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ABSTRACT. High-entropy alloys (HEA) are characterized by a multi-element composition and 

extensive atomic mixing. To explore the impact of disorder in PbSnTeSe HEA on its 

thermoelectric (TE) properties and phase stability, we have built two structurally ordered alloys 

with the same composition as that of the disordered one. Ordered alloys have been designed by 

artificially setting the positions of the atoms so that they form a symmetrical structure rather than 

a completely random structure. The symmetrical alloys have a tetragonal structure and an 
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orthorhombic one. It is found that, all the structures are mechanically stable while only the HEA 

is dynamically stable. The Multi-Cell Monte Carlo algorithm (MC)2 predicts a single phase of the 

HEA, which is consistent with the literature experimental results. The analysis of free energy 

shows that the HEA has the lowest values. These results suggest that HEA is more stable than the 

two symmetrical structures emphasizing the role of atomic disorder in the stability of high-entropy 

alloys. Utilizing first-principles density-functional theory (DFT) and Boltzmann transport theory, 

the thermoelectric transport properties of these symmetrical structures have been analyzed and 

compared to those of the disordered structure. The results indicate small optimal-value differences 

in the Seebeck coefficient 𝑆. The optimal values of 𝑆 are approximately 180 𝜇V/K, except for the 

n-type ORTH, for which 𝑆 is only 100 𝜇V/K. The electrical conductivity of ORTH and TET 

increases compared to that of HEA. For a temperature of 300 K and a carrier concentration of 1021 

cm-3, the n-type conductivity increases from 75×105 S/m for HEA to 110×105 S/m and 120×105 

S/m for ORTH and TET; the p-type conductivity increases from 5.5×105 S/m for HEA to 16×105 

S/m and 17×105 S/m for ORTH and TET. The lattice thermal conductivities determined by the 

Green-Kubo formalism are similar for both the HEA and the two ordered structures. This suggests 

that the low thermal conductivity in high-entropy alloys primarily stems from multi-element 

composition, with atomic disorder playing a minor role. Based on the electronic and thermal 

transport coefficients, the figure of merit 𝑍𝑇 values have been determined. Compared to HEA, the 

optimal 𝑍𝑇 value of the n-type ORTH and TET decreases, but for the p-type doping, the 𝑍𝑇 value 

increases from 0.75 for HEA to 1.1 for both TET and ORTH. 

INTRODUCTION 

In the past few years, the current global energy crisis and greenhouse effect has become 

increasingly severe. Thermoelectric materials have garnered wide interest due to their ability to 
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directly transform waste heat into electrical energy1–4. The figure of merit 𝑍𝑇 = 𝑆!𝜎𝑇/𝜅 is used 

to evaluate the thermoelectric conversion efficiency where 𝑆 , 𝜎 , 𝑇 , and 𝜅  are the Seebeck 

coefficient, electrical conductivity, temperature, and thermal conductivity (electronic and lattice), 

respectively. Nevertheless, improving thermoelectric efficiency is challenging owing to the strong 

coupling among these parameters2. Hence, several strategies have been developed to improve the 

TE properties, such as doping5, nanostructuring6–8, reducing the dimensionality9–11, applying 

strains12, etc. Apart from enhancing the thermoelectric efficiency of current materials through these 

strategies, the exploration of new thermoelectric materials is also a crucial way13. 

In recent years, high-entropy alloys have attracted lots of attention in the field of materials 

science14–19. They have been investigated for mechanical20, catalytic21, photocatalytic22, and 

refractory properties23, etc. High entropy alloys are typically defined as a solid solution with five 

or more principal elements, each in a 5 to 35% molar ratio, resulting in high configurational mixing 

entropy (𝑆"#$% ), defined as 𝑆"#$% = −𝑘& ∑ 𝑥'𝑙𝑛(𝑥')(
)*+  where 𝑥'  is the molar fraction for each 

element 𝑖 = 1,… ,𝑁 with 𝑁 the number of elements14. It is generally admitted that the high entropy 

of mixing favors the formation of solid solutions and reduces the number of phases14. High-entropy 

alloys are known to have four major effects: high-entropy effect, lattice distortion effect, slow 

diffusion effect, and “cocktail” effect14. Due to the lattice distortion effects24, which reduce phonon 

velocity and enhance the scattering of phonons, high-entropy alloys typically exhibit low lattice 

thermal conductivity25–27, which have made them attractive for thermoelectric applications. It has 

been reported that the high-entropy metal chalcogenide (Ag,Pb,Bi)(S,Se,Te) alloy with a NaCl-

type structure is a n-type semiconductor with very low 𝜅,  and good power factor (𝑃𝐹 = 𝑆!𝜎) 

resulting in a figure of merit of 0.54 at 723 K28. The 𝑍𝑇 value of a n-type PbSe-based high-entropy 

material formed by entropy-driven structural stabilization was found to be 1.8 at 900 K, which 
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corresponds to a material with excellent thermoelectric properties29. Recently, PbSnTeSe has been 

experimentally investigated for the thermoelectric properties by Fan et al.30 and Raphel et al31,32. 

Since PbSnTeSe has been experimentally proved to be single phased, the present study has been 

focussed on this compound. PbTe crystallizes in a NaCl-type structure. PbSnTeSe is formed by 

replacing some Pb and Te atoms with Sn and Se atoms. This substitution creates chemical disorder, 

which increases phonon scattering due to fluctuations in atomic radii, thereby reducing thermal 

conductivity. Despite this disorder, the mobility of charge carriers remains largely unaffected 

because the crystal lattice is preserved. As a result, high entropy alloys are expected to meet the 

"phonon-glass electron-crystal" criterion essential for efficient thermoelectric material33. Unlike 

thermal conductivity, the Seebeck coefficient varies inversely with electrical conductivity. A 

common approach to enhance the power factor (𝑆!𝜎) is through band engineering, such as atom 

substitution within the compound. While most compounds have limited solubility for foreign 

element in their crystal structures, high entropy alloys inherently possess this solubility. In the 

majority of studies on high entropy alloys for thermoelectric applications, the focus has been on 

enhancing the thermoelectric properties of the materials34-47. However, no studies have investigated 

whether the transport properties in high entropy alloys are primarily influenced by the disorder or 

by the larger number of varied chemical elements present. This computational work aims to 

address this question.  

In a previous study, we presented a complete approach to obtain all the thermoelectric transport 

coefficients and investigated the thermoelectric transport properties of the PbSnTeSe high-entropy 

alloy48. The HEA typically features a multi-element composition and high atomic mixing14,49. In 

the present investigation, to study the effects of disorder of HEA on the thermoelectric properties 

and phase stability, we have built two structurally ordered PbSnTeSe alloys with the same 
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composition as that of the HEA by choosing the atomic positions in a way to form a symmetrical 

structure instead of a completely random one. Two symmetrical alloys have then been formed: a 

tetragonal structure with space group Pmmm (hereafter called TET) and an orthorhombic structure 

with space group P4/mmm (hereafter called ORTH).  

The dynamical and mechanical stabilities of the HEA and symmetrical structures have been 

investigated, and the stability of the HEA with respect to phase separation have been studied using 

the multi-cell Monte Carlo relaxation method50. The thermoelectric transport properties of the two 

symmetrical structures (TET and ORTH) have been investigated by combining first principles 

density-functional theory with the Boltzmann transport theory for the electronic part. Ab initio 

molecular dynamics (AIMD)51 simulations combined with on-the-fly development of a machine-

learned force field (MLFF)52-54 have been used to investigate the lattice thermal conductivity of the 

structures. 

COMPUTATIONAL METHODS 

First-principles calculations have been performed by using density functional theory55,56 with the 

Perdew–Burke–Ernzerhof functional (PBE)57 and projector augmented waves (PAW) as 

implemented in the Vienna Ab initio Simulation Package (VASP) code51,58,59. A 8×8×8 Monkhorst-

Pack k-point mesh has been used, and the kinetic energy cutoff has been set to 500 eV for the 

HEA, ORTH and TET. During structural relaxation, the energy and force convergence criteria 

have been set to 1×10-8 eV and 1×10-5 eV/Å, respectively. The electronic transport properties have 

been calculated by employing the semi-classical Boltzmann theory within the relaxation time 

approximation (RTA) with the BoltzTraP2 code60. The energy eigenvalues given to BoltzTraP2 

have been calculated with the VASP code using a dense 21×21×21 𝑘-point mesh. Since the 

compositions are the same for all the structures, the electron relaxation time of the HEA48 is 
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adopted for both TET and ORTH. Because of the presence of heavy Te and Se atoms, the spin-

orbit coupling (SOC) effect has been considered in our calculations.  

Ab initio molecular dynamics (AIMD)51 simulations combined with on-the-fly development of 

a machine-learned force field (MLFF)52-54 have been used to investigate the lattice thermal 

conductivity of the structures at different temperatures, in which a 4×4×4 (resp., 4×4×8) supercell 

(512 atoms) has been employed for ORTH (resp., TET). The lattice thermal conductivity has been 

calculated from the Green–Kubo theory by accumulating the heat flux during the simulations. For 

the AIMD simulations of TET and ORTH, the adopted force field was that of the HEA developed 

in our previous investigation48. This approximation should be reasonable since, given the wide 

variety of types of bonds in the HEA, those present in TET and ORTH structures must be found 

there as well. First, the force field has been used to equilibrate the system in the NVT ensemble at 

the desired temperature with a time step of 1 fs for 100 ps long. After the system was equilibrated, 

the force field has been used to obtain the heat flux in the NVE ensemble with a time step of 1 fs 

for 100 ps long. For ensemble average purpose, 10 independent molecular dynamics simulations 

have been performed for the calculation of the heat flux. The phonon spectra have been calculated 

employing 2×2×2 supercells with the Phonopy Package61 using the finite displacement method 

with the MLFF.  

For the (MC)2 simulation of HEA, a cutoff energy of 400 eV and a k-point mesh of 1 × 1 × 1 

have been used. The electronic and ionic convergence criteria have been set to 1×10-4eV and 0.05 

eV/Å, respectively. 

RESULTS AND DISCUSSION 

Structural properties. The PbSnTeSe HEA structure has been built from the PbTe crystal 

structure for which the same atomic ratio of 50% has been employed for both Pb and Sn on the Pb 
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Wyckoff position, and Te and Se on the Te Wyckoff position. Fig. 1(a) shows the schematic 

illustration of the crystal structure of the PbSnTeSe HEA. Fig. 1(b) is a 2×2×2 supercell containing 

64 atoms and shows the special quasi-random structure (SQS) of PbSnTeSe high entropy alloy 

generated by the MCSQS tool of ATAT62. Generally, high-entropy alloys are fully disordered with 

high entropy effects due to the multi-element components. To study the effects of disorder of the 

HEA on the thermoelectric properties and phase stability, we have artificially set Sn and Se atoms 

in a multicell lattice of PbTe in a way to obtain symmetrical structures with same composition as 

that of the HEA. The symmetrical alloys have a tetragonal structure with space group Pmmm and 

an orthorhombic structure with space group P4/mmm, respectively, as shown in Fig. 1(c) and Fig. 

1(d). As a shortcut, we will refer to the tetragonal structures as “TET” and orthorhombic structure 

as “ORTH” respectively. The optimized lattice parameters of the TET are a = 4.48 Å, b = 4.48 Å 

and c = 6.31 Å, a = 90.0°, b = 90.0° and g = 90.0°, and the optimized lattice parameters of the 

ORTH are a = 6.32 Å, b = 6.32 Å and c = 6.32 Å, a = 90.0°, b = 90.0° and g = 90.0°. 

Stability of the alloys. The stability of the symmetrical TET and ORTH structures has been 

explored and compared to that of the HEA. Both the zero-Kelvin mechanical and dynamical 

stabilities have been investigated by calculating the elastic constants and phonon dispersion curves, 

respectively. Additionally, the thermodynamic functions have been calculated to shed light on the 

relative stability of the alloys at finite temperatures. And the stability of the HEA against 

decomposition has been investigated. 

Mechanical stability. The elastic constants of the three structures are presented in Table 1. Due 

to the absence of symmetry elements in the lattice of the HEA structure (P1 space group), the HEA 

has 21 independent elastic constants. Since the symmetry of ORTH and TET is orthorhombic and 
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tetragonal I, respectively, their mechanical response can be described by 9 independent elastic 

constants for the former while by 6 ones for the later63.  

 

Figure 1. (a) Schematic view of the crystal structure of PbSnTeSe. (b) HEA generated by ATAT-

MCSQS method. (c) Alloy of tetragonal structure. (d) Alloy of orthorhombic structure. (e) 

Primitive cell of tetragonal structure. 

Table 1. Calculated elastic constants (in GPa) of HEA, ORTH and TET. 

 𝐶++ 𝐶+! 𝐶+- 𝐶+. 𝐶+/ 𝐶+0 𝐶!! 𝐶!- 𝐶!. 𝐶!/ 𝐶!0 

HEA 67.64 12.11 4.89 0.42 0.90 1.81 77.15 7.97 -1.72 0.30 5.69 

ORTH 116.0 7.25 7.55    116.0 7.68    

TET 77.11 45.28 7.79    77.11 7.79    

 𝐶-- 𝐶-. 𝐶-/ 𝐶-0 𝐶.. 𝐶./ 𝐶.0 𝐶// 𝐶/0 𝐶00  

HEA 79.49 -2.10 2.71 -0.48 13.11 0.90 0.30 7.78 0.05 12.33  

ORTH 115.4    15.77   15.75  16.36  

TET 116.7    15.95   15.95  52.65  
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The mechanical stability can be evaluated by the famous Born-Huang standard relations63. 

Born’s criteria for an orthorhombic system are: 

𝐶++ > 0 

𝐶++𝐶!! > 𝐶+!!  

𝐶++𝐶!!𝐶-- + 2𝐶+!𝐶+-𝐶!- − 𝐶++𝐶!-! − 𝐶!!𝐶+-! − 𝐶--𝐶+!! > 0 

𝐶.. > 0, 𝐶// > 0, 𝐶00 > 0 

For the elastic stability in the tetragonal I case, these relations are: 

𝐶++ > |𝐶+!| 

2𝐶+-! < 𝐶--(𝐶++ + 𝐶+!) 

𝐶.. > 0, 𝐶00 > 0 

According to Table 1, the elastic constants of all the structures meet the criteria for mechanical 

stability, indicating that they are all mechanically stable. The average mechanical properties of 

bulk crystals can be obtained from the Voigt64, Reuss65 and Hill66 methods. Based on the calculated 

bulk modulus 𝐵  and shear modulus 𝐺 , the Young modulus 𝑌  and Poisson's ratio 𝜎  can be 

determined by: 

𝑌 =
9𝐵𝐺
3𝐵 + 𝐺 

𝜎 =
(3𝐵 − 2𝐺)
2(3𝐵 + 𝐺) 

Table 2 reports the bulk modulus, the shear modulus, the Young modulus and the Poisson ratio 

of the three structures. The bulk and shear moduli and Poisson's ratio of ORTH and TET are very 

comparable indicating that their mechanical behavior is also comparable. For instance, the Pugh 

ratio B/G (1.63 and 1.64), and Poisson ratio (0.24) of ORTH and TET indicate that they both are 
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brittle (B/G<1.75 and 𝜈 <0.26). However, the Cauchy pressure C12-C44 yields contradictory 

information: a negative value indicates a brittle material, which is the case for ORTH, whereas a 

positive value indicates a ductile material, which is verified for TET. It is noted that the bulk, shear 

and Young moduli values of ORTH and TET are greater than those of HEA, whereas the opposite 

occurs for the Poisson ratio, all suggesting that HEA is more prone to deformations than ORTH 

and TET.  

Table 2. Calculated bulk modulus 𝐵, shear modulus 𝐺, Young's modulus 𝑌 (in GPa) and Poisson's 

ratio 𝜎 of HEA, ORTH and TET. The subscripts represent the Voigt, Reuss and Hill method 

respectively. 

	 𝐵! 	 𝐵" 	 𝐵#	 𝐺! 	 𝐺" 	 𝐺#	 𝑌! 	 𝑌" 	 𝑌#	 𝜎! 	 𝜎" 	 𝜎# 

HEA 30.47 29.57 30.02 19.94 14.08 17.01 49.10 36.46 42.92 0.23 0.29 0.26 

ORTH 43.59 43.59 43.59 31.24 22.23 26.73 75.64 57.00 66.59 0.21 0.28 0.24 

TET 43.62 43.62 43.62 30.91 22.15 26.53 75.01 56.83 66.17 0.21 0.28 0.24 

 

Dynamical stability. The phonon dispersion relations of the HEA and ORTH and TET have been 

calculated and depicted in Fig. 2. For the HEA, there are 192 phonon bands due to a total of 64 

atoms. It is shown that the maximum frequency of the phonon bands is not much different in the 

three structures and lies around 4 THz. Among the three structures, only the HEA has no imaginary 

frequency, and both the ORTH and TET exhibit phonon bands expanding across the Brillouin zone 

with large imaginary frequencies. It indicates that only the HEA is dynamically stable whereas 

both the ORTH and TET lack such stability. This result infers that the atomic disorder makes a 

significant contribution to the dynamic stability of high entropy alloys. 
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Fig. 2 Calculated phonon spectra of HEA (a), ORTH (b) and TET (c). 

Thermodynamic stability. a) Thermodynamic state functions. To investigate the stability at finite 

temperatures, the evolution of the electronic energy, vibrational energy, and total energy with 

temperature have been calculated (Fig. 3). By utilizing the adiabatic free energy decomposition, 

the Helmholtz free-energy F(T) in a system at temperature T can be approximated as49: 

𝐹(𝑇) = 𝐸 + 𝐹1,(𝑇) + 𝐹2'3(𝑇) − 𝑇𝑆"#$% 

𝐸 is the total electronic energy of the structure with all the atoms relaxed to their T = 0 K 

equilibrium position, 𝑆"#$% is the chemical configurational entropy, 𝐹1,(𝑇) is the free energy due 

to electronic excitations and 𝐹2'3(𝑇) is the free energy due to atomic vibrations. By using the 

Fermi-Dirac distribution to populate the electronic energy levels at a temperature of interest and 

under the fixed DOS approximation (i.e., DOS calculated at zero Kelvin), 𝐹1,(𝑇) can be evaluated 

through the relations49: 

𝐹1,(𝑇) = 𝑈1,(𝑇) − 𝑇𝑆1,(𝑇) 

𝑈1,(𝑇) = G 𝐷(𝜀)
4

54
𝑓(𝑇)𝜀𝑑𝜀 − G 𝐷(𝜀)

6!

54
𝜀𝑑𝜀 

𝑆1,(𝑇) = 𝑘&G 𝐷(𝜀)𝑠(𝜀, 𝑇)𝑑𝜀
4

54
 

𝑠(𝜀, 𝑇) = 	−[𝑓ln	(𝑓) 	+ (1 − 𝑓)ln	(1 − 𝑓)] 
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In these relations, 𝑓 = 𝑓(𝜀, 𝑇) is the Fermi-Dirac distribution function, 𝜀7 the zero-temperature 

Fermi energy and the terms in 𝑠(𝜀, 𝑇) stand for a temperature-weighted configurational entropy 

contribution due to the creation of electrons and holes. We note that, in the above formulation we 

use the so-called fixed DOS approximation 𝐷(𝜀) since the dependence of the DOS and of the 

electronic energy levels with the volume change upon temperature increase (i.e., thermal 

expansion) is neglected. 

The free energy contribution due to atomic vibrations can be large and can strongly impact phase 

stabilities. The quasi-harmonic approximation is employed to obtain an accurate description of the 

vibrational free energy. In this approximation, the vibrational free energy reads49: 

𝐹2'3(𝑇) =
1
𝑁RS

1
2ℏ𝜔8 + 𝑘&𝑇ln V1 − exp	 Z−

ℏ𝜔8
𝑘&𝑇

[\]
-9

8

 

where ℏ is the reduced Planck constant and the 𝜔8 are phonon frequencies. The sum runs over 

the 3𝑁 frequencies for a lattice containing 𝑁 atoms. In general, two well established approaches 

exist to compute the 𝜔8, the linear response theory and the finite-displacement supercell method. 

The configurational entropy assumes a crucial role in disordered multicomponent phases such 

as in HEA characterized by elevated concentrations of elements. For ordered phases, 𝑆"#$% = 0. 

A reasonable approximation for the configurational entropy of a fully disordered system is to 

assume an ideal mixing behavior (i.e., no short range order)49: 

𝑆"#$% = −𝑘&R𝑥'𝑙𝑛(𝑥')
(

)*+

 

where 𝑥' is the molar fractions for each element 𝑖 = 1,… ,𝑁 with 𝑁 the number of elements. 

 

 



 13 

 

Figure 3. Electronic energy (a), vibrational energy (b), and total energy (c) of HEA, ORTH and 

TET as a function of temperature. Comparison of the electronic free energy, the vibrational free 

energy, and the total free energy for HEA, ORTH and TET(d).  

Fig. 3(a) shows the electronic internal energy, electronic entropy, and electronic free energy as 

a function of temperature for the three structures. It is shown that the value of the electronic entropy 

for all the structures is very small, in fact almost null, irrespective of the temperature. Thus, the 

electronic free energy changes little with the temperature (in Fig. 3a, 𝑈1,(𝑇) and 𝐹1,(𝑇) are quasi 

superimposed). The evolution of the vibrational internal energy, vibrational entropy, and 

vibrational free energy with the temperature of the three structures is depicted in Fig 3(b). It 
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indicates that the vibrational entropy and the vibrational internal energy increase with the 

temperature whereas the vibrational free energy decreases with temperature. Fig. 3(c) shows all 

the energy contributions (i.e., electronic energy, vibrational energy, and configurational energy) 

to the total free energy as a function of temperature. For the HEA the configurational free energy 

(−𝑆"#$% × 𝑇) remains very small over the whole range of temperatures: it reaches 0.12 eV at 1000 

K. The electronic free energy changes little with the temperature and the vibrational free energy 

decreases with temperature for all the structures. A comparison of the electronic, vibrational and 

total energies between the three structures is given in Fig. 3(d). It shows that the HEA bears the 

lowest total free energy on the whole range of temperatures, followed by ORTH and then TET. 

Hence, the order of stability is HEA, which is about 1.5 eV more stable at 0 K than ORTH, itself 

more stable than TET by about 0.3 eV. As the temperature rises, the total free energies decrease 

suggesting that the structures are more stable at higher temperature. 

b) Phase stability. In order to further investigate the stability of the PbSnTeSe HEA, the (MC)2 

program35 has been used to assess whether the HEA is single phased or if a phase separation occurs. 

The Multi-Cell Monte Carlo algorithm, or (MC)2, is especially designed for predicting stable 

phases or phase separations at given temperatures in chemically complex crystalline systems. This 

algorithm takes advantage of multiple cells to represent possible phases, while eliminating the size 

and concentration restrictions as in previous homologous algorithms50. Free atomic transfer among 

cells is accomplished by applying the lever rule. The transfer of random atoms is realized by 

changing the species of an atom in one or more cells; this Monte Carlo move is called a “flip” 

move. Free atomic transfer acceptance is based on the standard Monte Carlo criterion of the 

isothermal-isobaric ensemble (see Ref. [50]). An assigned molar ratio virtually controls the 
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percentage of each cell in the overall simulation, making (MC)2 a successful algorithm for 

simulating phase coexistence in crystalline solids. 

Fig. 4 depicts the results of a (MC)2 run of PbSnTeSe HEA at 300 K, starting with four 

equiatomic random face-centered cubic (fcc) SQS cells containing 64 atoms each (16 atoms of 

each species). The energy drops rapidly at the beginning of the simulation (Fig. 4(c)), and after a 

few steps the energy stabilizes at a certain value, which indicates a convergence of the energy or 

concentration. Concentrations in cells 1, 2 and 4 are gradually changing, while cell 3 retains more 

or less an equiatomic composition (Fig. 4(a)). However, since the molar fractions of cells 1, 2 and 

4 eventually become zero (Fig. 4(b)), they do not represent a phase after the overall simulation and 

thus are discarded by (MC)2. Therefore, the only remaining phase is PbSnTeSe in cell 3 indicating 

that there is no phase separation after the overall simulation. Thus, the (MC)2 algorithm predicts 

that the PbSnTeSe HEA is single phased. This prediction is consistent with the experimental 

results. 

 

Electronic and transport properties. Electronic band structures. Due to the presence of the 

heavy elements Pb, Te and Sn, the spin–orbit coupling (SOC) effect has been considered for the 

calculation of the band structures (Fig. 5). The ORTH is a semiconductor with a direct band gap, 

and both the valence-band maximum (VBM) and conduction-band minimum (CBM) are located 

at the UR high symmetry line either with or without SOC effects, as shown in Fig. 5(a) and Fig. 

5(c). The band gap increases from 0.04 eV to 0.07 eV and the energy difference between the 

conduction band valley and the valence band valley becomes larger when considering the SOC 

effects. Without spin-orbit coupling effects, the TET is also a semiconductor with a direct band 

gap, and the VBM and the CBM are both located at the RX high symmetry line, as shown in Fig. 
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5(b). The band gap increases from 0.07 eV to 0.11 eV and the band shape around the VBM and 

CBM changes considerably when considering the SOC effects. Indeed, without SOC, two maxima 

appear in the VBM region with nearly equal energies whereas the CBM is made of a single peak 

of minimum energy. By contrast, when considering SOC effects, the picture is somewhat inverted 

with a single maximum in the valence band and two minima of equal energies in the conduction 

band. In both cases, the band shapes around the Fermi level stem from the SOC-induced band 

avoided crossing. It is noteworthy that, by contrast to HEA, there is no band splitting effect caused 

by the spin-orbit coupling, therefore reducing the number of conduction channels compared to 

HEA.   

 

 

Figure 4. Evolution of (a) composition in each simulation cell, starting from the randomized 

PbSnTeSe structure with same equiatomic composition. (b) Molar fractions in the four cells. (c) 

Energy during the Monte Carlo process. 
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Figure 5. Calculated band structures of ORTH and TET without SOC effects (a) and (b) and with 

SOC effects (c) and (d). 

Electronic transport properties. Fig. 6 (a) shows the Seebeck coefficient (𝑆) of the TET and 

ORTH structures as a function of the charge carrier concentration at the temperatures of 300 K, 

500 K, and 700 K. As can be seen, the Seebeck coefficients of TET and ORTH increase first and 

then decrease. At low charge carrier (electron or hole) concentrations, 𝑆 increases very slowly (in 

absolute value); this behavior is caused by a bipolar effect itself due to the intrinsic excitation67. 

Intrinsic excitation usually occurs in narrow band gap materials, lower doping carrier 

concentration regions and at high temperatures altogether. After a given carrier concentration is 

reached, the Seebeck coefficient increases steeply to reach a maximum that increases with 

temperature for the ORTH, irrespective of the carrier type. For the n-type case, the Seebeck 

coefficient of TET is larger than that of ORTH, which results from the presence of the two 
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conduction band valleys in TET and a smaller bandgap of ORTH. For the case of p-type doping, 

there is little difference in the Seebeck coefficient between ORTH and TET except for the 

temperature of 300 K for which the TET structure exhibits a broad and high peak at 1019 holes/cm3 

while ORTH bears small 𝑆 values. We note that the p-type ORTH exhibits peak values of 𝑆 at high 

doping level only, irrespective of the temperature, a behavior that may stem from the very small 

bandgap of the structure. Compared with HEA48, there is little difference in the behavior of the 

Seebeck coefficient with the n-type TET, 𝑆 of TET being smaller than that of HEA. The behavior 

of 𝑆 for the p-type TET and the n- and p-type of ORTH are obviously different from that of HEA, 

especially with respect to the concentration of charge carriers as the HEA Seebeck coefficient 

decreases in magnitude with increasing doping concentration and the maximum is shifted towards 

higher concentrations as the temperature increases. We observe markedly different behaviors in 

Fig. 6(a). The difference in the maxima of Seebeck coefficients between HEA, and ORTH and 

TET can be explained from the band structures. In HEA, the electronic bands near the VBM and 

CBM are relatively flat. This results in a high density of states and a high corresponding derivative 

near the Fermi level, which is favorable for a high Seebeck coefficient. In contrast, the electronic 

bands of ORTH and TET are quite stiff near the Fermi level, leading to a somewhat lower 𝑆. 

However, for n-type TET, a band degeneracy and two-fold minimum of the conduction band 

compensate the decrease of 𝑆. For p-type ORTH and TET this compensation can be related to a 

two-fold maximum and a band degeneracy, respectively, of the valence band. 

For TET and ORTH, we have adopted the same electron relaxation time values, one for the n-

type and one for the p-type conduction, as those of the fully disordered HEA due to the identical 

composition of the three structures. Fig. 6(b) shows the electrical conductivity (𝜎) of the two 

structures as a function of the carrier concentration at the temperatures of 300 K, 500 K and 700 
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K. The electrical conductivity of both TET and ORTH increases with the carrier concentration and 

decreases with the temperature at the higher carrier concentration, the latter suggesting a 

degenerate semiconductor behavior. The flat curve of 𝜎  at low carrier concentrations is 

reminiscent of the bipolar effect. For both structures, the electrical conductivity of n-type 

conduction is always larger than that of p-type one, which can be explained by the larger relaxation 

time for the n-type carriers than for the p-type ones. Indeed, at the temperatures of 300 K, 500 K, 

and 700 K, the relaxation times for n-type and p-type HEA PbSnTeSe vary from 158 to 44.3 fs 

and from 17.3 to 4.78 fs, respectively (see Ref. [48]). Compared with HEA48, for both n-type and 

p-type doped TET and ORTH structures, the electrical conductivity is increased. The band 

structure features can explain these differences. For ORTH and TET, the electronic bands are quite 

stiff near the VBM and CBM, which results in a low mass of the charge carriers. Consequently, 

the carrier mobility is high, which, according to the Drude-Sommerfeld model, explains the higher 

electrical conductivity of ORTH and TET compared to HEA. The increased band degeneracy 

observed in the ORTH and TET, which increases the effective mass of the carriers, should 

counteract this phenomenon. However, this increased degeneracy is obviously not strong enough 

to lower the electrical conductivity below that of the HEA.   

Fig. 6(c) shows the power factor (𝑃𝐹 = 𝑆!𝜎) of the two structures as a function of the carrier 

concentration at the temperatures of 300 K, 500 K and 700 K. For both ORTH and TET, the power 

factor of n-type doped structures is larger than that of p-type ones, which is due to the higher 

electrical conductivity in the case of n-type conduction. Compared to n-type structures, the optimal 

value of the power factor in p-type ones shifts to higher carrier concentration.  
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Figure 6. Seebeck coefficient (𝑆) (a), electrical conductivity (𝜎) (b), and power factor (𝑃𝐹) (c) of 

ORTH and TET for n-type and p-type at 300 K, 500 K, and 700 K as a function of carrier 

concentration. 

The power factor of the HEA48 exhibits about the same maximal values in the doping range 

5´1019-5´1020 carriers/cm3, irrespective of the temperature. Comparing the n-doped structures, 

TET bears a higher power factor and ORTH a lower one than HEA. For the p-type structures, the 

power factor of both symmetrical ones is improved, though at much higher carrier concentrations. 



 21 

Consequently, based on the analysis of the PF, the HEA is more interesting as thermoelectrics as 

it bears good PF values at moderate carrier concentrations. 

The electronic thermal conductivity (𝑘1 ) of the two structures as a function of the carrier 

concentration at the temperatures of 300 K, 500 K and 700 K is depicted in Fig. 7. The electronic 

thermal conductivity remains nearly constant in the low carrier concentration range (1017 to 5×1019 

cm-3), then it increases sharply at high concentrations. In addition, 𝑘1  decreases with the 

temperature at high carrier concentrations. This behavior is analogous to the influence of carrier 

concentrations and temperature on the electrical conductivity, owing to the linear correlation 

between 𝑘1 and 𝜎68,69. For both structures, the electronic thermal conductivity of the n-type one is 

always higher than that of the p-type one. Compared to HEA48, for both n-type and p-type 

structures, the electrical thermal conductivity is increased. 

A note must be made regarding the approximations used in this work. Due to the high 

computational cost involved in determining the electron relaxation time (𝜏), the same value of 𝜏 

has been used for both TET and ORTH as that determined for HEA. The electron relaxation time 

for HEA was calculated using the deformation potential theory48. Given the higher symmetry of 

the TET and ORTH structures, it is expected that approximating 𝜏TET and 𝜏ORTH with 𝜏HEA likely 

underestimates the relaxation times of these ordered structures compared to HEA. This 

underestimation may consequently lead to an underestimation of their electrical conductivity and 

electronic contribution to the thermal conductivity. As to the power factor, since 𝑆 is not dependent 

on 𝜏 when determined in the frame of the relaxation time approximation, PFTET and PFORTH may 

equally be underestimated. The extent of these reductions, however, cannot be quantified. 

Compared with the experimental data on the PbSnTeSe HEA compound30-32 determined at 700 K and 6×1019 

h/cm3, our calculated values of the Seebeck coefficient for both the ordered and disordered structures are 
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in closely agreement (approximately 160 𝜇V/K). In contrast, our estimates of the electrical conductivity, 

and consequently the power factor, and about half the experimental data. The reason for this discrepancy 

remains unclear. Indeed, the experimental electrical conductivity should be lower than the calculated one 

due the presence of impurities and grain boundaries. The discrepancy might be explained by an 

underestimated value of the electron relaxation time (𝜏HEA) in our calculations. Anticipating the lattice 

thermal conductivity and figure of merit presented hereafter, our calculations show that the former about 

half the experimental data. Overall, integrating the 𝑍𝑇 components yields a calculated figure of merit very 

similar to the experimental values. 

Lattice thermal conductivity. The lattice thermal conductivity is calculated within the frame of 

the Green-kubo theory70 and reads: 

𝜅 = lim
:→4

1
3𝑘&𝑇!𝑉

G < 𝑗(𝑡<)𝑗(0) > 𝑑𝑡<
:

=
 

Where 𝑘& , 𝑇  and 𝑉  denote the Boltzmann constant, the temperature and the volume of the 

system, respectively. 𝑗(𝑡) is the heat flux and the symbol <·> represents the ensemble average 

over every MD simulation. Based on the heat flux calculated using the MLFF, the heat-flux 

autocorrelation function (HFACF) of ORTH and TET has been obtained. Fig. 8(a) and (c) show 

the calculated normalized averaged HFACF at the temperature of 300 K as a function of correlation 

time. The HFACF is oscillating, starting from the value 1 at the origin, and then the oscillations 

attenuate to zero indicating that the HFACF has converged. The HFACF is then used to determine 

the thermal conductivity (𝜅>) of ORTH and TET. Fig. 8(b) and (d) show the calculated 𝜅> at the 

temperature of 300 K as a function of correlation time. The lattice thermal conductivity is also 

oscillating with time but converges to a stable value, hence asserting the proper convergence of 

our simulations.  

 



 23 

 

Figure 7. Electronic part of the thermal conductivity (𝜅e) of ORTH (a) and (b) and TET (c) and (d) 

for n-type and p-type at 300 K, 500 K, and 700 K as a function of carrier concentration. 
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Figure 8. Lattice thermal properties at 300 K from Green-Kubo theory. Lattice thermal 

conductivity (𝜅>) and heat-flux autocorrelation function (HFACF) normalized by its zero-time 

value of ORTH (a) and (b) and TET (c) and (d) as a function of correlation time at T = 300 K. 

As with HEA48, the 𝜅> values of TET and ORTH symmetrical structures are around 0.4 W K-1 

m-1. High-entropy alloys typically exhibit a low thermal conductivity usually attributed to their 

multi-element composition and high atomic mixing, which lead to strong anharmonic phonon 

scattering. In this study, when comparing structures with the same composition but different 

degrees of disorder, it is observed that there is little change in the thermal conductivity. This result, 

to some extent, infers that the low thermal conductivity of high-entropy alloys is primarily 

contributed by their multi-element composition and that the contribution of atomic disorder to the 

lattice thermal conductivity is relatively minor. 
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Fig. 9 shows the root mean square displacement (RMSD) of the atoms in the HEA, ORTH and 

TET structures, accumulated during the dynamics simulations. As expected, it can be seen that the 

shape of the RMSD curves w.r.t. the correlation time is identical. RMSD rises rapidly first, then 

gently and almost linearly with the correlation time. A difference is however observed in the rate 

of increase in the linear region. Indeed, the rates of ORTH and TET are slightly lower than that of 

HEA, in line with the ordering of 𝜅> between the three structures (0.3, 0.35 and 0.4 W K-1 m-1 for 

TET, ORTH and HEA, respectively). The rate of change of the RMSD curve over time may also 

provide insights into the diffusion properties of the atoms in the structure. The averaged self-

diffusion coefficient D0 of the atoms in the HEA is higher than those in TET and ORTH, which 

relates to the above-mentioned 𝜅>  ordering. More interestingly, this finding aligns with the 

calculated mechanical properties reported above showing that HEA is more deformable than 

ORTH and TET.  

 

Figure 9. Root mean square displacement of atoms in HEA (a), ORTH (b) and TET (c) structures 

accumulated during the molecular dynamics simulations as a function of correlation time at T = 

300 K. 

Figure of merit. Fig. 10 shows the 𝑍𝑇 values of the two structures (ORTH and TET) as a function 

of the carrier concentration at the temperatures of 300 K, 500 K and 700 K. For the p-type doping, 

the optimal 𝑍𝑇 value increases as the temperature increases and the optimal value of the two 
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structures is almost the same around 1.1 at 700 K. For the p-type disordered structure, the optimal 

𝑍𝑇  value is found to be 0.75 at 700 K48. As the 𝑆  values are somewhat similar in the three 

structures, the difference stems from the electrical conductivity and lattice thermal conductivity 

that are smaller and larger, respectively, in the HEA.In the case of n-type doping, except for TET 

at 300 K, the optimal 𝑍𝑇 of ORTH and TET is smaller than that of the disordered structure48. At 

300 K, the value of TET is much larger due to both higher 𝑆 and 𝜎.  

 

Figure 10. Figure of merit (𝑍𝑇) of ORTH (a) and (b) and TET (c) and (d) for n-type and p-type 

alloys at 300 K, 500 K, and 700 K as a function of carrier concentration. 
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CONCLUSIONS 

High-entropy alloys are characterized by a multi-element composition and extensive atomic 

mixing. In order to investigate the influence of disorder in HEA on thermoelectric properties and 

phase stability, we have built two PbSnTeSe structures with an identical composition to that of the 

HEA by artificially setting the atoms in the structures so that they form symmetrical structures 

rather than a completely random one. The so-obtained symmetrical alloys bear a tetragonal 

structure with space group Pmmm (TET) for one, and an orthorhombic structure with space group 

P4/mmm (ORTH) for the other. Then, the stability of these structures has been investigated. All 

the structures exhibit mechanical stability whereas only the HEA demonstrates dynamic stability 

and bears the lowest free energy. The multi-cell relaxation Monte Carlo simulations predict that 

the HEA is single phased, which is consistent with the experimental results. Subsequently, we have 

employed first-principles density-functional theory in combination with Boltzmann transport 

theory to investigate the thermoelectric transport properties of these two symmetrical structures 

(TET and ORTH). The results reveal that, in comparison to HEA, there is little difference in the 

Seebeck coefficient and the electrical conductivity is increased. The lattice thermal conductivity 

is barely different between the HEA and the two structures suggesting that the low thermal 

conductivity observed in high-entropy alloys primarily arises from their multi-element 

composition while the contribution of atomic disorder to the lattice thermal conductivity is 

relatively minor. Therefore, a potential approach to finding high-efficiency thermoelectric 

materials could be to consider HEAs with as many elements as stability allows. 
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