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A comprehensive investigation of the elastic, mechanical, and thermo-acoustic properties of lead monochalcogenides PbX (X = S,
Se) has been carried out along the principal crystallographic directions (100), (110) and (111) within the temperature range of
0-300 K using the ultrasonic non-destructive evaluation method. The second- and third-order elastic constants (SOECs and TOECs)
were computed using the Coulomb and Born—Mayer potential frameworks, confirming the elastic stability of the materials under
study. Derived mechanical parameters and ultrasonic velocities were obtained from SOECs, indicating brittle mechanical behavior
based on Pugh’s ratio. At 300 K, the Debye temperature, Debye velocity, lattice thermal conductivity, acoustic nonlinearity
parameter, and ultrasonic attenuation coefficient were evaluated along the studied orientations. Among all the directions, the (111)
orientation exhibited the highest Debye temperature and Debye velocity. The dominant mechanism of ultrasonic attenuation was
identified as Akhiezer-type, emphasizing its relevance in thermal dissipation and acoustic damping. The findings suggest that PbSe
possesses superior elastic stiffness, whereas PbS exhibits enhanced thermal conductivity and stronger phonon interactions. These
characteristics underscore the potential of PbS and PbSe for applications in thermoelectric and ultrasonic sensing technologies.

Keywords: Lead monochalcogenides; Elastic properties; Mechanical constants; Thermal conductivity, Ultrasonic attenuation

1. INTRODUCTION

To meet the growing global demand for energy, researchers are increasingly focusing on renewable energy sources,
including solar energy, biofuels, wind energy, thermoelectric power, and fuel cells. Among the materials explored for these
applications, lead-based chalcogenides, especially lead sulfide (PbS) and lead selenide (PbSe), have gained significant
recognition in both fundamental research and practical applications due to their distinctive properties [1]. In terms of
theoretical and experimental studies, the work of Zhang et al. [2] has provided important insights into the anharmonic
properties of lead chalcogenides. Using density functional theory (DFT) and first-principles calculations, their research
elucidates the complex interplay between phonon interactions and thermal transport properties in these materials. This
foundational work underscores the importance of a detailed understanding of both the electronic and photonic
contributions to the overall performance of thermoelectric materials. These materials are important in a variety of high-
technology applications, including thermoelectric devices, infrared detectors, and photovoltaic cells [3]. The unique
properties of PbX (X: S,Se), such as their narrow bandgap, high carrier mobility, and low thermal conductivity, make them
ideal candidates for these applications [4]. Kang and Wise [5] also studied the optical properties and electronic structure of
lead sulfide and lead selenide quantum dots. The elastic properties of PbX materials are crucial for understanding their
mechanical stability and potential for device integration. Tripathi et al. [6] have investigated the non-linear elastic and
acoustic properties of PbTe and found that the ultrasonic attenuation is lowest at 100K which is a highly stable condition.
Thermophysical properties, including thermal expansion and thermal conductivity, are equally important for applications
where thermal management is crucial. PbS and PbSe exhibit interesting thermal behavior, which is essential for optimizing
their performance in thermoelectric applications [7]. Studies have shown that ultrasonic attenuation in chalcogenide
materials varies with temperature and frequency, providing the potential for their use in temperature-sensitive

Cite as: S. Tripathi, P. Singh, A. Singh, D. Singh, R. Khenata, M. Boudjelal, H. Meradji, A.K. Maddheshiya, S. Rab, M. Faizan, S. Bin-Omran, East
Eur. J. Phys. 3, 689 (2026), https://doi.org/10.26565/2312-4334-2026-3-65

© S. Tripathi, P. Singh, A. Singh, D. Singh, R. Khenata, M. Boudjelal, H. Meradji, A.K. Maddheshiya, S. Rab, M. Faizan, S. Bin-Omran, 2026;
CC BY 4.0 license


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26565/2312-4334-2026-3-65
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/ISSN/2312-4334
https://orcid.org/0000-0001-8865-7987
https://orcid.org/0009-0006-7119-9119
https://orcid.org/0009-0001-3877-9510
https://orcid.org/0000-0002-3011-2375
https://orcid.org/0000-0002-5573-1711
https://orcid.org/0000-0001-6844-3789
https://orcid.org/0000-0002-3359-3725
https://orcid.org/0009-0005-0225-9387
https://orcid.org/0000-0003-1203-6492
https://orcid.org/0000-0003-1600-5095
https://orcid.org/0000-0001-6097-2344

690
EEJP. 3 (2026) Sudhanshu Tripathi, et al.

applications [8]. Recent advances in the study of lead chalcogenides have provided even greater insight into their thermal,
mechanical, and electronic properties. Skelton et al. [9] carried out first-principles investigations into the thermophysical
properties of PbX, focusing on their lattice dynamics and temperature-dependent behaviour. Their study provided
important insights into phonon softening, a phenomenon crucial for understanding the temperature dependence of thermal
conductivity, which has a major impact on the thermoelectric performance of these materials. By modeling phonon-
phonon interactions, the research highlights the ability of PbSe and PbTe to maintain high thermoelectric performance at
high temperatures. Anwar et al. [10] explored the influence of synthesis conditions, particularly the bath temperature, on
the structural and thermoelectric properties of PbSe thin films. The study found that higher temperatures during chemical
bath deposition improved the crystallinity and particle size of the PbSe films, leading to better thermoelectric performance.
This finding underscores the importance of controlled synthesis processes in optimizing the functional properties of PbSe
for practical applications in energy conversion technologies. Chen et al. [11] demonstrated that the synthesis medium
directly affects the size and morphology of PbSe nanostructures, with nanorods exhibiting superior electrochemical
properties compared to other morphologies. The study also highlights the importance of structural stability in
nanostructures for energy storage and conversion applications, demonstrating that smaller nanostructures exhibit better
electrochemical performance, thereby further strengthening the role of PbSe in next-generation energy technologies.
Jahromi and Moaddeli [12] used density functional theory to study the band structure of PbS, revealing its potential for
ultraviolet photoconductive devices. The study highlights the wide applicability of PbS, which has traditionally been used
in infrared technologies but is now being considered for ultraviolet applications as well, highlighting its versatility.
Abe [13] observed phase transformations between PbS and PbSe during thin-film deposition, revealing significant changes
in the crystalline structure that affect the material's optical properties. This transformation from PbS to PbSe during film
deposition suggests new possibilities for tuning the material's properties through controlled synthesis. As studied by
Bandoh et al. [14], annealing of PbSe films improved both optical and structural properties, increasing crystallite size and
reducing lattice defects. This improvement in material quality translates into enhanced performance in optoelectronic
devices, where crystal structure and purity are crucial to the device's efficiency. Nanocrystalline PbS thin films, as
investigated by Bayisa et al. [15], were also shown to exhibit excellent optical and structural properties, with the size of the
crystallites increasing as the film thickness was varied. These findings suggest that controlling the film thickness during
deposition can improve the material properties, thereby enhancing the performance of PbS-based devices. Recent research
has also focused on developing PbSe-based multifunctional devices. Khusayfan et al. [16] successfully produced PbSe thin
films for use in photovoltaic devices, microwave resonators, and X-ray sensors. Their work highlighted the adaptability of
PbSe for various high-tech applications, especially wireless communication technologies such as 5G. The structural and
optical properties of PbSe thin films make them ideal for use in next-generation devices, demonstrating the material's
versatility. Yang et al. [17] developed a novel electrochemical synthesis method to fabricate hierarchically porous PbSe
films, which showed excellent infrared photodetection properties. These porous structures provide a large surface area,
thereby improving the material's photoconductive sensitivity and making it highly effective for infrared detection at room
temperature. This advancement opens new doors for the use of PbSe in low-cost, high-performance photodetectors.

The limited exploration of ultrasonic attenuation in PbX compounds motivated a detailed investigation employing
ultrasonic non-destructive evaluation techniques. This study presents a systematic analysis of the anisotropic and
temperature-dependent elastic, mechanical, thermal, and acoustic properties of PbX (X = S, Se) across principal
crystallographic directions and within the temperature range of 0-300 K. The results provide critical insights into the
behavior of these materials under varying thermal and structural conditions, emphasizing their potential relevance in
industrial and functional applications. The calculated parameters are benchmarked against established data to validate
the reliability of the theoretical framework, which is grounded in the Born—Mayer interaction potential model.

2. COMPUTATIONAL APPROACH
2.1 Nonlinear Elastic Behavior: SOECs and TOECs
SOEC and TOEC serve as important links between mechanical properties and dynamic behavior in crystalline
materials. We have estimated the temperature-dependent SOECs and TOECs using the methodology proposed by
Brugger [18]. The potential used to evaluate these elastic constants is obtained by combining the electrostatic and
repulsive potentials.

F ()= FS(r) + FB(1). (1)

The Born Mayer / repulsive potential, F¢(r) and FE(r) are prearranged as

F¢(r) =+ (?) and FB(r) = Aexp (_Tr) )

Here, b characterizes the stiffness parameter, » denotes the distance between nearest-neighbour atoms, e refers to the
electronic charge, and 4 corresponds to the interaction strength factor [18].

The lattice dynamics framework has been proposed by Leibfried and Ludwig [19], Ghate [20], Mori and Hiki [21]
and the lattice energy is found to vary with temperature. Combining the static and vibrational part SOECs and TOECs
(Cijand Cjjy) can be defined as
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Ci=Cy+ClP and Cyu=Cly +Clj¢ 3)

Here, the superscript ‘vib’ indicates the vibrational component of SOECs and TOECs at elevated temperature and 0’
depicts the static component at OK. The formulae for computing the C;; and Cjjy, are given in literature [22].

2.2 Mechanical Parameters
The SOECs were used to estimate the mechanical parameters [23] like bulk modulus (B), shear modulus (G),
Young’s modulus (F), Tetragonal modulus (Cs), shear modulus (G), Cauchy pressure (Cp), Zener anisotropic factor
(Z4), Pugh’s indicator (B/G) and Poisson’s ratio (#) [23] and their values are placed in Table 1.

Table 1. The formulae for the mechanical parameters of PbX

= Lt i) G= (C11=C12+3Caq) | 2.5(C11=C12)Cas
3 10 4[C44+3(C11-C12)]
_ 9GB _ G-Ci2, ~» _
E=s Cs= =55 (= Cip-Caa
2C, 3B-2G
ZA: ik y=
C11-C1z 6B+26G

2.3 The Nonlinearity Parameter
The transmission of ultrasonic waves through a solid medium leads to waveform distortion, primarily influenced
by the material's microstructural features. The acoustic nonlinearity parameter quantifies this effect and is defined as the
negative ratio of the nonlinear to the linear terms in the finite-amplitude longitudinal wave equation, evaluated along
various crystallographic directions. Breazeale’s nonlinearity constant, which captures this behavior, is expressed as a
linear combination SOECs and TOECs, and is given by:

B =-(3K:+ K3)/K>
where K and K3 depends on SOECs and TOECs. The detailed expression of K> and K are described in literature [6].

2.4 Direction-Dependent Ultrasonic Velocities
The three modes of ultrasonic wave velocities described due to ultrasonic wave propagation are namely one
longitudinal (V7), and two transverse modes namely quasi-shear (Vs;) and shear (Vs;) velocities respectively, propagating
along different crystallographic orientations [24]. Due to crystal symmetry, the two shear modes degenerate along (100)
and (111) directions, polarised along (100),(001),(110) and (110) planes. The formulae for these velocities are
described in literature [24]. The average of these velocities defined at Debye average velocity (Vp) given as

1

S RIS ST |
VD - [3 {VL3 + V$13 + V523}] (4)

2.5 Thermoacoustic Properties
Another important parameter that describes the material thermophysical characteristics is Debye temperature (6p)

which depends on material parameters and Debye velocity [25] given as
1

0 h (anP)EVD. (5)

" kg \ 4nM

Where 4, ks, n, N, p, M and Vp are Planck constant, Boltzmann constant, number of atoms per unit cell, Avogadro
number, density of substance, molecular weight of substance and Debye average velocity, respectively.
The thermal conductivity  is directly influenced by Debye temperature 8p [26] given as
= AMST3n/3
V2T

(6)

Where A = 3.04x10%; M is defined as average atomic mass in amu; & (in A) is the cube root of volume per atom; y is
the Griineisen parameter calculated in different directions of ultrasonic wave propagation within the temperature regime
0-300K.

Thermal relaxation time 7, [27] determined as the time taken by phonon particles to regain thermal equilibrium given as

O]

Where Cy represents the specific heat at constant volume, calculated with the help of the AIP Handbook [28]. The
transformation of thermal to acoustic energy defined as the acoustic coupling constant [29] is given as

. J2
3<y/>2pcyT
D=9<(y/y> 2V
L EO

3k

1
th =5 °L S CVVL%

®

The propagation of ultrasonic waves through matter can be used to provide details about it. The details provided
by the wave are related to amplitude and phase, yet they can be interpreted to reveal many features within matter. When
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ultrasonic waves are generated and propagate within a material, energy is lost due to scattering, absorption, and the
difference in acoustic impedance of two different materials at their interface [30].

The factors affecting the ultrasonic attenuation coefficient in an ideal crystal are thermoelastic relaxation
mechanism (TRM), phonon-phonon interaction (PPI), and electron-phonon interaction (EPI). The thermal attenuation
caused during the maintenance of the equilibrium process for the transfer of energy between compressed and rarefied
region when the ultrasonic wave passes through the crystal [31,32], defined as

a 74n2<yij>2kT
(Sum ©)

The ultrasonic attenuation resulting from p-p interactions, applicable to both longitudinal and shear waves under
defined conditions, is given as follows: @11 (where t denotes the thermal relaxation time and ® represents the
angular frequency) is [33].

@, _ 47 tnEo (D1/3)
(v2 1= 20V . (10)
@, _ 4ntpEo (Ds/3)
(Vz)S - 2pVS3 (1 1)

Here E) represents the thermal energy density obtained from the AIP handbook, while V7 and Vg represent the velocities
for the longitudinal and shear modes of propagation, respectively.

3. RESULTS AND DISCUSSION
The SOECs and TOECs for PbS and PbSe in the temperature range of 0 to 300 K are evaluated using the lattice
parameter obtained from literature [2,34] and hardness parameters (b = 0.303A) for PbS and PbSe [35]. The SOECs and
TOECs are affected by both the anharmonic lattice vibrations and thermal expansion coefficient [36]. The obtained
values of SOECs and TOEC:s for PbX are listed in Table 2.

Table 2. SOECs and TOECs of PbX [in (GPa)]

Temp. (K) Material Ci; Ci2 Cu Cin Ciz Ciz Cru Cies Cys6

0 93.92 11.28 11.28 -1198.5 -39.05 16.84 16.84 -39.05 16.84
50 97.66 10.80 10.90 -2022.3 -37.18  14.31 16.88 -39.16 16.84
100 98.56 10.33 10.86 -2021.5 -35.59  11.77 16.85 -38.98 16.84
150 99.93 9.83 10.82 -2026.2 -33.81  9.20 16.83 -38.82 16.84
200 PbS 101.39  9.32 10.76 -2032.1 -31.96  6.61 16.78 -38.86 16.84
300 10443  8.30 10.64 -2045.7 -28.22 142 16.68 -38.20 16.84
0 100.86  13.08 13.08 -2089.8 -45.53  19.29 19.29 -45.53 19.29
50 103.89 12.61 12.64 -2116.4 -43.85 16.82 19.34 -45.63 19.29
100 PbSe 105.19 12.10 12.60 -2119.7 -42.11 14.28 19.32 -45.46 19.29
150 106.71  11.57 12.54 -2125.8 -40.24  11.71 19.28 -45.25 19.29
200 108.29  11.03 12.48 -2132.7 -38.33  9.13 19.22 -45.01 19.29
300 111.34  9.92 12.30 -2145.1 -34.36  3.89 19.05 -44.37 19.29

As shown in Table 2, the longitudinal elastic constant C;; increases with temperature, while the compression
coefficient C;; and elastic constant Cyy decrease with increasing temperature. The elastic constant Cyy, which is
responsible for the shear modulus perpendicular to the applied stress, is slightly decreasing with temperature. From the
increasing Ci; and decreasing Ci», Cyy, it can be inferred that the selected PbX becomes stiffer and softer at higher
temperatures. Cauchy's criterion for isotropic cubic crystals is derived from the assumption that the internal forces of
the material are perfectly central and the material is stress free. The Cauchy criteria C,= CY,, CL1, = Css, Ca3 = Cyu=
Clse. [37] proposed by Cousin [38] are valid at absolute OK, for PbS and PbSe but fail at higher temperatures, which
implies that at OK the interaction forces are central but have increasing ionic character as the temperature increases. The
TOECs estimated using the theory proposed by Brugger [18] and are utilized to analyze the acoustical and thermal
phonon interactions and other anharmonic properties of the material under examination. It is obvious from Table 2 that
the magnitude of C;;; is decreasing with increasing temperature, while the magnitude of C;;;, Ci2; and Cies are
increasing with temperature. The elastic constant C;44 is nearly constant due to the small effect of the vibrational part,
while Cys6 is constant at every temperature due to the absence of vibrational energy. The TOECs pattern of PbX (X:
S,Se) are similar to that of lead telluride [6] and tin monochalcogenides [38].

Figure 1 depicts the deviation plot for SOECs of the present work with previously reported values by experimental
and theoretical methods [2, 39, 40]. The variation of SOECs obtained in the present work relative to previously reported
values in the literature is = £10%, due to differences in the computational approach. The observed variations in elastic
constants as depicted in Fig. 1, with previously reported values are due to their dependency on temperature-dependent
lattice parameters, anharmonic phonon contribution and thermal expansion effect which is linked through the Griineisen
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parameters which connect the mechanical (elastic) and thermal properties of a crystalline solid. The elastic constants at
elevated temperatures can be attributed to the increased contribution of vibrational energy. This implies that, with rising
temperature, atomic interactions and the corresponding interaction potentials within the crystal lattice are modified due
to the influence of non-central forces. Consequently, a comprehensive understanding of the temperature dependence of
elastic constants is essential for accurately predicting the effects of thermal conditions on a material’s mechanical
strength, stiffness, and the interatomic force dynamics across adjacent crystallographic planes. The Born stability
criterion,{[(Cy1 + 2C13)/3] > 0; C4y > 0; [(Cy1 — C12)/3] > 0}is satisfactorily fulfilled by the obtained values of
elastic constants.
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Figure 1. Deviation plot for SOECs of PbS and PbSe

Therefore, while PbX (X: S,Se) is confirmed to be mechanically stable under the Born criterion, it remains
imperative to analyze the evolution of its mechanical parameters with temperature to assess its suitability for high-
temperature applications. To analyze the mechanical properties of PbX (X: S, Se), various mechanical parameters are
calculated for PbS and PbSe using the expressions defined in Table 1, within the temperature regime 0—300K and are
depicted in Table 3.

Table 3. The mechanical parameters of PbX (X; S,Se)

Material Temp. E B B G B/G Z4 v Hy Cr Cs
(K) (GPa)  (GPa) (GPa) (GPa) (GPa)  (GPa)

PbS 0 50.34 38.83 54.6 19.60 1.66 0.27 0.28 3.27 0 41.32
50 50.82 39.75 53.6 19.74 1.66 0.26 0.28 3.31 -0.10 43.43
100 51.06 39.74 51.6 19.85 1.64 0.25 0.28 3.41 -0.53 44.16
150 51.46 3986 495 20.02 1.62 0.24 0.28 3.53 -0.98 45.04
200 51.86 40.04 472 20.19 1.60 0.23 0.28 3.65 -1.43 46.03
300 52.67 4034 423 20.53 1.57 0.22 0.28 3.88 -2.34 48.06

PbSe 0 55.81 4234 484 21.79 1.66 0.29 0.28 3.67 0 43.88
50 55.99 43.04 47.6 21.82 1.66 0.28 0.28 3.68 -0.03 45.64
100 56.38 43.13 46.2 21.98 1.64 0.27 0.28 3.79 -0.49 46.53
150 56.81 43.28 44.7 22.16 1.63 0.26 0.28 391 -0.96 47.56
200 57.23 43.45 43.1 22.34 1.61 0.25 0.28 4.03 -1.44 48.62
300 57.96 43.73 39.9 22.65 1.58 0.24 0.27 4.26 -2.37 50.71

*Ref [2]

As depicted in Table 3, Young’s modulus, responsible for the stiffness of the material, is increasing with an
increase in temperature for PbX (X: S, Se), and the value of for PbSe is higher than PbS. Thus, PbSe is stiffer than PbS,
which is highest at 300 K. The obtained values of £ for PbX (X: S, Se) are nearly similar to those reported by Seetawan
et al. [41] at 300 K using the molecular dynamics method. The bulk modulus indicates a material's resistance to changes
in volume. PbS is more compressible than PbSe, which is highest at 300 K for PbX. The reported values of B for PbS
are 62.8 GPa by experimental method [39] and equal 55.7 GPa and 65.6 GPa, calculated by GGA and LDA methods
[2], respectively. As depicted in Table 3, the estimated value of B in the present work at 300 K is 40.34 GPa, indicating
deviations of 5.4% to 19% due to differences in the approach used.

Modulus of rigidity (G) represents the behaviour of the material to resist change in size and shape. In the present
study, G values increase with increasing temperature for selected PbX (X: S, Se). As the reported values of Cs and
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Shear modulus for PbSe are higher than those of PbS at 300K, as depicted in Table 3, it indicates that PbSe is stiffer and
harder than PbS, as it resists deformation more under both shear and elastic distortions. A similar result has been
reported by Seetawan et al. [41] at elevated temperatures, which justifies our approach.

Pugh's index (B/G) compares fracture to toughness which measures the ductility and brittleness of materials. If the
Pugh index is more than 1.75, then the selected compound is ductile; otherwise, it is brittle. It is evident from Table 3
that Pugh's ratio for both PbS and PbSe is less than 1.75, indicating that both materials are brittle at all temperatures
examined in the present work. Poisson's ratio is an important variable for defining the behavior of intermolecular forces.
The relation 0.5>»>0.2 is valid for non-central forces and ionic values are around 0.25. In the present case as Table 3
shows, values are approximately 0.28 which satisfy the relation of non-central. Thus, the » values predict that the inter-
atomic forces are non-central and ionic in nature. For brittle materials, the Cauchy pressure is Cp=(C1,-C4s) <0 and the
Poisson ratio is ¥ < 0.3. Table 3 shows that Cp <0 and »<0.3, which predicts that PbS and PbSe are brittle in nature,
which validates our previous prediction (on the basis of Pugh’s index) of the brittle nature of both materials in the
present investigation. The Zener anisotropy index (Z4) is a dimensionless quantity that measures the isotropy of a cubic
crystal. For isotropic materials Z, value is equal to 1. Table 3 shows that the Zener index is different from 1, which
indicates that the selected PbX are anisotropic in the temperature range 0-300 K. Figure 2 presents the combined plot of
the Cauchy pressure Cp/Y versus the G/B ratio for PbX (X: S, Se) over the temperature range of 0—300 K. The observed
downward trend toward the lower right corner of the plot is attributed to the directional nature of bonding in the
material, which promotes brittle behaviour, revealing the anticipated mechanical response based on theoretical
predictions.

0.02 T T 0.02 T T
Pugh Criterion Pugh Criterion
0.014 0.01 4
Pettifor Criterion - Pettifor Criterion =
0.00 4 oo OK = 0.00 1 . 0K
-0.014 = 100K -0.01 4 = 100K |
% 002 " 150K % 0024 " 150K
[§] 6]
003 W = 0034 " 200K -
-0.04 4 .0.04
300K 300K 7
-0.05 1 -0.05 1
-0.06 T T T T T T -0.06 T T T T T T
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G/B G/B
(a) (b)

Figure 2. Renormalized Pugh and Pettifor criteria for (a) PbS, (b) PbSe within the temperature range 0-300K

The estimated SOECs and TOECs were utilized to compute the nonlinearity parameters K2 and K3 [6], which are
subsequently used to evaluate the temperature-dependent Breazeale’s nonlinearity parameter [ across the temperature
range of 0-300 K. The variation of f along different principal directions of wave propagation is illustrated in Fig. 3,
highlighting the anisotropic nonlinear elastic behavior of PbX (X:S,Se) with respect to temperature.
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Figure 3. Orientation-dependent Breazeale’s nonlinearity constant with temperature (a) PbS (b) (PbSe)
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Figure 3 reveals that the maximum value of the nonlinearity parameter £ is observed along the (100)
crystallographic direction, while the minimum value is recorded along the (111) direction. Furthermore, it is evident
that the nonlinear parameter § for PbX (X= S, Se) does not exhibit a consistent trend with increasing temperature,
indicating a complex dependence on thermal effects. The nonlinearity parameter f does not remain uniform across
different crystallographic orientations; however, a general linear decreasing trend in its value is observed as the
temperature increases. Ultrasonic velocity measurements are employed to gain insights into the microstructural
characteristics of the material.

To validate and extend our calculations, 3D visualizations showing the directional dependence of Young's
modulus (E), bulk modulus (B), and shear modulus (G) are presented in Figs. 4,5, and 6 respectively. These
visualizations also include their 2D projections on the (100), (010) and (001) planes. The calculations for B and G are
based on established relations given in the literature [42], while the values of G are further elaborated using references
from the literature [43].

—= (S + 25 )+ B +13) (12)

1_ 1 272 272 272
5—511_2(511_512_5544) 715 + 315 + 151%) (13)
= = S4s = 4(S11— S12 = 3544 (sin® 0 cos? 6 + 0125 sin* H)(1 — cos 4¢) (14)

Here, §;; = Ci;1 denotes the elastic compliance matrix, which is obtained as the inverse of the elastic constant matrix.
The terms /;, [>, and 13 denote the 3D directional cosines corresponding to the x-, y-, and z-axes, respectively.

A material is classified as isotropic if its 3D and 2D plots exhibit spherical and circular symmetries, respectively;
deviation from these symmetries indicates anisotropy. As shown in Figs. 4, 5, and 6, the bulk modulus exhibits isotropic
behavior, maintaining consistent spherical symmetry in its 3D representation. In contrast, both Young's modulus (E)
and shear modulus (G) deviate significantly from spherical symmetry in their 3D diagrams and from circular symmetry
in their 2D projections, highlighting their inherent anisotropic properties.

Bz \GPa)

8z \GPa)

Figure 4. 3D-directional dependence of the bulk modulus (B, in GPa) for PbX and its projection in dissimilar planes
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Figure 5. 3D-directional dependence of the shear modulus (G, in GPa) and its projections in dissimilar planes for PbX

Figure 6. 3D-directional dependence of the Young’s modulus (£, in GPa) and its projections in dissimilar planes for PbX
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Ultrasonic velocity provides information about the microstructure, texture, and damage in materials [44]. The
temperature-dependent ultrasonic velocities e.g., longitudinal ultrasonic velocity, shear ultrasonic velocity and quasi-
shear ultrasonic velocity along the (100),(110)and (111) direction, with the direction of polarization along
(100),(001),(110) and (110) are evaluated using SOECs and densities of PbX in the temperature range 0 - 300K are
depicted in Table 4.

Table 4. Ultrasonic velocities (in 103m/s) of PbS and PbSe

Orientation Temp. PbS PbSe
) VL Vo1 Vs2 Vb 43 Vo1 Vs2 Vb
0 3.5107 1.2169 1.2169 1.3840 3.5255 1.2698 1.2698 1.4429
50 3.5789 1.1964 1.1964 1.3616 3.5782 1.2485 1.2485 1.4197
(100) 100 3.5963 1.1939 1.1939 1.3589 3.6003 1.2464 1.2464 1.4175
150 3.6212 1.1916 1.1916 1.3565 3.6264 1.2435 1.2435 1.4104
200 3.6475 1.1885 1.1885 1.3532 3.6531 1.2401 1.2401 1.4109
300 3.7018 1.1820 1.1820 1.3462 3.7043 1.2313 1.2313 1.4015
0 2.8955 1.2169 3.2930 1.6883 2.9382 1.2698 3.2889 1.7546
50 2.9237 1.1964 3.3760 1.6656 2.9560 1.2485 3.3539 1.7309
(110) 100 2.9274 1.1939 3.4026 1.6631 2.9632 1.2464 3.3868 1.7293
150 2.9362 1.1916 3.4384 1.6611 2.9724 1.2435 3.4240 1.7269
200 2.9465 1.1885 3.4757 1.6582 2.9817 1.2401 3.4619 1.7239
300 2.9653 1.1820 3.5516 1.6519 2.9981 1.2313 3.5353 1.7150
0 2.6590 2.0269 2.0269 2.1712 2.7144 2.0354 2.0354 2.1868
50 2.6694 2.0679 2.0679 2.2086 2.7171 2.0662 2.0662 2.2143
100 2.6674 2.0819 2.0819 2.2204 2.7179 2.0836 2.0836 2.2297
(111) 150 2.6692 2.1010 2.1010 2.2370 2.7196 2.1032 2.1032 2.2470
200 2.6709 2.1208 2.1208 2.2542 2.7214 2.1231 2.1231 2.2645
300 2.6752 2.1611 2.1611 2.2890 2.7223 2.1614 2.1614 2.2974

Table 4 predicts that the longitudinal ultrasonic velocities for PbX dominate the shear velocities, suggesting that
the compressional mode plays a key role in ultrasonic wave propagation. The longitudinal velocity for PbS is highest at
300 K and occurs along the along (100) direction and remains almost constant along the (111) direction in the 0-300 K
temperature regime due to the dependence of velocity on the second order elastic constants. The shear velocity Vs, due
to transverse propagation is highest for PbS with (110) at 300 K. The Debye velocity is increasing with temperature,
when the wave is propagating in (111) direction and decreasing with temperature for other two directions of
propagation for both PbS and PbSe. Pei and Liu [45] reported the longitudinal, transverse and average velocity for PbS
4.08x10° ms!, 1.84x10° ms™!, 2.04x10° ms™! respectively at 300K and for PbSe 3.82x10° ms™!, 1.72x10° ms’!, 1.91x103
ms™! respectively at 300K. The obtained longitudinal, shear and Debye average velocities for PbS for ultrasonic wave
propagating in (100) direction is 3.70x10° ms™!, 1.18x10° ms™!, 1.34x10° ms™ respectively and for PbSe is 3.70x10°
ms™, 1.23x10° ms™!, 1.40x103 ms™! respectively at 300K. Hence the present investigated values of the wave velocities
are comparable with the previous findings reported experimentally [45]. The slight variations in the wave velocities of
present investigations observed may be due to the consideration of wave propagation in all three directions along the
(100),(110)and (111) direction, with the direction of polarization along (100),{001),(110) and (110), however
experimentally reported data have not considered the same and may also involve experimental errors during the

measurement process.

(a) s T\\

Debye average velocity (km/s)
Debye average velocity (kmy/s)

Figure 7. Debye average velocity in 100-300K temperature range along (100), (110) and (111) for (a) PbS (b) PbSe

Table 4 and Fig.7 show that the Debye mean velocities are highest in the (111) and lowest in the (100) direction
respectively. The Debye characteristic temperature of a solid material provides details about the vibration spectrum,
elastic properties and thermodynamic properties of the material. It is the highest normal mode of oscillation of a
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crystalline material and combines elastic properties such as thermal expansion, phonon dispersion, specific heat,
thermal conductivity and lattice enthalpy [42]. The Debye temperature, as a bridge between elastic and thermal

properties, is calculated by Eq. (5). The Debye temperature for PbS and PbSe is shown in Figures 8,9.
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Figure 8. Debye temperature along (100), (110) and (111) for (a) PbS (b) PbSe

T200 o

inK

Debye Temperature [t

Figure 9. Debye average temperature in 100-300K temperature range along (100),(110) and (111) for (a) PbS (b) PbSe

Figure 9 shows that the Debye characteristic temperature for PbSe is lower than that for PbS because 6p is inversely
proportional to the cube of the molecular weight. The decreasing value of the Debye temperature as temperature
increases is due to its dependence on the Debye velocity, which is a function of the second-order elastic constant. The
Debye characteristic temperature is highest in the (111) direction, while it is lowest in the (100) direction for PbX. The
Debye mean velocity is used to calculate the Debye characteristic temperature, which is used to estimate the thermal
conductivity. The thermal conductivity is then used to calculate the thermal relaxation time, which is further used to
calculate the nonlinearity parameter (acoustic coupling constant) and acoustic attenuation. The calculated values of
thermal conductivity, nonlinearity parameter, and attenuation for PbS and PbSe are given in Tables 5 and 6,
respectively. The thermal relaxation time along three crystallographic directions (100),(110) and (111) at 300K for PbS

and PbSe is shown in Fig. 10.
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Figure 10. Thermal relaxation time at 300K along (100),(110) and (111) for (a) PbS (b) PbSe
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Thermal conductivity is an indicator of thermal performance that is highest for PbS along the (110) direction at
300K. Thus, PbS along (110) has better thermal behavior than PbSe. Ultrasonic wave propagation through the material
causes distortion in the phonon distribution. Wei et. al [46] reported the lattice thermal conductivity for PbS as 2.19
W/mK, while experimentally reported values are 2.52 W/mK, 2.38 W/mK, and 2.56 W/mK, respectively [45,47,48]. As
depicted in Table 5, the thermal conductivity for PbS at 300 K under the present investigation is 3.84, 4.87, and 4.43
along the (100), (110) and (111) direction of wave propagation, respectively.

Table 5. x(w/mK), D1, Dsi1, Dsz, (‘%)m, (%)1, (=)L, (%)sz, (1%)10131 (x10°"7 Nps?m™') for PbS

v

Direction Temp. K Dy Ds;1 Ds> (Vlylh (%)1 (Vlgm (vlysz (l%)lotal
50 3.78 32.12 1.023 1.023 0.01 16.79 7.166 7.166 31.141

100 3.79 31.95 1.023 1.023 0.03 46.66 20.41 20.41 87.515

(100) 150 3.80 31.39 1.022 1.022 0.04 77.38 35.36 35.36 148.14
200 3.81 30.82 1.022 1.022 0.05 108.36 51.93 51.93 212.27

300 3.84 29.74 1.021 1.021 0.07 163.64 86.38 86.38 336.47

50 474 39.85 0.622 62.77 0.16 28.57 3.257 14.61 46.593

100 4.74 40.58 0.621 62.05 0.32 84.82 9.571 41.29 136.00

(110) 150 4.79 40.32 0.619 61.28 0.45 147.05 16.90 69.59 233.99
200 4.81 39.92 0.618 60.63 0.56 211.71 24.95 97.86 335.08

300 4.87 39.07 0.615 59.62 0.73 342.60 42.58 152.16 538.07

50 4.30 28.19 40.23 40.23 0.33 11.67 17.91 17.91 47.823

100 4.32 29.49 39.77 39.77 0.64 35.86 50.86 50.86 138.22

(111) 150 4.35 29.18 39.26 39.26 0.92 63.28 87.29 87.29 238.78
200 4.37 28.50 38.83 38.83 1.18 90.57 123.25 123.25 338.25

300 4.43 26.91 38.13 38.13 1.64 141.83 190.62 190.62 524.71

Table 6. x(w/mK), D1, Ds1, Ds2, (5. (o1 (st (C)s2. (5ot (10717 Nps?m!) for PbSe

Direction Temp. K Dy Ds; Ds, (%)th (1%)1 (%)51 (- v%)sz (%)total
50 3.56 30.84 1.003 1.003 0.016 20.36 7.801 7.801 35.978

(100) 100 3.57 30.68 1.003 1.003 0.031 34.88 15.05 15.05 65.013
150 3.58 29.53 1.002 1.002 0.043 59.00 24.83 24.83 108.71

200 3.59 28.97 1.002 1.002 0.052 82.20 36.34 36.34 154.93

300 3.61 27.92 1.001 1.001 0.067 125.16 61.12 61.12 247.46

50 4.43 36.88 0.619 58.61 0.1441 20.767 2.315 11.29 34,522

100 4.45 39.54 0.618 57.74 0.2731 35.051 19.76 92.03 147.12

(110) 150 4.47 37.37 0.616 56.92 0.3837 106.68 12.01 53.15 172.22
200 4.50 36.96 0.614 56.20 0.4784 153.49 17.71 74.54 246.23

300 4.55 36.15 0.610 55.11 0.6267 248.25 30.25 115.3 394.51

50 4.01 27.02 37.73 37.73 0.2582 9.3199 14.79 14.79 39.170

100 4.03 31.40 37.17 37.17 0.4989 19.763 153.0 153.0 90.869

(111) 150 4.05 27.99 36.65 36.65 0.7197 51.832 73.36 73.36 199.27
200 4.08 27.34 36.18 36.18 0.9219 74.480 103.7 103.7 282.96

300 4.12 25.75 35.45 35.45 1.283 112.46 154.7 154.7 423.14

The thermal relaxation time, 7, for PbS and PbSe is of the order of 107'' second, which confirms the
semiconducting nature of the chosen materials [49]. 7., is shortest along (110) and the highest along (111) as shown
in Fig. 10, from which it can be inferred that the change in thermal energy to recover the phonon shape is faster along
the (110) direction. The non-linearity parameter i.e. acoustic coupling constant is the parameter that quantifies the
conversion of acoustic energy into thermal energy via the phonon interaction mechanism. The longitudinal coupling
constant is higher in the (110) direction at 100K while the shear coupling constant is higher in the (111)direction at
50K. The total coupling constant sum of longitudinal and shear coupling constants, is highest in the (110) direction,
from which it can be inferred that the conversion of thermal to acoustic energy is highest in the (110) direction. The
higher value of the coupling constant of PbS compared to PbSe shows that the conversion rate from thermal to acoustic
energy is higher for PbS than for PbSe. It is clear from Table 5 that the loss due to the phonon-phonon (p-p) viscous
process (Akheizer loss) dominates the thermal loss. The Ultrasonic attenuation due to the thermoelastic relaxation
process is inversely proportional to the acoustic velocity [50].

Tables 5 and 6 clearly shows that ultrasonic attenuation caused by the thermoelastic relaxation mechanism is
minimal compared to that from p-p interaction. This indicates that most of the ultrasonic energy loss happens as the
system reaches equilibrium among different phonon branches and wave propagation directions. The similar values for
ultrasonic attenuation among different directions of wave propagation reported previously [51] validate our findings and
the approach we performed. The acoustic attenuation due to the thermoelastic relaxation process is largest in the (111)
direction and smallest in the (100) direction for PbS and PbSe. The Akheizer damping at 300K is larger in the (111)
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direction and smaller in the (100) direction. Ultrasonic attenuation refers to the loss of energy in ultrasonic waves as
they propagate through a material. It provides information on the microstructure, particle size, porosity, stress state and
heterogeneity of the material. The total ultrasonic attenuation of PbS and PbSe is shown in Fig. 11 in the (100),(110)
and (111) directions.
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Figure 11. Total attenuation of PbS and PbSe along <100>, <110>, <111> direction

Figure 11 shows that PbS has higher attenuation values than PbSe, which imposes limitations on the applications
of PbS. The ultrasonic attenuation coefficient shows that PbS is more suitable for applications that require minimal
signal loss, such as in ultrasonic transducers and sensors. PbSe with large attenuation is used for applications where
controlled energy dissipation is beneficial.

4. CONCLUSIONS

The Born potential model has been successfully applied to calculate the second- and third-order elastic constants
and compared with existing results to validate the theory. The elastic constants are highest for PbSe indicating that PbSe
is highly elastically stable. Pugh index, Cauchy pressure and Poisson ratio confirm that PbS and PbSe are brittle in
nature in the temperature range 0-300 K. Zener anisotropy index indicates that PbS and PbSe are anisotropic. The
thermal performance of PbS is better due to higher values of thermal conductivity and Debye temperature. The
relaxation time is of the order of 10! second which validates the semiconducting nature of PbS and PbSe in the
temperature range 0- 300K and in (100),(110) and (111) direction. The thermal energy to acoustic energy conversion
is highest in the (111) direction for PbX. The attenuation coefficient of PbS is lower than that of PbSe. The total
attenuation for both PbS and PbSe is the lowest in the(100) direction, indicating that the (100) direction is the most
suitable direction for wave propagation. These results offer a baseline for designing and improving PbX-based
thermoelectric materials, sensors, and non-destructive ultrasonic evaluation systems.
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IIpoBeneHo BceOiuHE MOCHTIMKCHHS MPY)KHUX, MEXaHIYHHX Ta TEPMOAKyCTHYHHUX BIACTUBOCTCH MOHOXaJbKOTCHIMIB CBHHIKO PbX
(X =S, Se) B310BXK OCHOBHMX KpucTaiorpapiunux Hanmpsmkis <100) , 110) Ta (111) y nmiamasoni Temmeparyp 0-300 K 3
BUKOPHCTaHHSM YIBTPa3ByKOBOTO HEpyHHIBHOTO MeTony omiHku. IIpyxHi moctiitai npyroro ta tpersoro mnopsaky (SOEC ta TOEC)
Oyny po3paxoBaHi 3 BUKOPHCTAHHSIM KYJIOHIBCHKOI Ta GOPHIBCBKO-MaM€PiBCHKOI MOTEHLIHHUX MOJENEH, [0 MiITBEPIDKYIOTh MPYXHY
CTaOUIbHICTh AOCTIMKYyBaHUX MatepiaiiB. [ToxiqHi MexaHiYHI mapamMeTpu Ta MIBHIKOCTI YAbTpa3ByKy Oyam orpumani 3 SOEC, mio
BKa3y€ Ha TCHAITHY MEXaHIUHY IOBEIIHKY, 3acHOBaHy Ha koedimieHTi Kuyta. [Ipn Temmeparypi 300 K Gynu Bu3HaveHi TeMmneparypa
[ebas, mBuakicts Jlebast, TEIIONPOBIAHICTE Ipat, MapamMeTp aKyCTHYHO! HENHIMHOCTI Ta KOSQIIli€HT YIBTPa3BYKOBOTO 3racaHHs
B3JIOBXK JIOCII/PKYBaHUX HarpsimkiB. Cepert ycix HampsMkis opientaris {111) mnokasana Haiteurry Temmeparypy Jle6ast Ta MBHIKICTE
Jebas. JIoMiHyIOUMM MEXaHi3MOM YIBTPa3ByKOBOTO 3racaHHs Oyllo iI€HTH(IKOBAaHO MEXaHI3M THITy AXie3epa, IO MiIKPeciIroe Horo
pOJb y TEIUIOBi/Iavi Ta aKyCTHYHOMY JemiipyBaHHI. Pe3ynbrari mokasyrors, mo PbSe mae uynoBy npyxHY »KOpCTKICTb, Toal Ik PbS
JIEMOHCTPYE Mi/IBUIIEHY TEIUIONPOBIAHICTS 1 CHIbHINT ()oHOHHI B3aeMonil. Lli XapakTeprcTHKH HigKpecooTh notenmian PbS Ta PbSe

JUTS 3aCTOCYBAHHS B TEPMOCIIEKTPUYHHX 1 YIBTPa3BYKOBHX CEHCOPHHX TEXHOJIOTIsX.
Ki11040Bi c10Ba: MoHoXaMbKO2EHIOU CBUHYIO; NPYHCHI BAACTNUBOCII, MEXAHIUHI KOHCIMAHMU, enIonpoioHIiCmy,; YIbmpazeyKose
32acaHHA





