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Abstract. Thermoelectric devices can play a role in efficiently using available energy by
converting heat produced by a wide range of devices into electricity. Low lattice thermal
conductivity is a requirement for efficient thermoelectric devices and layered materials offer
potential in reducing the lattice thermal conductivity perpendicular to the layers. We present
density functional theory calculations of the structural and lattice thermal properties of layered
platinum dichalcogenides PtTez and PtSez compounds in the CdIs structure, space group P3m1.
Phonon and elastic constants calculations confirm that the compounds are dynamically and
mechanically stable. Lattice thermal conductivities were calculated within the single-mode
relaxation-time approximation of the linearized phonon Boltzmann equation. We found that
at the room temperature, the in-plane lattice thermal conductivities for PtTes and PtSes are
6.54 and 9.33 Wm 'K~!, while perpendicular to the plane they are 1.8 and 2.06 Wm 'K~!,
respectively. The out-of-plane thermal conductivities confirm that further investigation of PtTeg
and PtSes as thermoelectric materials is necessary.

1. Introduction

Thermoelectricity is the simplest technology applicable for direct thermal-electrical energy
conversion. Thermoelectric (TE) devices can directly convert heat to clean electricity or work
in "reverse” as a heat pump, without any noise, hazardous liquids, or greenhouse-gas emissions
[1]. To evaluate thermoelectric performance, the dimensionless figure of merit ZT = %T is
often used. Here S is the Seebeck coefficient, o is the electrical conductivity, x is the total
thermal conductivity which is a sum of lattice contribution (k) and electronic contribution
(ke), and T is the temperature. It is rare to have a large Seebeck coefficient and metallic
conductivity simultaneously. The discovery of NaCooQy4, which is a metallic transition-metal
oxide, had a great impact on the search for thermoelectric materials since it has both a relatively
high conductivity and a large Seebeck coefficient [3]. Transition-metal dichalcogenides (MXsa, M
= transition metal, X = chalcogen) with CdlI, trigonal structure and space group P3m1 (No.
164) have layers that are weakly bound by long range van der Waals forces. Intercalation of
many molecular and atomic species has been achieved in these materials, and the impact on
their structural, magnetic, and electronic properties have been characterized [4] and a few MXs
compounds have been the focus of thermoelectric studies [5]. Transition metal dichalcogenides
(TMDs) have attracted a lot of attention in recent years due to their various applications,
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including electrocatalysis, optoelectronics, supercapacitors and batteries [6].

Recently, PtTey was reported to be a Lorentz violating type-II Dirac semimetal [7]. Its sister
compound PtSes has also been predicted to be a type-II Dirac semimetal. So far experimental
research in bulk PtSey crystals has been limited due to the lack of high quality single crystals [8].
In this work we investigated the lattice thermal conductivity of PtTes and PtSey and found that
they have promising thermoelectric properties because of their relatively small lattice thermal
conductivity.

2. Computational details

All calculations in this work were performed using Density Functional Theory (DFT) with the
projector-augmented wave (PAW) pseudopotential [9] approach as implemented in the VASP
package [10]. The generalized gradient approximation (GGA) of Perdew, Burke and Ernzerhof
(PBE) [11] and its modified form for solid materials, PBEsol [12], were used as exchange
correlation approximations. We performed calculations using an energy cut-off of 520 eV which
leads to a total energy tolerance of about 0.1 meV. For the integration over the BZ, a I'-
centered Monkhorst-pack grid [13] of 8x8x6 was found to be sufficient. Long range interactions
important in TMD compounds are not accounted for in the PBE and PBEsol approximations.
Since they are often approximated by van der Waals corrections, we examined the effects of vdW-
D2 [14], vdW-D3 [15] and vdW-TS [16] van der Waals corrections in conjunction with a PBE
exchange-correlation approximation in this study. A 3x3x3 supercell was used for displacive
phonon calculations [17] and for solving the linearized lattice Boltzmann transport equation in
the single mode relaxation time approximation [19] using the phonopy [18] and phono3py [19]
packages, respectively. In the thermal conductivity calculation 1057 unique triplet displacements
were included in the calculation of the scattering terms [19].

3. Results and discussion

3.1. Structural parameters

We first present the calculated total binding energy against the cell volume for the studied PtTe
2 and PtSe 2 under the PBEsol, vdW-D3, vdW-D2 and vdW-TS approximations in Figure 1
and Figure 2 respectively. The solid line shows a third order Murnaghan equation of state [20]
fit to the calculated data. The fully optimized equilibrium lattice constants of PtTes and PtSes
for different approximations compared with experimental data are listed in Table 2. We observe
that the formation and cohesive energies are negative, indicating that the reaction leading to the
formation of the PtTey and PtSes structures is exothermic, suggesting that structures can be
formed from their constituent atoms [21]. The a and b lattice parameters, the in-layer structural
parameters, show the least variation across the different approximations. The interlayer spacing,
defined by the c lattice parameter, show the most variation. We note that PBEsol gives the
best equilibrium structural parameters for the PtTey and PtSes, when compared to experiment.
This is surprising, since for other layered transition metal dichalcogenides, for example MoXjy
compounds [22], van der Waals corrections are important in the simulated search for reasonable
interlayer spacings.

3.2. Elastic stability

Elastic constants of PtTes and PtSes were calculated in order to check the mechanical stability.
PtTes and PtSes in the trigonal P3m1 symmetry has eight independent elastic constants, shown
in Table 2. The elastic constants in Table 2, satisfy all the Born stability criteria [25], which
indicate that PtTey and PtSes compounds are mechanically stable. Voigt (V) and Reuss (R)
approximations [26] tend to give upper and lower limits of the mechanical and thermodynamic
properties of a material, respectively. It was shown by Hill that the Reuss moduli are always less
than the Voigt moduli, and the true values are expected to lie between the two approximations

SA Institute of Physics ISBN: 978-0-620-85406-1 51



132

Energy (eV)

1232
K vAW-D2 VAW-TS
1335 1 1234
1341
36
1345 1238
66 68 70 2 74 70 72 74 76 78
134 asl 0 \ PR I h h P,
68 70 72 74 76 78
N 3,
Vol. perion (A”)

Figure 1. Calculated total binding
energy versus cell volume, of PtTey using
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Figure 2. Calculated total binding
energy versus cell volume, of PtSes using

PBEsol, vdW-D2, vdW-D3 and vdW-TS
approximations.

Table 1. Calculated equilibrium lattice parameters, cohesive energy (E.,,) per atom and
formation energy (Efom) per atom, bulk modulus By (GPa), together with the experimental
structural values of PtTey and PtSes.

a=bA) c(A) V(A3 E.n(eV) FEtorm(eV) Bo(GPa)

PtTeq

PBEsol  4.049 5114 72.04 -4.43 -0.40 60

vdW-D2  4.012  5.019 70.01 -4.48 -0.19 74

vdW-D3  4.072  5.042 72.44 -4.23 -0.36 65

vdW-TS  4.095 5.087 73.89 -4.13 -0.37 64

Exp.[24]  4.010 5201 7243 — - -
PtSeg

PBEsol  3.765  4.976 61.11 -4.55 -0.43 50

vdW-D2  3.771  4.622 56.94 -4.55 -0.23 84

vdW-D3  3.794  4.743 59.14 -4.33 -0.40 64

vdW-TS  3.809 4.871 61.24 -4.20 -0.38 57

Exp.[23]  3.727  5.081 61.15 — — —

[27]. Therefore, in this work, we consider the Hill method to derive the bulk modulus, elastic
modulus and crystal elastic constant, as an average of the Voigt and Reuss values. Young’s
modulus (E) is the tendency of an object to deform along an axis when opposing forces are
applied along that axis. Bulk moduli (B), describe the volumetric elastic tendency of an object
to deform in all directions when uniformly loaded. We can loosely express it as an extension of
Young’s modulus in 3D. Shear moduli (G), describes the tendency of an object to shear (the
deformation of shape at a constant volume) when acted upon by opposing forces. Poisson’s ratio
(v ), is associated with the nature of the atomic bonding. The values of bulk moduli obtained
by the Birch equation of state shown in Table 2, is lower than that which are obtained by Hill
approach shown in Table 2. The Young’s moduli are higher than the bulk moduli and are similar
to the Young’s moduli of Silicon (Si) which is in range 133 - 188 GPa [28]. As stated before,
Poisson’s ratio () provides information on bonding nature. Poisson’s ratio for ionic bonding is
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equal to or greater than v = 0.25 [29]. The calculated results of v = 0.25 ~ 0.24 for PtTes and
PtSes suggest marginal ionic bonding.

Table 2. Elastic constants C;; (GPa), elastic bulk moduli By (GPa), shear moduli G(GPa),
Young’s moduli E(GPa), Poisson’s ratio and for of PtTes and PtSes.

Cii Ci2 Ci3 Cy C33 Cu Cs5 Ce¢ By E G v

PtTey
PBEsol 170 53 42 170 67 45 45 58 68 105 42 0.24
vdW-D2 200 62 55 200 83 65 65 68 84 129 52 0.24
vdW-D3 175 52 48 175 77 49 49 61 74 111 44 0.25
vdW-TS 169 52 42 169 69 42 42 58 68 103 41 0.24
PtSGQ

PBEsol 197 67 41 197 51 40 40 64 66 102 41 0.24
vdW-D2 262 83 62 262 94 69 69 8 101 157 63 0.24
vdW-D3 202 63 41 202 61 43 43 69 71 111 45 0.24
vdW-TS 183 59 41 183 62 38 38 61 68 102 40 0.25

3.3. Dynamical stability

In order to test the dynamic stability of the PtTes and PtSes, their underlying phonon dispersion
relations were calculated. Since PBEsol gave the best lattice parameters, it was used in the
computations of the phonon structure. The phonon band structure and density of states for
PtTes and PtSey are presented in Figure 3 and Figure 4 respectively. The phonon frequencies
are in the range of 0 — 6 THz for PtTey; and 0 — 7 THz for PtSes. The reduction in the range
can be attributed to the relative atomic weights of Te and Se. All the phonon frequencies are
positive, which indicates that the structure of PtTey and PtSes are dynamically stable, thereby
satisfying one of the necessary conditions for crystal stability.

The primitive cell of PtTes and PtSes contains three atoms and therefore there are nine
phonon modes for each wave vector, three acoustic modes and six optical modes. The highest
frequencies of the acoustic modes, defined here as the acoustic cutoff, are approximately 3.44
THz and 4.58 THz for PtTes and PtSes, respectively.
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3.4. Lattice thermal conductivity

The lattice thermal conductivity of PtTes and PtSey was calculated using the single-mode
relaxation-time approximation to the linearized phonon Boltzmann equation [19]. The calculated
lattice thermal conductivities of PtTes and PtSes in the range 0 to 1000 K are shown in Figure 5
and Figure 6 respectively, while the average of the cumulative thermal conductivities, as function
of frequency at 300 K, are shown in Figure 7 and Figure 8 respectively. We note that the lattice
thermal conductivity is highly anisotropic, with the thermal conductivity in the plane of the
layers much higher than in the cross-plane direction.

Using Mattheissens rule [30] the average lattice thermal conductivity of PtTes and PtSes is
3.49, and 4.28 Wm'K~! respectively. The lattice thermal conductivities of these compounds
is therefore small, which makes these compounds potential good thermoelectric materials.

We also estimated the contribution to the thermal conductivity from the acoustic modes
at 300 K. We found that the in-plane acoustic mode contribution is 88.36% and 87.63% and
cross-plane 71.34% and 68.00% for PtTes and PtSes respectively. This is in clear contrast to
the conventional understanding, especially in the cross-plane direction, that the acoustic modes

dominate thermal conductivity [30].
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4. Conclusion

We have investigated the structural, mechanical and dynamical properties as well as the lattice
thermal conductivity of bulk PtTes and PtSes from a first principles Density Functional Theory
approach. Furthermore, we showed that the thermal conductivity of bulk PtTey and PtSes
is highly anisotropic with the in-plane thermal conductivity much higher than the cross-plane
thermal conductivity. The low value of the lattice thermal conductivity in the out-of-plane
direction for both structures suggests that these materials are good candidates for thermoelectric
applications.
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