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Abstract. The mechanical, elastic, thermophysical and nonlinear ultrasonic effects of scandium
nitride (ScN) have been interrogated in both B1 and B2 phases at 300 K. The estimation of the
second- and third-order elastic constants (SOECs and TOECs) for ScN has been done by the
application of Coulomb and Born-Mayer potential model. ScN is elastically stable in both
phases. The mechanical properties have been determined with the help of SOECs using Voigt-
Reuss-Hill approximation. The ScN has ductile nature in B1 phase whereas brittle nature in B2
phase. Further, the nonlinear ultrasonic velocities, Debye average velocities and Debye
temperatures have been estimated with the calculated values of SOECs. Then, the
thermophysical properties of ScN have been computed along the <100>, <110> and <111>
crystallographic orientations. Finally, the ultrasonic attenuation due to thermoelastic mechanism
and phonon-phonon interaction has been figured along suitable crystallographic directions for
the ScN at 300 K. The attenuation due to phonon-phonon interaction dominated over the thermal
attenuation. The attained results have been compared and discussed with existing findings on the
ScN in both B1 and B2 phases.
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1. INTRODUCTION

Recently, among group 111-V based materials, scandium nitride (ScN) has received much
attention because it has a wide band gap just like GaN, AIN, and InN [1 - 4]. The ScN is a
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transition metal compound with peculiar properties such as larger mechanical strength, greater
stability and hardness at high temperatures. It has a low lattice constant compared to GaN and
can be used as a substrate for GaN-based devices [5]. Moreover, the ScN has a good thermal
stability and high melting temperature in comparison to other nitrides of the same group [6].
According to Hagg’s empirical prediction [7], the structure of lattices can be bcc, fcc or hep
when the ratio of metal to non-metal atom radii is greater than 1.70. Mnisi [8] investigated the
structural, mechanical, electronic and optical properties of the ScN in B1, B2, B3 and B8
structures using the first principle density functional theory. In this investigation, it has been
found that ScN is a semiconductor in B1 phase with a lattice parameter of 4.57 A, while metallic
in B2 phase with a lattice parameter of 2.82 A. A systematic study of the ScN was carried out by
Takeuchi on the ground state properties and stability in the B1, B2, B3, B4 and B8 structures
using the first principles method [9]. The rock salt Bl structure has the ground state
configuration and the calculations showed the possibility of phase transition to a metallic B2
structure at high pressure. Duman et al. studied the structural, electronic and dynamical
properties of rock salt semiconductor GaN and ScN using ab initio method [10]. The phonon
dispersion curves for these two materials have also been discussed by them. Maachou et al.
calculated the band structure, bulk modulus, lattice parameter and cohesion energy of ScX (X =
N, P, As and Sb) for the B1 and B2 structures using the first principles method [11]. They also
reported the electronic band structure of ScX in Bl and B2 phases. Few more important
properties of ScN were examined by Stampfl et al. using generalized gradient approximation
(GGA) model [12]. They showed semiconducting as well as semimetallic nature of the ScN.
First principle study of the B1, B2, B3, B4, Bc and A5 structured ScN at high pressure has been
reported by Yagoub et al. [13]. Their results clearly indicated a structural transition from B1 to
B2 at high pressure for the ScN. The structural, vibrational and thermophysical properties of
ScN and their harmonic effects were propounded by Tahri et al. [14]. They found that crystal
structure has a large influence on the material properties. The structural, thermodynamical and
elastic behaviour of ScxAll-xN in B1 and B4 phases were studied by Ambacher et al. [15].
Particular attention has been paid to the directional anisotropy of the different crystal lattices of
Sc atoms substituted on increasing number of Al atoms by them.

Although the chosen compound ScN is very important for its applications in industries, yet
limited literatures are available for the ScN in B1 and B2 phases [16 - 19]. The two hexagonal
and tetragonal phases of ScX have been investigated by Seksaria et al. [16]. They have reported
that the hexagonal structure of the ScX has semiconducting nature while the tetragonal structure
of the ScX has semi-metallic nature. The dynamical, electronic and thermophysical properties of
the B1 structured ScN have been calculated using the first principle method to find lattice
parameters by Xue et al. [17]. The electronic structure of transition metal dopped ScN has been
reported by Sukkabot [18]. The findings of this investigation have inferenced that lattice
parameters, volume and magnetic properties have been modified due to the presence of dopants.
The structural, electronic and elastic properties including lattice parameters, elastic constants,
elastic moduli and band gap have been studied by Ekuma et al. [19] using first principle
methods. Even the published works have not elaborated the ultrasonic nonlinear properties of the
ScN such as ultrasonic Griineisen parameters and ultrasonic attenuation. This stimulated us to
investigate the mechanical, thermo-physical and ultrasonic parameters of the ScN single crystal
in both B1 (NaCl-type) and B2 (CsCl-type) phases along the <100>, <110> and <111>
directions at room temperature. We applied Coulomb and Born-Mayer potential theoretical
model and used MATLAB software to calculate elastic constants which were further used to
calculate mechanical, thermophysical and ultrasonic parameters of the ScN. The theoretical
results have been compared and discussed with existing literature.

162



The mechanical, thermo-physical and ultrasonic properties of scandium nitride in B1 and B2 phases

2. THEORY

For computing ultrasonic attenuation, mechanical parameters and thermal properties, the
second- and third-order elastic constants (SOECs and TOECs) play a critical role for the finding
the materials nature as well as materials applicability of materials. The SOECs and TOECs have
been computed at absolute zero (C} and Cf;) on account of Brugger’s definition of the elastic
constants [20,21]. Leibfried and Haln [22], Leibfried and Ludwig [23], Ghate [24] and Hiki and
Mori [25] developed a method for computation of the higher order elastic constants for the B1
and B2 structured single crystalline materials, since scandium nitride exists in both phases, i.e.,
B1 and B2. The interaction potential ¢ (7,,) between u™ and v ions is the sum of long-range

coulomb potential ¢(7,,,) and short range Born Mayer repulsive potential ¢g(7,,). The
interaction potential ¢(rm,) can be expressed as [26]

¢(ruv) = ¢C(r;w)+¢B (r;w)’ 1)
¢ (1) and ¢ g (1,,,) May be expressed as
bc(w) = % (%) and ¢p(r,) = Aexp. (— %’)

where e signifies for electronic charge, ro for nearest neighbour distance and b for hardness
parameter, respectively. Here + sign stands for cations and anions. The strength parameter A is

specified by [26]
= —Bb(ij% exp( j+12\/_ exp( v, ﬂ : )
ry b b

The SOECs and TOECs consist of two parts which are static part at 0 K and ‘vib’ part at
required temperature. The elastic constants for B1 structured ScN are as follows:

Cyy =Cf +ClP and Cryx = Clx + Cl2.
The static part of second and third order elastic constants for B1 phase at 0 K is expressed

as

Ci)l - S(Z) bj”o (1 ) (p(TO) t o bry (\/—ro ) (p(\/_T‘O)

c{)z=cf£4 2SI 4 (5= +3) (V2

0 __1Se (3)_1_ 3 1 1 i 6, 22
(111 = 2rd 57 b(r§+bro+b2)(p(r°) 2b(§+ 0+ )(p(\/_ro)

T br
0 _ 0 _ _1se?.(21) _ 1 (32 2V2
Ci12 = Cig6 = 2rd S; 4b( +-— bro + b2 )(p(\/zro),
15e? .(1,1,1
C{)23:Cf44:C456:_245( )

\[_
o(ry) = Aexp (;) and ¢(V2ry) =4 exp( T(’) :
The values of lattice sum are
s = 058252, 5% = —1.04622,5{"" = 0.23185,

S = 136852, S = 0.16115,5% = —0.09045,
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Vibrational contributions of the SOECs and TOECs (CV”’ and C; ﬁ?) for B1 structured ScN
are given as
cVib = FADG2 4 g,
clib = FADG2 4 f(Z)(;M,
CVlb — f(Z)Gl,li
CVib = FALDE3 4 3F@DG, G, + FOIG,,
CYit = FAIDGE + F@DG (2611 + Gy) + fPG, 4,
Cli = fALDGE + 3F VG Gy, + F®6, 4,
cyib = f(z’l)GlGl,l + f(3)61,1,1:
CVlb _ f(z'l)GlGl,l + f(3)62’1,
CVlb = f(3)61 1,1+
where, f @= f®) = r =20 coth x,

f(l,l) = f(2,1) — _ hwo { hivo + coth x}

9613 \2kpT sinh? x
f(1,1,1) _ hwg { (hwg)? coth x hwg coth x
~ 38413 l6(kpT)2sinh2x ~ 2kpT sinh? x

+ coth x}

hwo
2kgT '’
relations.

Gy = 2[(2+ 2po — p) (1) + 2(V2 + 2po — V2p§) (V210 ) |H,
Gy = 2[(=6 = 6pg — p§ + p3) (1) + (—=3V2 — 6pg — V2§ + 2p3)p(V210))]H,
5
G = 30 +30po + 9p8 — p§ — pO@ (1) + (V2 + 15p, +2V2p§ — p§ —
V2p3)p(V2ro)}H,
G11 = [(=3V2 = 6po = V2p§ + 2p3)p(V2r0)H,
15 9
Gy1 = [(\/_5 + 15p, + ﬁpg —ps — \/EP(A)') (P(\/Ero)] H,
Gl,l,l =0.
where H is given by the following expression
-1
H = [(po = 2)9(10) + 2(po — V2)p(V21,)] ~and py = %0-

The expression for the static parts of second- and third-order elastic constants for the B2
structured ScN are as follows:

O =555 4 (S 1) 200 (L 1)

here x = s h= % and h is Planck’s constant. Expressions of G, are given by the following

bry 310 bty b
3e? (A1) | () 1
Clz = Cis = S o bty (Zro + b)’
_Ee (3)_M£ 3 VB _¢t)(3 6 4
Cii1 = 8 rd 57 9b (TOZ bry + bz) 2b (roz b7y + bz)'

15¢2 (21) _ ¢(r) (V3 V3
Ci)lz = (166 = 8 g S§ = *;-)b1 (ro t o bry + )’
_15€? (1,11 ¢(ry) (V 3 V3
Chas = Clse = Clua = =5 5553 = 52 (G + s +32),
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Whererl = \/§T0; r, = 2T0.

¢(ry) = Aexp (—%); ¢(r,) = Aexp (—%2); A= bZOe 8\/_exp( )+ 12exp( )

The expressions for the vibrational part of elastic constants for B2 structured ScN are as follows:

VIB
Fijk.

TV

6C§xm
ar

CII%(B....:aI]K.... T where ajk.. = Likg
=Ty

8 3 _ 8
Ly = =1y |5 (2p1 + 202 = pp(r1) +3 (20 + 203 — pDB(r)| Y 1Y =[5 (0 -

2p1)0(r) +3 (0 — 20209 (2)| X [3 (0 — 201)6(r) + 203 — 2p2)9(2)),
Where p; = /b and p, =1,/b.

FVIB = kT (Gz ) FYIB = kT (611 01)’ FVIB = ’%TGM;
P =506, - 26,6, + L) R =2 (6o1 26146, — 26,6, +E);
Fi)3 —L(G111—‘G1G11 ) FY{Z —kBT(G111—%G1G1,1)§

FIéé = %(61,1,1 - 56161,1); Fys6 = kBT Gi1,1-

G1 = [5(2p1 +20% = pD$(r0) +3 (202 + 205 — PDB ()2,
8
G, = |35 (=6p1 — 6p% — pi + pHp(r)) +3 (=6p; — 6p% — p3 + pHB(r) |2
8
Gy = [g (30p, +30pf +9p7 — pif — pl)fl)(ﬁ) +(30p; + 3003 + 9p3 — p — pé‘)(l)(rz)]Z,
8
G, = [E (—6p; — 6P1 P1 + P1)¢(7"1)]
8
G1=0G111 = [a (30P1 + 30P12 + 9Pf - Pf - P15)¢(T1)] Z
4 1
= [5(02 = 20)0(r) + 5 (03 — 2p2)0 (1),

Applying Voigt-Reuss-Hill approximation to compute mechanical properties using the
SOEC:s, the expressions for mechanical properties are given below [26]

C +2C By+B B 9GB C{1—C{2+3C.
(B —B — -1 12, B= |4 R, =__Y= . — 11 12 44_\
4 R=" 35 2 PTG G+38’ "V 5 ’
Go = 5[(C11—C12)Cas G = Gy+GR | H=2 G \0->85 i 3
) ST P s ——— - ) - 2 ) . ( )
4[C4s+3(C11-C12)] 2 p
3B-2G 2Cas
k S g J
6B+2G C11~C1a

where B = bulk modulus; G = shear modulus; H = Vicker’s hardness; ¢ = Poisson’s ratio; Z =
Zener anisotropic parameter; sub script V and R stand for Voigt’s and Reuss average methods of
approximations for the upper and lower bounds on strain and stress. These parameters provide
information about the Born’s stability, microhardness, nature and strength of ScN.

The ultrasonic velocities have been calculated with the help of second order elastic
constants (C;4, C12, C44) and density (p) of the material. When ultrasonic wave passes through
the ScN, it gets diffused into three modes of transmission. These three modes are comprised of
one longitudinal mode (V) and two shear modes (Vs1, Vsp). The expressions for ultrasonic
velocities (V. Vs; and Vs,) for the ScN are given below [26]:
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Along < 100 > direction:V, = / = Vs1 = Vso ’

Ci, + Ci, +2C ’ —-C
Along < 110 > direction:V;, = %p“' i Vey = St 120 (4)

Cll + 2C12 + 2C44 _ - C12 + C44
2 ’ VSl VSZ - 2
p P

Along < 111 > direction:V;, =\/

where Cy4,Cy,, C4s are the second order elastic constants and p is density, V_ is longitudinal
ultrasonic velocity, Vs; and Vs, are two shear ultrasonic velocities.

The Debye average velocity (Vp) is a valuable parameter to define the thermo-physical
behaviour of the ScN. The direction-oriented Vp along the different modes can be defined
as [26]:

1 1 1/3
VD=[3{ +E+VSZ}] - ©)

Thermal conduction in ScN is affiliated with the diffusion of energy via different degrees
of freedom. The expression for the Debye temperature [27] is given below:

13
0, :“(3”’“%’] V. (6)
kg \ 47M

where M = molecular weight, p = density, h = Planck’s constant, N = Avogadro’s number, kg =
Boltzmann constant, n = number of the atoms per unit cell and V,, = Debye average velocity.

Thermal conductivity (x) is a function of crystalline phase, Debye temperature and the
doping phase of ScN. The thermal conductivity is verbalized as [28]

AM 6% n¥®
K= - ° (7)
yT

where T = temperature, \] = molecular weight in amu, 3 (in A) = the cube root of volume per
atom and n = number of atoms per unit cell and y2= average square
of Griineisen parameter.

The ultrasonic attenuation occurs due to the phonon-phonon interaction process and due to
thermoelastic relaxation mechanism at higher temperature (=300 K). Akhiezer [29] proposed the

phonon viscosity mechanism, which was upgraded by Bommel and Dransfeld [30]. The final
version of the theory was given by Mason [31]. The expressions to evaluate Akheiser loss are

given below [32]:

2
(izj _rr&D ®)
1% 6V

where a = ultrasonic attenuation coefficient, Eq = energy density and v = the frequency of
acoustic wave, D = the coupling constant. The evaluation of E, has been done by (6p/T) tables of
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AIP Handbook [33]. The thermal relaxation time (z.,) signifies the time in which thermal
phonons may regain its original position by the change of the ultrasonic energy into the thermal
energy on the application of ultrasonic waves. The expression to compute the relaxation time
[32] is given as
T, 3K

Tih = Ts :?:C VE

vVD 9
it is extremely clear that the thermal relaxation time is directly proportional to the thermal
conductivity and in turn ultrasonic attenuation is directly proportional to the thermal relaxation
time. Cy is the specific heat per unit volume and can be figured out by (6p/T) tables of AIP
Handbook [33]. The acoustic coupling constant (D) for the ScN is given by [32]

pog< (> A >TaT 10)
EO
where yij is ultrasonic Grineisen parameter which can be evaluated by applying the values of
SOECs and TOECs.

When an ultrasonic wave passes through a crystal, there is transmission of the thermal
energy from the compressed region to the expanded region associated with the wave. The
thermal relaxation process causes the thermo-elastic loss between the two regions of the wave.
The expression for the thermo-elastic loss is given as [32]

an(y)y2 kT
(%), =" )
v/ th 2pVp

where p is the density of ScN, V| is the longitudinal wave velocity, « is thermal conductivity, T
is temperature and (yi’ ) is average Griineisen parameter.

3. RESULTS AND DISCUSSION

The second- and third-order elastic constants (SOECs and TOECs) have been figured out
for the B1 and B2 structured scandium nitride using two basic parameters i.e., nearest neighbor
distance (ro) and hardness parameter (b). The values for ro [8] and b [34] for the ScN are given as

B1 phase -- ro= 4.57A; b=0.295A,; B2 phase -- r,=2.87 A; b=0.303 A
The evaluated SOECs and TOECs for ScN at 300 K are presented in Table 1.

Table 1. SOECs and TOECs (in GPa) for ScN at 300 K.

Phase Ci1 Ci2 Cas Ci11 Ci12 | Ciz3 Cia4 Cie6 Cuse
349.60 33.91 37.32 -2912  |-140.5 |45.19 |58.15 |-168.56 |57.4
gﬁase 331.001  [96.001 [163.85¢
380.9%  1104.56*|167.181*
B2 200.05 72.96 61.18 -2174.1 |-71.14 | 43.89 |46.32 |-82.27 |34.101
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phase 571.61®  |53.056 |101.6%

It is depicted from Table 1 that the Bl phase of ScN shows greater values of
Ci11, C123, C144 cOmpared to the B2 phase, while the values of C;, and C,, are greater than those
in the B1 phase. The calculated values indicated that C, is greater in the B1 phase while C,, is
greater in the B2 phase for ScN. Table 1 reveals that the values of the SOECs deviate from 5 %
to 77 % from the available literature [8, 35]. It happened due to different types of SOECs
computating models such as full-potential linearized augmented plane wave method (FP-LAPW)
and density functional theory (DFT). The enumerated values of SOECs follow the Born stability
criteria (C;,+2C;, >0, C44 > 0, C;; — C;, > 0 and Cy; > B > C;,), which predicts the elastic
stability of ScN at room temperature in both phases. This type of nature of the ScN resembles
with the B1 structured semi metallic [36] and intermetallics [37]. The Cauchy pressure (C,) has
been defined by (C;, — C44) and is used to describe the structure of atomic bonding in the ScN.
On the account of value of C,,, scandium nitride shows a metallic bearing in both chosen phases
as depicted from Table 1. Thus, the presented theoretical approach to evaluate the SOECs and
TOEC:s is well justified with the other reported values [36,37].

The mechanical constants such as bulk modulus (B), shear modulus (G), Young’s modulus
(Y), Poisson’s ratio (o), Zener anisotropic factor (Z,) and Vicker’s hardness (H) have been
evaluated using Eq. (3). The figured values of B, Y, G, Z, ¢ and H are presented in Table 2
with density of the ScN and Pugh’s indicator (B/G).

Table 2. B (GPa), G (GPa), Y (GPa), B/G ratio, Z, p (g/cm®), H (GPa) and ¢ of scandium nitride

at 300 K.

Parameter B Y G B/G Za o) o H
139.14 179.02 69.63 1.9 0.23 4.1 0.28 10.26
174.70®1  |338.12081  |143.571 - |0.13® 412 10.18%1  |24.7®

B1 Phase
201.12143
196.678%

50 ph 114.18 174.12 69.08 1.6 0.96 2.05 0.24 21.53

ase
155.17®1  |205.93®  |-76.13® - |o.79% 4356 |0.798 -
183.671%%

The shear modulus represents the material’s hardness whereas the Young’s modulus
provides its stiffness. A solid with a high Young’s modulus is inelastic or stiff, here the obtained
results show that Young’s modulus of the ScN in B1 phase is slightly greater than the B2 phase
and the shear modulus in the B2 phase is greater than that in the B1 phase. It is due to the higher
stiffness (Cy4) value in the B1 phase and higher shear hardness (C,4) value in the B2 phase for
ScN. The bulk modulus (B) can be beneficial for the measurement of resistance to volume
change due to pressure applied on it. It may be predicted from Table 2 that the values of
mechanical constants vary from 9 % to 60 % compared to the existing values of mechanical
contants of the ScN in the literature [8,13,35]. Thus it is obvious that the chosen potential model
is not relevant to calculating the elastic moduli in the complex case of scandium nitride as can be
seen from the comparison with the experimental data for the B1 phase of ScN and with the
calculations on the basis of advanced approaches. From Table 2, the calculated bulk modulus for
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the ScN in B1 phase is higher, therefore the B1 phase has the strongest opposition to any change
in volume. On the other hand, the ScN in B1 phase has a slightly higher shear modulus as
compared to that in the B2 phase which determines the material’s resistance to reversible
deformation under shear force.

The material’s hardness can be attained with the Vickers hardness (H) parameter. In
coating applications, materials with higher hardness are required and in the present investigation
H is estimated to be 10.26 GPa and 21.53 GPa in the B1 and B2 phases, respectively. It can be
predicted from Table 2 that the ScN in B2 type structure is harder than in the B1 phase.
According to Pugh [38] and Frantsevich et al. [39], if the Pugh’s indicator B/G is greater than
1.75 the chosen substance is ductile otherwise brittle. The estimated values in Table 2 reveal that
the ScN is ductile in B1 phase whereas brittle in the B2 phase. The Zener’s anisotropic factor
(Z») gives an indication regarding the degree of anisotropy in a material and is equal to one for
an isotropic crystal. The computed values of Z, are equal to 0.23 for the B1 phase and 0.96 for
the B2 phase, which are not exactly equal to 1, thus the ScN is an elastically anisotropic material
in both phases in the present study. Comparison of the mechanical parameters of the ScN with
other similar the B1 and B2 structured compounds such as boron monopnictides [26] and the B2
structured intermetallics [37,40], provides justification for our methodology.

The acoustic wave velocities and Debye average velocities have been evaluated with Egs.
(4) and (5). The Debye temperature (6p) and the relaxation time (z) have been estimated with Eq.
(6) and Eg. (9), respectively. The evaluated values of ultrasonic velocities (V, Vsi, Vs, Vp),
Debye temperature (6p) and the relaxation time (z) are represented in Table 3 along <100>,
<110> and <111> orientations.

Table 3. Orientation-dependent values of V|, Vs; Ve, Vp (in 10°ms™), 65 (in K) and z (in ps) of

ScN at 300 K.

g;rrz;“;’tgz <100> <110> <111>
Bl B2 Bl B2 Bl B2

Vi 9.23 478 7.47 4.75 6.78 479

Ver 301 264|302 | 265 535 268

Ve 301 264|620 | 269 535 268

Vb 3.38 2.91 4,06 2.94 5.62 2.96

b 547 480 656 484 908 485

T 3.55 2.45 5.24 341 5.65 3.87

Table 3 indicates that the calculated velocities along the shear mode of the ScN are smaller
than those along the longitudinal mode for the B1 phase and B2 phase at 300 K. The Debye
average velocities and Debye temperature along the <100>, <110> and <111> crystallographic
directions of the ScN are shown in Figure 1 and Figure 2, respectively.

Figures 1 and 2 show that the Debye mean velocities and the Debye temperatures of ScN
are highest along <111> direction in both phases. The Debye mean velocities are the average of
ultrasonic longitudinal and shear velocities which are highest along the <111> direction. The
Debye temperature of the ScN directly depends on Debye velocity, that’s why it is highest along
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the <111> direction. The Debye temperatures are higher for the B1 phase than those for the B2
phase at room temperature along the <100>, <110> and <111> directions. Thus, the ScN in B1
phase has better thermal performance than in the B2 phase.

57 1 —aA— B1 Phase —@— B2 phase [ 299
53 4 - 2.98
| L 2.97
5 49 [ s
ég 4.5 A : ég
L 2.95
@ 4.1 1 3
= L 204 %
E 371 L 293 E
= 33 - 292 S
£ £
‘>g 2.9 1 - 291 =
25 29

<100> <110> <111>
Crystallographic Directions

Figure 1. Direction-dependent Debye velocity (Vp) of ScN in B1 and B2 phases.

- 488

900 1 —a—B1 Phase —@— B2 phase
- 487
800 - - 486
- 485
% 8
& 700 - - 484 8
[a [a
o - 483 o
2 600 - 2
Y 482
£ £
= 500 - - 481 \_;
5
- 480
400 479

<100> <111>

Crystallogr<alp]holé Directions
Figure 2. Direction-dependent Debye temperature (dp) of ScN in B1 and B2 phases.

The thermal relaxation time is directly proportional to thermal conductivity as given in Eq.
(9). It is obvious from Table 3 that the relaxation time due to thermal mechanism is of the order
of picosecond for the ScN, which confirms the intermetallic nature of the ScN [41]. The

ultrasonic Griineisen parameter (UGPs) (y/), (/)% ((v/ )2) were calculated by means of the
SOECs and TOECs along different crystallographic directions. Then, acoustic coupling
constants (D, Ds;, Ds,) were enumerated with the use of the UGPs according to Eq. (10), the
specific heat capacity, the Debye temperature and energy density values. Finally, ultrasonic

aemion (£). . (%), (%), (5) . (¢

(—) lfor ScN have been computed with the
tota
help of Eq. (8) and Eq. (11) along the <100>, <110> and <111> crystallographic orientations at

V2
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300 K. The acquired values of the UGPs, acoustic coupling constants and ultrasonic attenuation
are presented in Table 4.

Table 4. v/}, ()% ((r!)") (in Wik, BLDss Dea, (), (55),» ()., (%)

2 2
v v 2

(1) l @all (%) are in 10™® Nps?m™) of ScN at 300 K along <100>, <110> and <111> orientations.
tota

v2
Direction -, <100> <110> <111>
Parameter Bl B2 Bl B2 Bl B2
(y,f) 0.08 0.099 -0.17 -0.38 -0.13 -0.21
14
(yij>2 0.01 0.0099 0.034 0.15 0.016 0.05
2
((Vi]) ) 0.59 0.721 1.70 1.89 0.34 0.66
K 20.25 18.34 20.01 16.04 34.36 23.05
D, 5.311 6.44 15.11 16.26 2.93 5.73
Dg; 1.19 8.89 0.26 0.21 1.18 1.77
Dg, 1.19 8.89 14.57 14.15 1.18 1.77
(ﬁ) 0.02 0.02 0.04 0.16 0.04 0.03
vZ/ e
(ﬁ) 0.38 1.80 1.29 4.50 0.25 2.54
V2 L
(ﬁ) 1.23 7.79 0.17 0.17 1.03 2.06
v2/gq
(ﬁ) 1.23 7.79 1.08 10.74 1.03 2.06
vZ/g,
(ﬁ) 2.84 17.41 2.57 15.56 2.32 6.71
vZ/ total

Table 4 reveals that the thermal conductivity of the ScN is highest in the B1 phase along
the <111> direction at 300 K. The thermal conductivity of the ScN is directly proportional to the
cube of the Debye temperature and inversely proportional to the square of Griineisen parameter.
The thermal conductivity of the ScN in B1 phase along the <111>direction is the highest
because of the highest value of Debye temperature and lesser value of Griineisen parameter.
Table 4 also shows that the ultrasonic attenuation in the ScN due to thermo-elastic relaxation

2

mechanism (vi) his very small in comparison with Akheiser damping (phonon-phonon
t

interaction mechanism) in both phases. Thus, the dominant cause of the non-linear attenuation is

the phonon-phonon interaction mechanism at 300 K in the case of scandium nitride. The total
. . a a a a a - - .

ultrasonic attenuation (v—z) (_)m + (—)L + (—)51 + (—) is shown in Figure 3 for

total v? v? v? v? S2

showing the comparison between the B1 (NaCl-type) and B2 (CsCl-type) phases of the ScN.
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Figure 3. Direction-dependent total ultrasonic attenuation of ScN (in 10™*® Nps’m™) in both
B1 and B2 phases.

It is a very important fact that the ultrasonic attenuation depends upon the nature of the
material and modes of wave propagation. The favourable orientation for wave transmission is
along <111> because the least ultrasonic attenuation has been found in this direction. From
Figure 3, it is also depicted that scandium nitride offers smaller ultrasonic attenuation in the B1
phase while larger in the B2 phase. It is known that ultrasonic attenuation directly depends upon
the acoustic coupling constant and ultrasonic Gruneisen parameter while inversely to the
acoustic velocity of the ScN. The behaviour of non-destructive ultrasonic attenuation for the
ScN is comparable to previous studies on boron monopnictides [26], platinum group metal
carbides [28], alkali halides [32], and intermetallics [37, 40].

4. CONCLUSIONS

The interaction potential approach is utilized to figure out the second- and third-order
elastic stiffness constants in B1 and B2 phases of scandium nitride at 300 K and is validated with
existing results. The ScN is elastically and mechanically stable in both B1 (NaCl-type) and B2
(CsCl-type) phases. The ScN with NaCl-B1 structure is stiffer compared to CsCI-B2 phase. The
Poisson’s ratio and Pugh’s ratios reveal that the ScN has ductile nature in the B1 phase whereas
brittle in the B2 phase. For B1 phase, Z, = 0.23 and for B2 phase, Z, = 0.96 which are not
exactly equal to one, hence the B1 and B2 phases of ScN show an isotropic nature. The higher
values of Debye temperatures and thermal conductivities in the B1 phase of ScN show better
thermophysical activity in the B1 phase. The thermal relaxation times for the B1 and B2 phases
are of the picosecond order, which confirms the intermetallic character of the B1 and B2 phases
of ScN. The attenuation of ultrasonic waves due to thermo-elastic interaction mechanism

(vﬁ) his very little in contrast to the Akhiezer loss. Thus, the phonon-phonon interaction is a
t

2
controlling factor in both phases at 300 K. The total ultrasonic attenuation in the B1 phase of
ScN is lower than in the B2 phase. So the B1 phase of ScN is more applicable than its B2 phase.
The Debye mean velocity, Debye temperature and thermal conductivity are the highest and the
ultrasonic attenuation is the lowest along the <111> direction, which indicates that the <111>
direction is most suitable for industrial purposes. The obtained results provide a better

172



The mechanical, thermo-physical and ultrasonic properties of scandium nitride in B1 and B2 phases

knowledge of thermo-physical, mechanical and non-destructive ultrasonic characteristics in both
B1 and B2 phases of ScN.
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