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In the present study, we used higher-order elastic coefficients to compute the elastic, mechanical, and thermo-

physical properties of HfN/MgO (001) nanostructured materials at temperatures ranging from 50 to 300 K. Two 

significant factors considered when computing the second and third-order elastic constants in the temperature range 

of 50 K to 300 K are the nearest-neighbor distance and the hardness parameter. We have evaluated the thermal and 
mechanical characteristics of the HfN/MgO (001) nanostructured layer. The analytical results of the second-order 

elastic constants were used to determine Young's modulus, thermal conductivity, Zener anisotropy, bulk modulus, 

thermal energy density, shear modulus, and Poisson's ratio. Additionally, Debye average velocity, hardness, melting 

temperature, and ultrasonic Grüneisen parameters (UGPs) were assessed over a range of temperatures. The 
fracture/toughness (B/G) ratio in this study exceeds 1.75, indicating that the HfN/MgO (001) nanostructured layer 

is ductile within this temperature range. The selected materials fully satisfy the Born mechanical stability criterion. 

It has been evaluated how long thermal relaxation takes to complete, how thermo-elastic relaxation attenuates 

ultrasonic waves, and how phonon-phonon interaction processes attenuate ultrasonic waves in this medium. The 
research results and other well-known physical characteristics are helpful for commercial applications. 
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Introduction 

Transition-metal nitrides are widely investigated and 

have become crucial in various technological applications, 

such as optical thin films, diffusion barriers, and hard 

wear-resistant coatings. The group-IVB nitrides, HfN and 

ZrN, which belong to the broader family of transition-

metal nitrides, have garnered significant attention due to 

their low resistivity (ρ < 20 µΩ-cm), characteristic gold 

color from inter-band transitions, partially filled 

transition-metal d orbitals [1], and strong reflectivity in the 

red and infrared regions [2, 3]. By utilizing high-quality 

single crystals that have been established, the fundamental 

physical properties of HfN, such as electrical transport, 

mechanical, and optical properties, were determined as a 

function of alignment [3, 4]. A study of the HfN phase 

diagram, with nitrogen concentrations up to 50%, reported 

in 1990, identified the equilibrium phases as HfN with a 

NaCl structure, along with two stacking variations: Hf₃N₂ 

and Hf₄N₃, which are composed of α-Hf and HfN [5]. 

Additionally, there have been reports of higher nitride 

phases, including one with a metastable phase that is 

approximately Hf₃N₄ in structure [6, 7]. ZrN has also been 

synthesized as single crystals; however, relatively less 

research has been conducted on it [8, 9, 10]. Despite this, 

little is understood about the fundamental characteristics 

of HfN, an IVB nitride closely related to ZrN. HfN (001) 

films have been grown at 650 °C with f N₂ = 50.07. High-

resolution X-ray diffraction (HR-XRD), high-resolution 

cross-sectional transmission electron microscopy (HR-

XTEM), and Rutherford backscattering spectroscopy 

(RBS) indicate that the films are single crystalline with the 

B1-NaCl structure and a lattice constant (a₀) of 0.4524 nm 

[11-13]. 

The second and third-order elastic constants (SOECs 

and TOECs) of the HfN/MgO (001) nanostructured layer 

have been investigated using the Coulomb potential and 

Born-Mayer potential at temperatures ranging from 50 to 
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300 K. Using the calculated SOEC values, it is 

straightforward to determine the mechanical properties of 

this thin-layered nanostructured material, such as 

Poisson's ratio, fracture toughness ratio, bulk modulus, 

specific heat, shear modulus, Zener anisotropy factor, 

thermal energy density, hardness, melting temperature, 

and Young's modulus. Additionally, by using SOECs and 

TOECs, we calculated the temperature-dependent 

Grüneisen parameters, ultrasonic velocities, and ultrasonic 

attenuations along the <100>, <110>, and <111> 

crystallographic axes. The study also investigates how 

these findings relate to the physical properties of 

nanostructured thin films. 

I. Theoretical Calculation Method 

Using Born Mayer Potential approaches, the 

temperature-dependent higher order (second-order and 

third-order) non-linear elastic constant for face-centered 

cubic structure HfN /MgO (001) layers have been 

calculated.  

The theoretical outline for calculating second-order 

elastic constants (SOECs) and third-order elastic constants 

(TOECs) was first developed by Brugger [14], and later 

refined by Ghate [15] and Mori and Hiki [16]. The 

estimated values of SOECs and TOECs are obtained by 

adding the static and vibrational contributions at a specific 

temperature to the elastic constants, as follows: 

 

𝐶𝑖𝑗(𝑇) = 𝐶𝑖𝑗
0 + 𝐶𝑖𝑗

𝑣𝑖𝑏    and   𝐶𝑖𝑗𝑘(𝑇) =  𝐶𝑖𝑗𝑘
0 + 𝐶𝑖𝑗𝑘

𝑣𝑖𝑏 (1) 

 

Where 𝐶𝐼𝐽
0

 and 𝐶𝐼𝐽𝐾
0  Are strain derivatives and 𝐶𝐼𝐽

𝑉𝑖𝑏 

and 𝐶𝐼𝐽𝐾
𝑉𝑖𝑏 Are strain derivatives of Fvib, and signify the 

static and vibrational elastic constants respectively. The 

extended expressions of elastic constants for static and 

vibrational terms as given as follows:
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Where e, ro and b denote the electronic charge, nearest 

neighbor distance, and hardness parameter respectively. S 

represents the static elastic energy. Also, (r0) shows the 

inter-ionic Born-Mayer potential approaches written by 

(r0) = A exp (-r0/b) and    (√2r0) = A exp (-√2r0/b). 

Here, ‘A’ (Strength parameter) is expressed by: 
 

 𝐴 = −3𝑏
𝑒2

𝑟0
2 𝑆3

(1) 1

(6𝑒𝑥𝑝(−𝜌0) +12√2 𝑒𝑥𝑝(−√2𝑟0))
  

 

The following expressions explain the vibration term 

[17]. 
 

 𝐶11
𝑣𝑖𝑏 =  𝑓(1,1)𝐺1

2 +  𝑓(2)𝐺2   
 

 𝐶12
𝑣𝑖𝑏 =  𝑓(1,1)𝐺1

2 + 𝑓(2)𝐺1,1  

 

 𝐶44
𝑣𝑖𝑏 =   𝑓(2)𝐺1,1  

 

 𝐶111
𝑣𝑖𝑏 =  𝑓(1,1,1)𝐺1

3 + 3𝑓(2,1)𝐺1𝐺2 +  𝑓(3)𝐺3  

 

𝐶112
𝑣𝑖𝑏 =  𝑓(1,1,1)𝐺1

3 + 𝑓(2,1)𝐺1 (2𝐺1,1 + 𝐺2) +  𝑓(3)𝐺2,1  

 

 𝐶123
𝑣𝑖𝑏 =  𝑓(1,1,1)𝐺1

3 + 3𝑓(2,1)𝐺1 𝐺1,1 +  𝑓(3)𝐺1,1,1  
 

 𝐶144
𝑣𝑖𝑏 =  𝑓(2,1)𝐺1 𝐺1,1 +  𝑓(3)𝐺1,1,1  

 

 𝐶166
𝑣𝑖𝑏 =  𝑓(2,1)𝐺1 𝐺1,1 +  𝑓(3)𝐺2,1  

 

 𝐶456
𝑣𝑖𝑏 =  𝑓(3)𝐺1,1,1    (3) 

 

The following is a list of the crystalline material born 

stability criteria for face-centered cubic crystals. 
 

 BV = BR = (C11+2C12)/3 > 0;  
 

  (C11 − C12)/3 > 0;         C44 > 0 (4) 
 

The representation of the bulk modulus for elastic 

constants B = (BV + BR)/2, and Voigt, Hill, and Reuss 

average approach is indicated by the subscripts V, H, and 

R [18]. 

The theoretical estimation of shear modulus and bulk 

modulus has been performed using the approach described 

in [19]. According to Pugh, B/G defined as G = (GV + GR)/ 

2, where GV = (C11 − C12 + 3C44)/5 and GR = 5[(C11−C12) 

C44]/ [4C44+3(C11−C12)]. If the ratio B/G is less than 1.75, 

the material is brittle in nature and if this ratio is greater 

than 1.75, then the material is ductile [20]. Cauchy 

pressure PC [21] shows the nature of bonding in a material 

and given by PC = (C12− C44), the value PC is negative for 

brittle materials and positive for ductile materials. Elastic 

anisotropy (A) projected by Zener [22] is found as  

A = C44/CS, which goes out to be the valuable condition 

for classifying elastically anisotropic compounds. The 

tetragonal shear modulus is CS = (C11 − C12)/2. The 

expressions for Young’s modulus (Y) and Poisson’s ratio 

(σ) are stated by: 

 

 σ = (3B − 2G)/ (6B + 2G), (5) 

  Y = 9GB/ (G+ 3B). (6) 

Chen et al. [23] put forward a simple yet successful 
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theory for calculating Vickers hardness (Hv). This 

approach is effective for determining the hardness of 

materials. 

 

  𝐻𝑣 = 2(𝑘2𝐺)0.585 − 3 (7) 

 

In addition, it is possible to predict the materials' 

melting point (Tm) by using elastic constant (C11) and bulk 

modulus [24]. Tm is represented as; 
 

   𝑇𝑚 = 553 + 5.93𝐶11 ± 300, (8)  

 

  𝑇𝑚 = 607 + 9.3𝐵 ± 500. (9) 
 

Here Tm stands for the bulk modulus and also B is the 

melting point, respectively. 

Ultrasonic velocities are an important characteristic of 

this transition metal layers’ characterization. The 

orientation of the stresses will determine the specific paths 

along which the ultrasonic wave propagates through the 

anisotropic materials in directions <100>, <110>, and 

<111>. We obtained ultrasonic velocities, one 

longitudinal ultrasonic velocity (VL) [25], and two shears 

ultrasonic velocities (VS1, VS2). 

Ultrasonic attenuation leading two processes, one is 

the phonon-phonon interaction (Akhieser type damping) 

and another one is thermoelastic loss at higher 

temperatures. The formulations for calculation of the 

attenuation due to the phonon viscosity-mechanism for 

longitudinal and shear waves are given by Mason [26, 27]: 

  

 (𝛼/𝑓2)𝐴𝑘ℎ.𝐿𝑜𝑛𝑔 =
4 𝜋2𝜏𝐿 𝐸𝑜(𝐷𝐿/3)

2𝜌𝑉𝐿
3  (10) 

 (𝛼/𝑓2)𝐴𝑘ℎ.𝑆ℎ𝑒𝑎𝑟 =
4 𝜋2𝜏𝑆 𝐸𝑜(𝐷𝑆/3)

2𝜌𝑉𝑆
3  (11) 

 

Here, the acoustic coupling constants for longitudinal 

waves and shear waves (DL and DS) are provided by  

 

 𝐷𝐿 = 9 < (𝛾𝑖
𝑗
)2 >𝐿−

3<𝛾𝑖
𝑗

>𝐿
2𝐶𝑉𝑇

𝐸𝑜
,  (12) 

 𝐷𝑆 = 9 < (𝛾𝑖
𝑗
)2 >𝑆.  (13) 

 

The following is the equation for the thermal 

relaxation time (𝜏): 

 𝜏 = 𝜏𝑆 = 𝜏𝐿/2 =
3𝑘

𝐶𝑉𝑉𝐷
2  (14) 

 

The Debye temperature () is stated as: 
 

 𝜃 =
ℎ𝑉𝐷

𝑘
[

3𝑝

4𝜋
 

𝑁𝐴 𝜌

𝑀
]

1/3

 (15) 

 

Where p stands for atomic number. The density (ρ) 

and the material's molecular weight (M) are indicated. 

The Debye average velocity (VD) [28, 29] expressions 

are as follows: 

 𝑉𝐷 = (
1

3
∑ ∫

1

𝑉𝑖
3

𝑑𝛺

4𝜋

3
𝑖=1 )

-1/3

 (16) 

 

Thermo-elastic loss is found by: 

 (𝛼/𝑓2)𝑇ℎ. =
4𝜋2<𝛾𝑖

𝑗
>2𝑘𝑇

2𝜌𝑉𝐿
5   (17) 

 

Here k is stand for the thermal conductivity,  the 

angular frequency HfN/MgO (001) layers. 𝛾𝑖
𝑗
 Using the 

nonlinear elastic constants, one can easily evaluate the 

Grüneisen number.  

II. Results and Discussion 

The values of SOECs and TOECs are evaluated using 

the lattice parameter (a=2r0) 4.524 and the hardness 

parameter (b=0.10) for HfN/MgO (001) nanostructured 

layer [30]. The SOECs and TOECs are evaluated using 

Equations (7, 8) and are presented in Table 1.  

Nine elastic constants in total have been evaluated 

[Table 1]. Of such as four are increasing with temperature 

(C11, C12, C44, C144, and C166) and four are decreasing with 

temperature (C111, C112, and C123). It turns out that the 

elastic constant C456 is constant at all temperatures. 

Atomic interaction is affected by temperature, which has 

an impact on how stiffness constants fluctuate with it. 

Irrespective of whether the rigidity constants are growing 

or decreasing as the interatomic distance varies, As the 

temperature changes, the interaction potential will either 

rise or decrease. Other fcc-type materials have been shown 

to have similar types of behaviors [25, 30, 31, 32]. Elastic 

properties are applicable because they are connected to 

numerous significant solid-state phenomena, including the 

phonon spectra, equation of state, and interatomic 

potentials of HfN layers. Comparing our results with the 

HfN nanostructured layer C11 (SOEC). The evaluated 

value of elastic modulus is 450.90 GPa at room 

temperature, which is nearly similar to 450 GPa evaluated 

experimentally by H. S. Seo et al. [30]. As a result, HfN 

nanostructured layer estimates of higher-order coefficients 

are supported by our theoretical predictions. The selected 

HfN nanostructured layer is physically stable as it satisfies 

the Born stability criteria given in Equation 4. 

From the constant resistivity, the thermal conductivity 

(k) is calculated using the Wiedemann-Franz law. 

Equations are used to determine the thermal energy 

density (E0) and specific heat per unit volume (CV) using 

the Debye temperatures. [29]. Table 2 presents 

temperature-dependent values for "k," density, thermal 

energy, and specific heat per unit volume. 

The obtained SOECs and TOECs values are helpful 

for computing the bulk modulus (B), Young's modulus 

(Y), B/G ratio, shear modulus (G), Cauchy pressure (CP), 

Poisson's ratio (σ), as well as Zener anisotropy factor (A). 

Temperature-dependent information presented in Figs. 1-

3 demonstrates the ductility of the HfN/MgO (001) 

nanostructured layer at these temperatures if the ratio B/G 

is greater than 1.75 in the defined temperature (50-300) K. 

The anisotropic behavior of the HfN nanostructured layer, 

which is very significant in both fabrication and material 

physics, is demonstrated by the anisotropy coefficient that 

is lower than one at these temperature ranges. The Cauchy 

pressure (CP) analyses the type of bonds in crystals; 

positive values signify substances that are more ionic as 

well as bonding-oriented, whereas negative values signify 

directional bonds [33]. 
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Fig. 1. Temperature-dependent Young's modulus (Y), 

bulk modulus (B) and shear modulus(G) of the HfN layer. 

 

 
Fig. 2. Temperature-dependent anisotropy factor (A), 

Poisson's ratio (σ), fracture/toughness (B/G) of the HfN 

layer. 

 
Fig. 3. Temperature-dependent Cauchy pressure (CP)of 

the HfN layer. 

 

The ultrasonic velocities of nanostructured layers are 

crucial metrics because they provide information on the 

crystallographic surface. SOECs and the density of the 

nano-layered materials have been used to estimate the 

ultrasonic velocities (VL and VS) for longitudinal as well 

as shear modes of propagation along various 

crystallographic axes. Also, Debye average velocity (VD) 

using ultrasonic velocities is evaluated from Equation (16) 

and is shown in Tables 3 and 4. With rising temperatures 

in all directions, the ultrasonic velocities rise. Table 4 

clearly shows that for the HfN thin layer, the Debye 

average velocity is greatest in the direction of <100>. Thus 

along <100> direction will be most suitable for wave 

propagation for this HfN thin layer deposited on MgO 

(001). 

The thermal relaxation time (τ) is the important 

ultrasonic parameter, which has the time required for the 

re-establishment of the thermal equilibrium distribution 

by the strain provided by the ultrasonic wave propagation 

Table 1.  

SOECs and TOECs (GPa) of HfN layer Growth on MgO (001) substrates with temperature variations from 50K to 

300K. 

T [K] C11 C12 C44 C111 C112 C123 C144 C166 C456 

50 478 305 349 -14.15 -64.52 -15.92 59.78 -107.3 59.77 

100 

150 

489 

500 

323 

350 

349.2 

349.4 

-14.25 

-14.36 

-21.67 

21.16 

-91.63 

-167.3 

59.79 

59.80 

-107.3 

-107.4 

59.77 

59.77 

200 

250 

511 

521 

371 

402 

349.6 

349.8 

-14.47 

-14.58 

64.01 

106.8 

-243 

-318 

59.81 

59.82 

-107.4 

-107.4 

59.77 

59.77 

300  532.37 428 350 -14.68 149.7 -394.4 59.83 -107.4 59.77 

 

Table 2.  

Density (), specific heat (Cv), thermal energy density (E0), and thermal conductivity (k) of HfN layers Growing on 

MgO (001) substrates with temperature variations from 50K to 300K. 

T [K] k x 105    (erg/sec. cm. K)       (gm/cm3) CV x 106    (erg/cm3K) E0 x 107     (erg/cm3) 

50 0.305 13.833 0.51 6.338 

100 

150 

0.430 

0.477 

13.828 

13.823 

3.43 

7.34 

9.414 

36.64 

200 

250 

0.488 

0.494 

13.818 

13.813 

10.43 

12.50 

81.34 

138.89 

300 0.510 13.808 13.79 205.17 
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in the crystals. A perusal of Table 4 reveals that the ‘τ’ 

decreases with temperature along all the crystallographic 

directions. Thermal relaxation time is found in 

picoseconds order for the HfN layer and is shown in Table 

4. It is obvious from Eq. (14) that thermal relaxation time 

is relative to the thermal conductivity (k), 𝐶𝑉
−1 and 𝑉𝐷

−2 

and a perusal of Table (2) and (4) reveals that k, Cv and 

VD increase with increase the temperature.  

Table 5 displays the average and squared ultrasonic 

Grüneisen parameter for several crystalline propagation 

orientations (evaluated using SOECs as well as TOECs). 

We used the mean parameter since these features took a 

range of propagation routes in different directions. Its p, 

which is crucial for understanding the enharmonic 

characteristics of nanostructured layers. Furthermore, it 

describes the physical characteristics of nano layer, 

including variations in temperature among elastic 

coefficients, thermal conductivity, and thermal expansion.  

At various temperatures acoustical coupling constant 

(D)  for the HfN nanoscale layer has been calculated along 

the different crystallographic orientations. Table 8 shows 

that whereas DS is nearly constant in all three directions, 

we see that DL decreases with temperature along the 

<100>, <110>, and <111> directions.  

Table 3. 

Ultrasonic velocity (103 m/s) of HfN layer Growth on MgO (001) substrates with temperature variations from 50K 

to 300K. 

Direction [100] [110] [111] 

T [K] VL VS VL VS1 VS2 VL VS 

50 5.882 1.489 5.891 1.51 1.54 5.991 1.56 

100 5.948 1.489 5.951 1.51 1.54 5.996 1.56 

150 6.015 1.490 6.022 1.52 1.55 6.068 1.57 

200 

250 

300 

6.080 

6.145 

6.209 

1.490 

1.490 

1.491 

6.095 

6.161 

6.213 

1.52 

1.52 

1.53 

1.55 

1.55 

1.66 

6.131 

6.173 

6.243 

1.57 

1.57 

1.58 

 

Table 4.  

Thermal relaxation time (τ) and Debye average velocity (VD) of HfN layers Growth on MgO (001) substrates across 

multiple states crystallographic orientations within the temperature range 50-300K. 

T [K] VD (103 m/sec) τ (10-12sec.) 

 [100] [110] [111] [100] [110] [111] 

50 1.680 1.63 1.58 6.354 6.651 6.840 

100 1.680 1.63 1.58 6.231 6.453 6.667 

150 1.681 1.64 1.60 5.898 5.922 6.023 

200 

250 

300 

1.681 

1.682 

1.682 

1.64 

1.65 

1.65 

1.60 

1.61 

1.62 

4.962 

4.187 

3.916 

5.101 

4.254 

4.123 

5.312 

4.441 

4.321 

 

Table 5. 

For a longitudinal wave, the average Grüneisen number <i
j>L for longitudinal wave, average square Grüneisen 

number < (i
j) 2>L and < (i

j) 2>S for longitudinal and shear wave of HfN layers Growth on MgO (001) substrates 

along [100] direction at temperature range 50K-300K. 

T (K) <i
j>L <(i

j)2>L <(i
j)2>S 

50 0.711 9.243 0.145 

100 0.697 9.069 0.145 

150 0.678 8.881 0.144 

200 

250 

300 

0.659 

0.642 

0.625 

8.714 

8.565 

8.434 

0.144 

0.144 

0.144 

 

Table 6.  

Average Grüneisen number <i
j>L for longitudinal wave, average square Grüneisen number  

< (i
j) 2>L and < (i

j)2>S for longitudinal and shear wave of HfN layers Growth on MgO (001) substrates along [110] 

direction at temperature range 50K-300K. 

T (K) <i
j>L <(i

j)2>L <(i
j)2>S 

50 -1.117 11.243 0.051 

100 -1.019 10.986 0.051 

150 -0.979 10.663 0.051 

200 

250 

300 

-0.941 

-0.904 

-0.869 

10.373 

10.112 

9.877 

0.051 

0.50 

0.50 
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Other face-centered cubic compounds have properties 

similar to those of DS & DL [34-36]. Because of the 

acoustic coupling (DL, DS) constants between 50 and 

300 K temperature range, the attenuation remains 

unchanged. Thus, there is minimal effect of the 

nanostructured layers elastic behavior on the overall 

attenuation. 

The hardness as well as melting temperature of the 

HfN/MgO (001) are determined using equations 7 and 8. 

Figure 4 demonstrates unequivocally how the hardness of 

the HfN nanostructured material diminishes as 

temperature increases. Figure 5 makes it abundantly 

evident that the melting point of the HfN layer rises as the 

temperature rises. 

 
Fig. 4. Temperature-dependent hardness (HV) of the HfN 

layer 

 

Phonon-phonon interactions occur when the 

vibrations of atoms within a material (phonons) interact 

with one another. These interactions are a significant 

mechanism behind energy dissipation when sound waves 

(ultrasonic waves) propagate through the material. As 

phonons scatter off each other, part of the energy from the 

sound wave is lost, which contributes to ultrasonic 

attenuation. 

 
Fig. 5. Temperature-dependent melting temperature (Tm) 

of the HfN layer. 

 

The attenuation of ultrasonic waves in a material is 

not only governed by phonon-phonon interactions but also 

by the crystalline structure and defects present, especially 

at the nanoscale. Defects such as vacancies, dislocations, 

and grain boundaries significantly influence the scattering 

of phonons, which leads to greater energy dissipation and 

increased ultrasonic attenuation. Therefore, a 

comprehensive understanding of how phonon-phonon 

interactions correlate with material structure and defects 

at the nanoscale is essential for designing materials with 

desired acoustic properties. 

Along different crystallographic directions, the 
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Table 7. 

Average Grüneisen number <i
j>L for longitudinal wave, average square Grüneisen number < (i

j) 2>L and < (i
j) 2>S 

for longitudinal and shear wave of HfN layers Growth on MgO (001) substrates along [110] direction at 

temperature range 50K-300K. 

T (K) <i
j>L <(i

j)2>L <(i
j)2>S 

50 -1.123 6.667 11.102 

100 -1.098 6.496 10.995 

150 -1.068 6.205 10.998 

200 

250 

300 

-1.040 

-1.014 

-0.989 

5.938 

5.694 

5.470 

11.020 

11.061 

11.120 

 

Table 8. 

HfN layer longitudinal waves (DL) and shear waves (DS) Growth on MgO (001) supports a variety of 

crystallographic orientations between at temperature range 50K- 300 K. 

T [K] DL DS 

 [100] [110] [111] [100] [100]* [110]** [111] 

50 82.896 100.75 59.81 1.302 0.471 150.46 99.11 

100 76.302 87.50 45.28 1.301 0.467 150.57 98.95 

150 75.789 87.32 45.55 1.301 0.464 150.09 98.98 

200 

250 

300 

75.080 

74.300 

73.545 

86.54 

85.48 

84.31 

45.11 

44.30 

43.31 

1.300 

1.300 

1.300 

0.460 

0.458 

0.455 

151.68 

152.64 

153.87 

98.18 

99.55 

100.08 

**shear wave polarized along [110], *shear wave polarized along [001] 
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temperature-dependent ultrasonic attenuation has been 

estimated for the HfN layer using Equations 10, 11 and 17 

under the condition ωτ<<1 and is shown in Figures 6-8. 

The Akhieser loss of energy for longitudinal waves, shear 

waves and also thermoelastic loss increases with the 

temperature. Figures 6-8 also designate that the ultrasonic 

attenuation due to thermoelastic relaxation and shear wave 

are smaller in comparison to the attenuation due to 

longitudinal wave. Thus, thermal conductivity as well as 

thermal energy density are the primary driving forces 

behind this behavior. Understanding the contribution of 

microstructural events, related physical characteristics, 

and associated scientific factors to total ultrasonic 

attenuation at high temperatures is crucial. 

Low temperatures exhibit the relatively low thermal 

loss attenuation (𝛼 /f2) Th, whereas room temperature 

exhibits the maximum attenuation (300K). Thermal 

conductivity & thermal loss are inversely connected, with 

minima and peaks occurring as temperature increases. 

Phonon-phonon interaction occurs in the HfN 

nanostructured layer because thermal losses have a 

smaller effect on ultrasonic attenuation than some other 

types of losses.  

 

 
Fig. 6. Ultrasonic Attenuation (𝛼 /f2) Th, (𝛼 /f2) Akh. Long and 

(𝛼 /f2) Akh. Shear along [100] direction in the HfN 

nanostructured layer  

 

 
Fig. 7. Ultrasonic Attenuation (𝛼 /f2) Th, (𝛼 /f2) Akh. Long and 

(𝛼 /f2) Akh. Shear along [110] direction in the HfN layer. 

*Shear wave polarized along [001] and **shear wave 

polarized along [11̄0]. 

 

 
Fig. 8. Ultrasonic Attenuation (𝛼 /f2) Th, (𝛼 /f2) Akh. Long and 

(𝛼 /f2) Akh. Shear along [111] direction in the HfN layer. 

Conclusions 

Based on the above discussion is worthwhile to state 

that: 

At various temperature ranges 50K-300K, the higher-

order elastic coefficients of the HfN nanostructured layer 

are evaluated using the Coulomb and Born-Mayer 

potentials approaches. 

Relevant elastic characteristics, such as bulk modulus, 

Poisson's ratio, shear modulus, and Young's modulus are 

also evaluated at this temperature range. 

For the objective of calculating strength, the fracture 

to toughness ratio, Zener anisotropy coefficient, and 

Cauchy pressures of this nanostructured layer have been 

evaluated, it is possible to further estimate the mechanical 

properties of HfN, such as ductile-brittle characteristics 

and elastic anisotropy. 

The study demonstrates that the HfN layer is 

mechanically strong, ductile, and displays anisotropy on 

flexibility within the range of temperature of 50-300 K.  

Elastic constants can be used to compute the hardness 

of the HfN nanostructured layer, and within this specific 

temperature range, the hardness decreases with increasing 

temperature. Considering the HfN nanostructured layer 

shortest thermal relaxation time, the thermal phonon 

distribution has to return to equilibrium in a very short 

amount of period—roughly picoseconds. Along the 

<100>, <110>, and <111> crystallographic orientations, 

ultrasonic velocities and average Grüneisen numbers are 

determined.  

This work utilizes multiple crystallographic axes to 

figure out the acoustic coupling coefficients for both 

longitudinal and shear waves. The ultrasonic attenuation 

rises with temperature in all crystallographic orientations; 

however, it is least at lower temperatures (50 K) than at 

room temperature (300 K).  

This study could be useful for processing as well as 

non-destructive evaluation of the HfN nanostructured 

layer growing on MgO (001). These findings will operate 

as the starting point for investigation into the essential 

thermal as well as mechanical properties of additional 

nanoscale materials. The small dimensions of 

nanostructured layers can lead to stronger light scattering 

and absorption, which can be beneficial for coatings that 

need to manage light interaction, such as solar cells or 

optical sensors. 
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Прашант Шрівастав і Прамод Кумар Ядава 

Теоретичні дослідження пружних, теплових та ультразвукових 

властивостей наноструктурованих шарів HfN на MgO (001) 

Кафедра фізики, Інститут фізичних наук для вивчення та досліджень ім. професора Раджендра Сінгх (Раджу Бхайя), 

університет V. B. S. Purvanchal, Джаунпур, Індія, pkyadawa@gmail.com 

У цьому дослідженні для обчислення пружних, механічних і теплофізичних властивостей 

наноструктурованих матеріалів HfN/MgO (001) в діапазоні температур від 50 до 300 К використано 

коефіцієнти пружності вищого порядку. Два важливі фактори, які враховуються при обчисленні постійних 

пружності другого та третього порядку в діапазоні температур від 50 К до 300 К, це відстань найближчого 

сусіда та параметр твердості. Оцінено термічні та механічні характеристики наноструктурного шару 

HfN/MgO (001). Аналітичні результати пружних констант другого порядку використано для визначення 
модуля Юнга, теплопровідності, анізотропії Зенера, об’ємного модуля, густини теплової енергії, модуля 

зсуву та коефіцієнта Пуассона. Крім того, середня швидкість за Дебаєм, твердість, температура плавлення 

та ультразвукові параметри Грюнайзена (UGP) були оцінені залежно від температури. Співвідношення 

руйнування / в’язкість (B/G) у цьому дослідженні перевищує 1,75, що вказує на те, що наноструктурований 
шар HfN/MgO (001) є пластичним у цьому діапазоні температур. Вибрані матеріали повністю 

задовольняють критерію механічної стійкості Борна. Було оцінено, скільки часу займає термічна 

релаксація, як термопружна релаксація послаблює ультразвукові хвилі та як процеси фонон-фононної 

взаємодії послаблюють ультразвукові хвилі в цьому середовищі. Результати досліджень та інші добре 
відомі фізичні характеристики корисні для комерційного застосування. 

Ключові слова: Тонкий шар, Пружні властивості, Теплопровідність, Ультразвукові властивості.  
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