend little on the considered direction and carriers types. By contrast, for stacking B the zT values
are much higher for p-type carriers that for n-type ones. The conditions to obtain the maximum zT are 200-300 K and
1x 10" =5 x 10" h/cm? along the g-axis direction, and 6001000 K and 1 x 102° — 5 x 102! h/cm® along the c-axis one.
The highest value in the a-axis direction is 4.02 and that in the c-axis direction is 2.26, which are higher than those
already reported in literature for other layered chalcogenide compounds (e.g. 1.3 for the Sb,Te;-GeTe compounds®8,
1.4 for the Bi,Te;-GeTe ones® and 1.86 for Bij sSb, s Te;7%). Despite the lower lattice thermal conductivity of stacking
A, its electronic thermal conductivity is much higher than that of stacking B as a result of the metallicity (Figure [5|and

).
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Figure 10 Calculated lattice thermal conductivity k of Pb,Bi,Teg stacking A (a) and stacking B (b) vs. temperature. The evolution
is plotted for the in-layer a-axis, cross-layers c-axis and average lattice thermal conductivity.
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Figure 11 Calculated figure of merit zT of Pb,Bi, Teg stacking A in a-axis(xx) and c-axis(zz) directions vs. temperature and carriers
concentration.

4.2.5 Summary of the electronic properties for both stackings of Pb,Bi,Teg

We have gathered in Table |2| the electronic properties of stacking A and stacking B of Pb,Bi,Tes at low and high
temperatures of 300 K and 800 K with p- and n-type doping of 10'° cm—3 and 10?° cm 3, respectively. All the properties
are reported for the xx and zz directions to highlight the anisotropy of the compounds.

The best zT values are obtained for the stacking B of Pb,Bi,Teg for p-type doping. This is correlated with a
correspondingly high Seebeck coefficient and moderate electronic conductivity. Although the moderate electronic
conductivity may be detrimental to the power factor S>c appearing in the zT expression, this implies a low electronic
thermal conductivity. Combined with a fairly low lattice thermal conductivity, especially in the zz direction, the
figure of merit of stacking B Pb,Bi,Tes is improved compared to that of stacking A. Regarding stacking A, its metallic
character leads to a too low Seebeck coefficient and too high electronic thermal conductivity that are not compensated
by the indeed very low lattice thermal conductivity.

Due to both a thermal conductivity lying in the range of what is generally observed for glassy compounds and
an electronic conductivity and a Seebeck coefficient typical of moderately doped semi-conductors, we can say that
Pb,Bi, Te; stacking B meets the “phonon-glass, electron-crystal” (PGEC) concept.

4.3 Mechanical, dynamical and relative stabilities of stacking A and stacking B Pb,Bi,Tes

The elastic constants that have been calculated in section 4.2.2 for permitting the determination of 7 are also useful
results (Table[4) to evaluate the mechanical stability of structures. The necessary and sufficient conditions of stability
for the rhombohedral I system are given asZ2:

Ci1 >|Cia|; Caa >0
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Figure 12 Calculated figure of merit zT of Pb,Bi, Teg stacking B in a-axis(xx) and c-axis(zz) directions vs. temperature and carriers
concentration.

Table 7 Electronic properties for Pb,Bi, Teg, stacking A and stacking B at 300 K and at a carrier concentration of 10" cm~3 (for
both n and p). Electronic conductivity ¢ x 107> in Q@ !m~! | electronic thermal conductivity in WK='m~!, Seebeck coefficient in
uVK~! | lattice thermal conductivity in WK~ Tm~1.

Electronic properties at 300 K and at a carrier concentration of 10°cm™

3

Oux o K, K¢ Syx Sz K., Kl zT
. n-type 106 5.73 216 12.2 31.7 54.2 0.0001
stacking A type 393 40.1 715 566 49.9 108 065 065 gog
. n-type 6.71 0.202 4.98 0.28 -161 171 0.88
stacking B p-type 11.4 0.154 7.46 0.10 296 312 0.91 0.34 3.63
Electronic properties at 800 K and at a carrier concentration of 10?°cm=3
Oux o, K, K¢ Shx Sz K., Kl zT
. n-type 86.2 5.37 414 30.2 24.6 2.44 0.004
stacking A p-type 315 32.9 1429 146 56.8 87.5 0.24 0.07 0.08
. n-type 9.69 0.729 34.75 5.68 138 175 0.48
stacking B p-type 13.8 0.274 53.9 0.90 206 298 0.91 0.34 1.15

1
Ch < §C33(Cu +C12)

1
Chy < §C44(C11 —C12) = CusCs

whereas for cubic one they are:

Ci1—Ci12>0; C11+Ci12>0; Cqys >0

In view of these mechanical stability conditions, both the two Pb,Bi,Tes stacking sequences are mechanically
stable. This result is supported by the negative value of the cohesive energy at zero Kelvin for both stacking. The
cohesion energies have been determined with the general formula:

Econ = ET— ZEi
i

where Efy is the total energy of the compound of interest, and E; is the energy of the constitutive atom. The cohesive
energies are -2.49 eV/at. for stacking A and -2.54 eV/at. for stacking B.

The phonon dispersion curves (section 4.2.3) provide a hint towards the dynamical stability of structures. The
positive phonon values (Figure [8) in the whole Brillouin zone show that there is no dynamical instability for both
stacking A and stacking B.

In agreement with literature results (see Introduction), we have found that both stacking A and stacking B can exist,
however under given temperature and pressure only one of these should be stable, the other one being metastable.
To investigate the relative stability of the two stacking, the Helmoltz free energy has been calculated. According to
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Wang et al.”2, the free energy of a crystalline material F(7'), when neglecting the configurational contribution, can be
expressed as follows :
F(T) = Eok + Foip + Fa

Where Eyk is the energy at zero Kelvin, F,;, is the vibrational free energy and F,; is the electronic free energy. The
vibrational free energy reads”’3:

1 ho(k,v)
Fip==) ho(k,v)+kgT ) In (1 —exp ())
2,; L kgT

k,v
and the electronic free energy is defined as’*
Fo=Eq—TSy
with
E, = /n(s)feds+/n(£)sds
and

S =—ka [ n(e) [Fn(f)+ (1= )n(1 = 1)

T, kg , I, f and € are the temperature, Boltzmann constant, reduced Planck constant, Fermi-Dirac function and
electrons energies, respectively. @(k,v) is the phonon frequency of the k' band and v vector. The Helmoltz free
energy of both Pb,Bi,Tes stacking is depicted in Figure [13|as a function of the temperature. Negative free energy is
found for both stacking from 0 K to 1000 K and the free energy of stacking B is found to be lower than that of stacking
A, suggesting that stacking B is the stable form of Pb,Bi,Te; whereas stacking A is the metastable one.
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Figure 13 Helmholtz free energy per unit cell versus temperature for stacking A and stacking B of Pb,Bi;Tes.

4.4 Electron charge density and chemical bonding

Electron charge density value and distribution play an important role in bonding trend, which will affect the thermo-
electric properties. Therefore, the analysis of electron charge density and chemical bonding developed by Bader<> and
following QTAIM methods2®7> will help us understand the reason of remarkable properties difference between the
two stacking sequences. The electron charge density together with the flux lines generated by Vp of the two stacking
sequences in (110)-plane are shown in Fig. ,b with all critical points (CPs) namely nuclei, bonds (b), rings (r),
and cages (c). In the studied structures, all the bond critical points (BCP) of the Pb-Te and Bi-Te bonds lie closer to
the lead and bismuth atoms than to the Te ones. The change of stacking sequence does not change the numbers and
types of critical points. Moreover, there is no charge accumulation along the bonds in the whole plane as evidenced by
the positive Laplacian values at the BCP (Table [8). The difference in scalar distribution between the two structures is
illustrated in Fig. [14c. Based on the lattice parameters in Table[1] there is a small difference between atomic positions
of the two stacking structures in c-axis direction. In order to compare the difference in charge density between the two
stackings, we meshed the (110)-planes with the same grid in the direction [-1, 1, 0], and the same grid between each
pair of adjacent atoms in the direction [0, 0, 1]. Zhang”® found a strong positive correlation between the anisotropy in
lattice thermal conductivity and the anisotropy in electron charge density. As shown in Fig. [14, the charge difference
mainly locates in the c-axis direction, which accords with the anisotropy in lattice thermal conductivity reported in
Table

As mentioned above and reported in Ref”Z, bonds properties play an important role in thermoelectric properties.
Therefore, the topological properties of bond critical points (BCPs) in Fig. [14p,b are discussed, the results of which
being tabulated in Table [8] on the basis of bond path length and angle, the charge density p and its Laplacian, the
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Figure 14 CPs and flux lines derived from Vp(r) (light green lines) of stacking A (a) and B (b) in (110)-plane, as well as the electron
charge density difference p4 - pp (c) between the A and B stackings.

Table 8 Topological properties of Pb,Bi,Teg corresponding to the BCPs in Fig. a, b; rl is the distance between BCP and Bi or
Pb atoms, or Te atoms for b5; r2 is the distance between BCP and Te; rl and r2 are in unit of pm; the angle is between BCPs and
their two ends; p and V2p are the electron charge density and its Laplacian at the BCPs in unit of 10~2e/bohr® and 10~2e/bohr>,
respectively; G, V and H represent the kinetic, potential and total energy densities at the BCPs in unit of 1072a.u./bohr3.

BCP rl 12 r1/r2 angle p VZp G 1% H [V]/G H/p
A-bl 158.0 165.8 0.953 179.54 3.064 3.068 1.37 -1.98 -0.61 1.44 -1.98
A-b2 150.7 158.3 0.952 179.95 4.024 2.896 1.84 -2.95 -1.12 1.61 -2.77
A-b3 168.3 176.6 0.953 179.06 1.985 2.730 0.87 -1.06 -0.19 1.21 -0.96
A-b4 146.9 157.1 0.935 179.53 4.151 3.175 1.96 -3.12 -1.16 1.59 -2.80
A-b5 177.7 177.7 1.000 180.00 1.773 3.152 0.75 -0.90 -0.14 1.18 -0.80
B-bl 156.4 167.8 0.932 179.81 2.861 3.293 1.32 -1.81 -0.49 1.37 -1.72
B-b2 156.1 167.3 0.933 179.89 2.898 3.316 1.34 -1.85 -0.51 1.38 -1.76
B-b3 159.9 168.6 0.948 179.81 2.834 2.965 1.25 -1.76 -0.51 1.41 -1.80
B-b4 150.6 158.6 0.949 179.89 4.075 2.592 1.82 -2.99 -1.17 1.64 -2.87
B-b5 185.2 185.2 1.000 180.00 1.379 2.075 0.57 -0.63 -0.055 1.09 -0.40

bond degree (H/p), the kinetic energy per electron (G/p) and the dimensionless | V | /G ratio. The electron charge
density in the expected interlayer van der Waals Te-Te (b5) bondings of stacking A is much higher than that of stacking
B. This lower charge density in stacking B results in a longer interatomic distance that can be explained by the higher
electronegativity of Bi, which weakens the Te-Te interaction, compared to that of Pb. While within the ennead atoms
slab of stacking A two poor electron density areas are found at A-b3 and A-b5 positions in Fig. leading to smaller
lattice thermal conductivity in c-axis direction, only one such area is found in stacking B at B-b5.

To explore the reason for the previous observations, we should catch a glimpse of bonds properties by identifying
the BCPs. Usually, closed shell interactions (ionic, H-bonds and vdW) have a large positive value of V?p over the entire
interaction region, G/p > 1, | V| /G < 1 and a small p. Conversely, V>p <0, G/p <1, |V | /G > 2 and a large p are
expected for shared interactions (covalent or polar bonds).”®

In our study, all BCPs show small value of p and positive V2p with 1 <|V | /G < 2, which cannot be considered as
pure covalent nor pure closed-shell bonds. This region has been identified by Espinosa and called a transit region”?.
In order to clearly show the tendency of BCPs, as proposed in Ref®” the | V | /G versus H/p plot is illustrated in Fig.
The Te-Te bonds of Bi,Tes, Pb,Bi,Tes stacking A and Pb,Bi,Tes stacking B locate in the top left area of Fig.
with a small magnitude of H/p and |V | /G, the latter being larger than though close to 1. The bond degree and
dimensionless | V | /G decrease along the sequence of Pb,Bi,Teg stacking A, Bi,Te;, Pb,Bi,Teg stacking B. According
to Espinoza’s bonding classification, these weak Te-Te bonds belong to the transit region and not to the closed shell
one as would be expected for van der Waals interactions. This could be explained by the fact that the transit region
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limits could be more or less displaced towards the shared shell or the closed shell regions, according to the nature of

the interacting atomic pair’Z.
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Figure 15 Dimensionless | V | /G vs. bond degree H/p.

The electronegativity values of Pb, Bi, and Te in the Pauling scale are 1.87, 2.02 and 2.1, respectively. Hence one
can assume that the ionic-like interaction and the polarity of Pb-Te are much stronger than those of Bi-Te. The BCPs
properties for the binary compounds PbTe and Bi,Te; are gathered in Table S1. The results show one kind of Pb-Te
bond and 3 kinds of Bi-Te ones. In stacking B, the Pb-Te bonds are at the center of the slab with an approximate
periodic sequence (-Te-Pb-Te-Pb-Te-) (see Fig. ) leading to two kinds of Pb-Te bonds and as shown in Table (8] and
in Fig. the properties of the two central Pb-Te BCPs (B-bl and B-b2) are close to each other. By contrast, the
properties of the two Bi-Te BCPs (B-b3 and B-b4) are different. Symmetrically in stacking A, the Bi-Te bonds are in
the center of the slab but they show different central BCPs (A-bl and A-b2) properties. The Pb-Te BCPs (A-b3 and
A-b4) also differ from each other. These differences could be related to the difference in the Te-Te interaction strength,
which is larger when Pb is located at the slab edge (stacking A) due to a lower electronegativity for Pb in comparison
to Bi as already mentioned above. The Te atom being less electron-rich when bonded to Bi in stacking B, this induces a
weaker Te-Te bond across the slabs gap, which is correlated by the larger bond length and lower absolute bond degree
(Table . The bond distance between the Te atoms in stacking B structure (370 pm) is much smaller than the sum
of the Te van der Waals radii (412 pm) suggesting that these bonds, although being weak, are not strictly of van der
Waals type. This is in agreement with Gatti’s”® and Yang’s”Z works that assign positive bond degree to van der Waals
interactions. This difference in the Te-Te interaction strength can also explain the differences in bulk modulus values
calculated above: 47.3 GPa for stacking A and 45.5 GPa for stacking B (see Electronic transport properties). A
lower symmetry in BCPs properties combined with stronger Te-Te interactions in stacking A should lead to a stronger
anisotropy and a larger electronic conductivity in this structure. The calculated electronic properties reported in Table
confirm this assumption.

As mentioned above, the non-equivalent Pb-Te bonds are dissimilar in stacking A as the electron density differs
from one another. One can assume that this difference originates from the position of the Pb-Te bond with respect to
that of the Te-Te one. In order to check this assumption, we have built a new stacking-A-sequence structure with an
increased number of layers in the slabs (21 instead of 9) and calculated, after optimisation, the topological properties
of their bonds. The values are gathered in table S2. Since the structures are symmetrical, for sake of clarity we
only give the properties of the non-equivalent bonds. The charge densities are plotted in Fig. As expected the
differences between the charge density at the critical points decrease when one move away from the Te-Te bond. In
stacking B, the non-equivalent Pb-Te bonds are similar and this is also true when the number of layers in the slab is
increased. However if we replace the Bi atom at the edge of the slab by a Pb one the Pb-Te bonds differentiate from
one another and the difference decreases when one move away from the Te-Te bond. Therefore it seems that the Bi
atom at the edge of the slab in stacking B isolates the Pb-Te bonds from the influence of the Te-Te ones between the
slabs.

5 Conclusion

In this work, we have investigated the stability, the thermoelectric properties and the bonding ones of Pb,Bi,Te; for
two stacking sequences. In agreement with experimental findings, for both stacking A and B no instability has been
evidenced. In the range of temperatures 0 K-1000 K stacking B seems to be the stable form of Pb,Bi,Tes;, whereas
stacking A is the metastable one. The two stacking sequences show remarkable differences in electronic properties.
Pb,Bi,Te; with stacking B is a narrow energy gap semiconductor, with calculated indirect gap of 0.116 €V, while
stacking A shows metallic character without energy gap. The thermoelectric properties of the two stacking sequences,
namely the Seebeck coefficient, electronic conductivity and thermal conductivity have been calculated. To go beyond
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Figure 16 Electron density at the bond critical points along the slab from the edge (Te-Te interaction on the left) to the middle of
the slab (on the right) in stacking-A-sequence structures with 9 (S1-1) and 21 (S1-2) layers, in stacking-B-sequence structures with
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(S3-2) layers. The dashed lines are just meant to guide the eye.

the relaxation time approximation, T has been evaluated from effective mass approximation with deformation poten-
tial (DP) theory. The calculated results show that Pb,Bi,Tes with stacking B has higher Seebeck coefficient, lower
electronic conductivity and lower electronic thermal conductivity. Based on the calculation of phonons spectra, stack-
ing A has stronger anisotropy and lower lattice thermal conductivity than stacking B. As a consequence, the zT values
of stacking B are much higher than those of stacking A. The highest value in the a-axis direction is 4.02 and that in the
c-axis direction is 2.26 with p-type carriers. The conditions of high zT are 200-300 K and 1 x 10'® - 5 x 10!° h/cm? in
a-axis direction, and 600-1000 K and 1 x 1029 — 5 x 10?! h/cm? in the c-axis one.

Quantum theory of atoms in molecules (QTAIM) calculations have been performed to explore the reasons for the
properties differences. The stacking sequence does not change the number or type of CPs, however, the bond Te-Te
between two slabs and the Pb-Te bond near the slab edge (stacking A) are strengthened when changing the Pb atom
location from the center of the slab (stacking B) to the edge (stacking A). The changing of sequence from stacking B
to stacking A breaks the symmetry of the bonds strength and leads to various BCPs properties in the structure, which
yield to both higher anisotropy and electronic conductivity.
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