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PRAMOD KUMAR YADAWA®

Department of Applied Physics, AMITY School of Engineering and Technology, Bijwasan, New Delhi-110 061, India

Higher order elastic constants have been calculated in hexagonally structured superionic conductor Li3N at room tempera-
ture using the interaction potential model. The temperature variation of the ultrasonic velocities was evaluated along different
angles with z axis (unique axis) of the crystal, using the second order elastic constants. The ultrasonic velocity decreased with
the temperature along a particular orientation of the unique axis. Temperature variation of the thermal relaxation time and De-
bye average velocities was also calculated along the same orientation. The temperature dependency of ultrasonic properties was
discussed in correlation with elastic, thermal and electrical properties. It has been found that the thermal conductivity is the main
contributor to the behavior of ultrasonic attenuation as a function of temperature and the cause responsible for attenuation is
phonon-phonon interaction. The mechanical properties of LisN at low temperature are better than at high temperature because
at low temperature it has low ultrasonic attenuation. Superionic conductor lithium nitride has many industrial applications, such

as those used in portable electronic devices.
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1. Introduction

Development of solid-state materials with su-
perionic conductivities is critical to solid-state bat-
tery technologies [1]. In addition to the applica-
tion of solid ionic conductors in batteries, there
is a wide range of potential technological appli-
cations in solid-state devices, such as solid oxide
fuel cells, water hydrolysis cells and chemical sen-
sors [2]. In the past four decades, a remarkably
large number of lithium-containing solid ionic con-
ductors, such as lithium B-alumina, lithium sili-
cates, lithium aluminosilicate and lithium nitrides
have been extensively investigated [3—6]. Among
these lithium solid ionic conductors, lithium nitride
(Li3N) is of special interest and has attracted par-
ticular attention because of its high ionic conduc-
tivity [7-10] and its capacity for hydrogen stor-
age [11].

Lithium nitride is a superionic conductor with
several interesting properties at room temperature
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and potentials for use [12-16]. Most members
of this class of materials are non-stoichiometric
compounds and are characterized by their crys-
tal structure containing more cation lattice sites
than cations. This feature is responsible for the ob-
served high ionic mobility [17]. Superionic con-
ductor lithium nitride has many industrial appli-
cations, which are used in portable electronic de-
vices [18-20].

Increased competition and needs of higher
productivity and better products from materials
producing industries are creating more stringent
requirements for process and quality control and
call for advances in non-destructive techniques,
which could be used to characterize the materials
not only after production but during the process,
as well. Ultrasonic investigations provide an
important diagnostic tool for microstructural
properties as well as deformation processes in
a material, controlling material behavior based
on the physical mechanism to predict future
performance of the materials. Various inves-
tigators have shown considerable interest in
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ultrasonic properties of metals, intermetallics
and compounds [21-24]. Wave propagation
velocity is a key parameter in ultrasonic char-
acterization and can provide information about
crystallographic texture [25, 26].

Ultrasonic attenuation is a very important phys-
ical parameter to characterize the material, which
is well related to several physical quantities like
thermal conductivity, specific heat, thermal energy
density and higher order elastic constants [27].
The elastic constants provide valuable information
about the bonding characteristics between adjacent
atomic planes and the anisotropic character of the
bonding and structural stability [28, 29].

Therefore, in this work we have studied the ul-
trasonic properties of hexagonal structured LizN
compound at different temperatures. The ultra-
sonic attenuation coefficient, acoustic coupling
constants, higher order elastic constants, thermal
relaxation time and ultrasonic wave velocities for
LisN for a unique direction of propagation of
wave were calculated as a function of temper-
ature. The calculated ultrasonic parameters were
discussed with related thermophysical properties
for the characterization of the chosen compound.
The obtained results were analyzed in comparison
to other hexagonal structured materials.

2. Theory

In the present investigation, the theory is di-
vided into two parts.

2.1.
stants

Second and third order elastic con-

The second (Cjy) and third (Cj k) order elastic
constants of material are defined by following ex-
pressions:

*U

Cij==——;
o 88186]

TorJ=1,...6 (1)
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where, U is elastic energy density, e; = ¢;; (i or
j=X,y 2z, I =1...6)is a component of a strain

; lorJorK=1,...6 (2)

tensor. Equations 1 and 2 lead to six second and ten
third order elastic constants (SOEC and TOEC) for
the hexagonal structure materials [27, 30]:

Ci =24.1p*C’ Cip =5.918p*C’
Ciz = 1.925p°C’ C33 =3.464p8C" 3 (3a)
Cuy = 2.309p%C’ Ces = 9.851p*C’

Ci11 = 126.9p°B+8.853p*C’

Ci12 = 19.168p>B — 1.61p*C’

Ci13 = 1.924p*B+1.155p°C’

Cix3 = 1.617p*B — 1.155p°C’

_ 6
C133 = 3.695p B (3b)

Ciss = 1.539p*B
Cias = 2.309p*B
Cs44 = 3.464p5B
Cr2 = 101.039p>B+9.007p*C’
C333 =5.196p%B

where p = c/a: axial ratio; C' = x alp’;
B = ya’/p’; x = (1/8)[{nby (n—m)}/ {a"+*}] v
= —x /{6 a>(m+n+6)}; m, n = integer quantity;
bo = Lennard Jones parameter.

2.2. Ultrasonic attenuation and allied
parameters

The Akhieser effect is an energy dissipation
effect taking place under a uniform time depen-
dent stress. The propagation of an ultrasonic wave
produces a stress in a crystalline material, which
causes strain. An incremental change in tempera-
ture is caused by alternating strain. This increment
in temperature disturbs the equilibrium of phonon
distribution, which is equalized to the equilibrium
of phonon distribution.

The predominant causes for the ultrasonic at-
tenuation in a solid at room temperature are
phonon-phonon interaction (Akhieser loss) and
thermoelastic relaxation mechanisms. The ul-
trasonic attenuation coefficient (&), due to
phonon-phonon interaction and thermoelastic loss
(&/)rp mechanisms is given by the following ex-
pression [30, 31]:

(o | f*) akn =47*(3Eo < (/)* >
— <y >2cyT)/20V3
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where, f — frequency of the ultrasonic wave, V —
ultrasonic velocity for longitudinal and shear wave,
V. — longitudinal ultrasonic velocity, Eg — thermal
energy density, k and Cy are the thermal conduc-
tivity and specific heat per unit volume of the ma-
terial, respectively, v is Griineisen number (i, j are
the mode and direction of propagation), T is ther-
mal relaxation time and p is the density of material.

The Griineisen number for a hexago-
nally structured crystal along <001> ori-
entation or ® = 0° is a direct consequence
of second and third order elastic constants.
D = 3BEy< (/) >—<y/>2CyT)/Ey is
known as acoustic coupling constant, which is the
measure of acoustic energy converted to thermal
energy. When the ultrasonic wave propagates
through a crystalline material, the equilibrium
of phonon distribution is disturbed. The time for
re-establishment of equilibrium of the thermal
phonon distribution is called thermal relaxation
time () and is given by following expression:

T:TSZTL/2:3]€/C\/VD2 (6)

where 1, and Tg are the thermal relaxation time for
longitudinal and shear wave, respectively. The De-
bye average velocity (Vp) is well related to lon-
gitudinal (V) and shear wave (Vg;, Vs2) veloci-
ties. The expressions for ultrasonic velocities were
found in our previous papers [30, 31].

3. Results and discussion
3.1.

The unit cell parameters ‘a’ (basal plane pa-
rameter) and ‘p’ (axial ratio) for Li3N, are 3.641A
and 1.06 [32] respectively. The value of m and n
for LisN are 6 and 7. The value of by for LizN
is 4.5 x 107% erg-cm’. The second order elas-
tic constants (SOEC) and third order elastic con-
stants (TOEC) have been calculated for LizN using
equation 3 and are presented in Table 1. The bulk
modulus (B) for LisN can be calculated with the
formula: B =2(Cy; + Ci2 +2C13 4+ C33/2)/9. The
evaluated B for Li3N is presented in Table 1. The

Higher order elastic constants

elastic constants of the material are important,
since they are related to hardness and, therefore,
are of interest in applications where mechanical
strength and durability are important. Also, the sec-
ond order elastic constants are used for the de-
termination of ultrasonic attenuation and related
parameters. The calculated SOEC are some differ-
ent than the theoretically evaluated values by Hos-
sain et al. [32]. Actually, Hossain et al. based on ab-
initio first principle method for total energy calcu-
lation (HF-LCAO, DFT as implemented in CRY S-
TAL 98 and in CASTEP), which is quite different
from the present approach, although the obtained
SOEC:s are of the same order. Relative magnitudes
of C;1, Ci» and B obtained by our theoretical ap-
proach are in good agreement with other theoretical
results, as shown in Table 1. Thus, our theoretical
approach for the calculation of second order elastic
constants for hexagonally structured compound at
room temperature is well justified. However, third
order elastic constants have not been compared due
to lack of the data in the literature but the nega-
tive third order elastic constants have been found
in our previous papers for hexagonal structure ma-
terials [30, 33-35]. Hence, the theory applied for
the evaluation of higher order elastic constants at
room temperature is justified.

allied

3.2. Ultrasonic and

parameters

velocity

The temperature dependent density and ther-
mal conductivity have been taken from the litera-
ture [36]. The value of Cy and E( have been eval-
uated using tables of physical constants and De-
bye temperature. The value of temperature depen-
dent density (p), specific heat per unit volume (Cy),
thermal energy density (Eg) thermal conductivity
(k) and calculated acoustic coupling constants (Dy
and Dy) are presented in Table 2.

The computed orientation dependent ultrasonic
wave velocities and Debye average velocities at
300 K are shown in Fig. 1 to 4. Fig. 1 to 3
show that the velocities Vg; have maxima at 40°
with the unique axis of the crystal while V; and
Vs, increase with the angle from the unique axis.
The combined effect of SOEC and density is the
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Table 1. SOEC, TOEC and B in the unit of 10'° N-m~2 of Li3N at room temperature.

Ci Cip Ci3 GCs Cyy Ceg B
LizN 16.03 394 2.69 10.18 3.23 6.29 6.76
[32]LisN 16.57 227 0.83 18.00 1.81 6.39
Cin Ciiz Ciz Cis Cizz Gy Cigg Cis5 Co Cs33

LizN —261.35 —41.44 —6.90 —8.77 —34.39 —32.25 —10.22 —6.81 —206.79 —101.69

Table 2. Density p, specific heat per unit volume Cy, thermal energy density Eg, thermal conductivity k and

acoustic coupling constants (D; Dg) of LizN.

Temp. p Cy Eg k D; Dy

(°C) (10°%kg-m™3) (10°Tm—3-K~1) (10°Im=3) (W-m~1.K~1)

50 1.32 0.35 0.51 32 37.23 4.12

100 1.31 2.42 7.27 19 37.34 4.13

200 1.29 6.00 5227 12 38.44 4.13

300 1.27 7.53 120.37 8 38.88 4.13
12 6.5

VL (10% m/sec)

8 T T T T T T T T
0 10 20 30 40 50 60 70 80
angle (°)

90

Fig. 1. V vs. angle (°) with unique axis of crystal.

reason for abnormal behavior of the angle depen-
dent velocities. The nature of the angle dependent
velocity curves in the present work is found similar
to that for the third group nitrides, heavy rare-earth
metals, laves-phase compounds and other hexago-
nal wurtzite structured materials [31, 33-35]. The
chosen compound has the properties similar to their
crystal structures. Thus, the angle dependencies of
the velocities in Li3N are justified.

Vg1(103 m/sec)

70

80

40 50 60 90

angle (°)

Fig. 2. Vg vs. angle (°) with unique axis of crystal.

Vp of this material is increasing with the angle
and has maxima at 55° in the range of 50 to 300 K
(Fig. 4). Since Vp is calculated using V;, Vg; and
Vso [27, 30], therefore, the angle variation of Vp
is influenced by the constituent ultrasonic veloci-
ties. The maximum Vp at 55° is due to a signifi-
cant increase in longitudinal and pure shear (Vy,)
wave velocities and a decrease in quasi-shear (V)
wave velocity. Thus, it can be concluded that when
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Vg2(103m/sec)
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Fig. 3. Vg, vs. angle (°) with unique axis of crystal.
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Fig. 4. Vp vs. angle (°) with unique axis of crystal.

a sound wave travels at 55° along the unique axis of
these crystals then the average sound wave velocity
is maximum.

The calculated thermal relaxation time is visu-
alized in Fig. 5. The angle dependent thermal re-
laxation time curves follow the reciprocal nature
of Vp as T o< 3k/Cy' V3. This implies that ‘T’ for
the chosen compound is mainly affected by the
thermal conductivity. The thermal relaxation time
for hep structured material follows the equation:
T= 19 exp(x/A), where T and A are constants.

80 A

=

Z 60

e

@

£ —— 50K
‘% 40 —8— 100K
ko)

14

200K

—— 300K
20 A

0 T T y y ¥ ¥ f f f

0 10 20 30 40 50 60 70 80 90
angle (%)

Fig. 5. Relaxation time vs. angle (°) with unique axis of
crystal.

The order of ‘1’ for hexagonal structure is of the
order of picoseconds [35]. With reference to some
previous work [37], the size dependency of T for
bee and fee structured materials follows the equa-
tion: T= T [1 —exp(—x/A)]. Thus, it can be said
that the thermal relaxation time is not only a func-
tion of size and temperature but also depends on
the structure of a material. The order of thermal re-
laxation time for LizN has been found in picosec-
onds, which justifies their hexagonal structure. The
re-establishment time for the equilibrium distribu-
tion of thermal phonons attains minimum for the
wave propagation along ® = 55° due to being the
smallest value of T along this direction. Thus, the
present average sound velocity directly correlates
with the Debye temperature, specific heat and ther-
mal energy density of Li3N.

3.3. Ultrasonic attenuation due to phonon-
phonon interaction and thermal relaxation
phenomena

In the evaluation of ultrasonic attenuation, it
is supposed that a wave is propagating along the
unique axis (<001> direction) of LisN. The atten-
uation coefficients over frequency square (.27 /f) s
for the longitudinal (&7 /f2); and shear wave
(<7 /f2)s have been calculated using equation 4 un-
der the condition w7 < 1 at different tempera-
tures. The thermoelastic loss over frequency square
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Fig. 7. () Vs. temperature of LizN.

(< /f2)), has been calculated with the equation 5.
The values of temperature dependent (of 2,
(L If2)s, (< 1f2)7), and total attenuation (<7 /f2) roral
are presented in Fig. 6 to 7.

In the present investigation, the ultrasonic wave
propagates along the unique axis of the crystal, and
the Akhieser type of loss of energy for longitudinal
and shear wave as well as thermo elastic loss in-
crease with the temperature of the material (Fig. 6
and 7). (/) anp 18 proportional to D, Ey, T and
V-3 (equations 4 and 6). The Ey is increasing and
V is decreasing with the temperature (Fig. 1 to 3).
Hence, Akhieser loss in LizN is predominantly

affected by the thermal energy density Eg and the
thermal conductivity.

Therefore, the ultrasonic attenuation increases
due to the reduction of the thermal conductivity.
Thus, ultrasonic attenuation is mainly governed
by the phonon-phonon interaction mechanism. A
comparison of the ultrasonic attenuations could not
be made due to lack of experimental data in the
literature.

Fig. 6 to 7 indicate that the thermoelastic
loss is very small in comparison to Akhieser
loss and ultrasonic attenuation for the longitu-
dinal wave (7 /f?), is greater than that of the
shear wave (7/f?)s). This reveals that ultra-
sonic attenuation due to phonon-phonon interac-
tion along the longitudinal wave is a govern-
ing factor for total attenuation: ((<7/f?)7ora =
(A |2 n+ () f2)L + (7] f2)s). The total at-
tenuation is mainly affected by thermal energy den-
sity and thermal conductivity. Thus, it may be pre-
dicted that at 50 K, LisN behaves as its purest
form and is more ductile as evinced by minimum
attenuation while at 300 K, Li3N is least ductile.
Therefore, impurity content will be the least in
the LisN at low temperature. The total attenua-
tion of Li3N is much larger than that of the third
group nitrides (AIN: 4.441 x 1077 Np-s>m~!;
GaN: 14930 x 1077 Np-s>m~' and InN:
20.539 x 1077 Np-s>m~!) due to their large
thermal conductivity and acoustic coupling con-
stants [35, 38]. This implies that the interaction be-
tween acoustical phonon and quanta of lattice vi-
bration for LisN is large in comparison to third
group nitrides.

4. Conclusions

Our theory of higher order elastic constants is
justified for the superionic conductor material. The
order of thermal relaxation time for LizN has been
found in picoseconds, which justifies its hexagonal
structure. The re-establishment time for the equi-
librium distribution of thermal phonons is mini-
mum for the wave propagation along ® = 55° due
to the smallest value of relaxation time along this
direction. However, the acoustic coupling constants
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of Li3N for longitudinal wave are found four times
larger than for the third group nitrides. Hence, the
conversion of acoustic energy into thermal energy
will be larger for LizN. This shows general suit-
ability of the chosen material. The ultrasonic atten-
uation, due to phonon-phonon interaction mecha-
nism, is predominant over the total attenuation as
a factor governing thermal conductivity. The me-
chanical properties (yield strength, ductility, elastic
properties, etc.) of LisN at low temperature (50 K)
are better than at high temperature (300 K), because
at low temperature the material has low ultrasonic
attenuation.

Thus, the results obtained in the present work
can be used for further investigations as well as
in general and industrial applications. Our theoret-
ical approach is valid for temperature dependent
ultrasonic characterization of LizN. The ultrasonic
behavior of LizN shows important microstructural
characteristic features, which are well connected
to thermoelectric properties of the material. These
results, together with other well-known physical
properties, may expand future prospects for the ap-
plication and study of Li3N.
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