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ABSTRACT ARTICLE HISTORY

The structural, elastic and thermodynamic properties of the a Received 1 December 2015
(tetragonal) and B (orthorhombic) polymorphs of the Sr,GeN, Accepted 14 March 2016
compound have been examined in detail using ab initio density
functional theory psegdopotential plape—wave gaa'lculations. Apart St,GeN, polymorphs; ab
the structural properties at the ambient conditions, all present initio calculations;
reported results are predicted for the first time. The calculated structural parameters;
equilibrium lattice parameters and inter-atomic bond-lengths of elastic constants;

the considered polymorphs are in good agreement with the thermodynamic properties
available experimental data. It is found that a-Sr,GeN, is

energetically more stable than B-Sr,GeN,. The two examined

polymorphs are very similar in their crystal structures and have

almost identical local environments. The single-crystal and

polycrystalline elastic parameters and related properties -

including elastic constants, bulk, shear and Young’s moduli,

Poisson’s ratio, anisotropy indexes, Pugh'’s criterion, elastic wave

velocities and Debye temperature — have been predicted.

Temperature and pressure dependence of some macroscopic

properties — including the unit-cell volume, bulk modulus, volume

thermal expansion coefficient, heat capacity and Debye

temperature — have been evaluated using ab initio calculations

combined with the quasi-harmonic Debye model.

KEYWORDS

1. Introduction

Because of their set of excellent useful properties (such as low compressibility, good
thermal stability, chemical and radiation inertness and semiconducting), which allow
important new technological applications (such as high-performance light-emitting
devices, ultraviolet photodetectors, light-emitting diodes, lasers,[1,2] converting solar
light into electricity, photocatalysis, hydrogen production,[3] lithium-ion batteries,[4] mag-
netic and electronic devices,[5,6] automotive engine wear parts, cutting tools and so on),
nitride materials have gained increasing interest since the mid-1980s.

In the quest of other nitride materials having the interesting properties of the binary
nitrides and at the same time having other new properties that allow other new
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applications that are limited by the properties of the binary nitrides, such as an optimal
band gap for higher effectiveness of possible devices, high-performance chemical and
radiation inertness, the attention has been drawn to ternary and quaternary nitrides.[7-
25] Consequently, the number of synthesized ternary and quaternary nitrides has pro-
gressed rapidly over the last two decades. These new multinary nitrides provide a wider
range of interesting mechanical, electrical, electronic, optical and chemical properties
that make them potential candidates for probable new technological applications.

Some of the recently synthesized ternary nitrides are based on the germanium nitrides
(GeN), such as the orthorhombic and tetragonal polymorphs of the strontium germanium
nitrides, labeled as a-Sr,GeN, and B-Sr,GeN, polymorphs, respectively.[24,25] The a-
Sr,GeN, and B-Sr,GeN, phases were synthesized as single-crystals by DiSalvo et al.
[24,25] from the constituent elements in sealed Nb tubes at about 750°C, using liquid
Na as a growth medium. These two Sr,GeN, polymorphs have several quite similar prop-
erties, such as the unit-cell volume and bond-lengths. A differentiating factor of the crystal-
line structures of these two polymorphs is the relative orientation of theGeN, units in the
lattice.[24,25] Figure 1 displays the unit-cells of the tetragonal and orthorhombic poly-
morphs of Sr,GeN,. As one can observe, the GeN, units belong to the plane [001] in
the a-Sr,GeN, crystal, while in the B-Sr,GeN, crystal, they belong to the plane [100].
From Figure 1, one can observe that both a-Sr,GeN, and 3-Sr,GeN, crystals are layered
materials; the layers are stacked along the c-axis in a-Sr,GeN,, while in B-Sr,GeN,, they
are stacked along the a-axis. The structural difference between these two compounds is
due to the manner that adjacent planes are stacked. The stacking is carried out in an alter-
nating manner for both compounds. In a-Sr,GeN,, the adjacent planes A and A’, which are
stacked along the c-axis according to the following sequence: ... AA’'AA’AA’ ..., are related
by a 90° rotation, that is, A’ plane is produced by rotating the A plane by an angle of 90°.
Whereas, in B-Sr,GeN,, the adjacent planes A and A, which are stacked along the a-axis
according to the following sequence:... AAAA'AA’ ..., are related by a translation of
(1/2)5, that is, A’ plane is a result of the translation of the A plane by (1/2)5

Apart the synthesis optimal conditions and structure features,[24,25] experimental data
on a-Sr,GeN, and 3-Sr,GeN, crystals are not available in the scientific literature. Theoreti-
cal investigations of these systems are also scarce; as far as we know, there is only one
theoretical work,[26] which explored the electronic and optical properties of these
compounds using full potential linearized augmented plane-wave calculations in the fra-
mework of the density functional theory. The reported theoretical results [26] reveal that
a-Sr,GeN; and -Sr,GeN, are very narrow band gap semiconductors. The ternary nitrides
B — Sr,GeN,and B — Sr,GeN, can be used as substrates for GeN-based devices. Other

Alpha -Sr2GeN2 e Beta-Sr2GeN2 a
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Figure 1. (Colour online) Unit-cell structures of the tetragonal and orthorhombic polymorphs of the
Sr,GeN, crystal (a-Sr,GeN, and B-Sr,GeN, phases, respectively).
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eventual applications of these considered nitrides can be revealed from exploring and
understanding their physical properties.

For optoelectronic device applications, semiconductor layers are commonly grown as
thin epitaxial layers and superlattices on substrates. The lattice mismatch and difference
in thermal expansion coefficients between epitaxial layers and substrates can cause
large stresses in the epitaxial layers, which could affect their physical properties.[27-29]
Hence, it is interesting and necessary for practical use to know: (i) the elastic constants,
which describe the response of the material to the externally applied strains, and
(ii) the evolution of the physical properties of these materials with pressure and tempera-
ture. The electronic and optical properties of the title nitrides have already been investi-
gated by Zeyad and Reshak,([26] whereas, to the best of authors’ knowledge, no
theoretical or experimental studies of the elastic and thermodynamic properties for
these two nitrides are available in the scientific literature. On other hand, it is worth
noting that the former reported theoretical calculations [26] investigated a-Sr,GeN, and
B-Sr,GeN, phases at zero temperature only without any thermal effects included. Com-
monly, measurements of the elastic constants and effects of pressure and temperature
on physical proprieties of materials are very difficult. Therefore, the lack of experimental
data on these properties can be fulfilled via theoretical simulation based on accurate ab
initio calculations. Thus, the first main objective of the present work is accurate calculations
of the elastic constants and related properties at ambient as well as elevated pressures up
to 15GPa using ab initio pseudopotential plane-wave method (PP-PW) based on density
functional theory. The second main objective is the exploration of the pressure and temp-
erature effects on the unit-cell volume, bulk modulus, volume thermal expansion, isochoric
heat capacity and Debye temperature of the title compounds using the PP-PW method in
combination with the quasi-harmonic Debye model. We hope that the reported data can
provide theoretical support to the existing experimental and theoretical data and provide
a basis for future experimental and theoretical studies in order to have insight about
eventual technological applications of the considered ternary nitrides a-Sr,GeN, and (-
Sr,GeN,. The paper is organized as follows. In Section 2, we give details of the compu-
tational method used in the present work. The obtained results and their discussion are
presented in Section 3. A summary of the main results is provided in Section 4.

2. Computational details

All performed ab initio calculations in the present work were carried out using pseudopo-
tential plane-wave (PP-PW) method in the framework of density functional theory as
implemented in the CASTEP module.[30] The exchange-correlation effects were treated
using the recent developed generalized gradient approximation of Perdew et al. [31],
the so-called GGA-PBEsol, which is known to yield better results for solids. To take into
account the contribution of core electrons, Vanderbilt ultra-soft pseudopotential [32]
was employed. The Sr: 45%4p°5s2, Ge: 45°4p? and N: 2s22p> orbitals were treated as elec-
tronic valence states. The Monkhorst-Pack scheme [33] was used for the k-points sampling
in the Brillouin zone. A kinetic energy cutoff of 280 eV and k-mesh corresponding to a sep-
aration of 0.03 A™' (0.04 A™") in the reciprocal space for the a-Sr,GeN, (B-Sr,GeN,) phase
were used. These calculation parameters were chosen after careful convergence tests.
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The optimized structural parameters were obtained using the Broyden-Fletcher-Gold-
farb—Shanno minimization algorithm.[34] The lattice parameters and internal coordinates
were relaxed until: (i) total energy variation was smaller than 5.0 x 10~° eV/atom, (ii) the
absolute value of force on any atom was less than 0.01 eV/A, (iii) stress was smaller than
0.02 GPa and (iv) atomic displacement was smaller than 5.0 x 107* A.

The elastic properties of single-crystal and polycrystalline aggregates of a-Sr,GeN, and
B-Sr,GeN, compounds were explored by calculating their independent elastic constants
G, bulk modulus B, shear modulus G, Young’'s modulus E, Poisson’s coefficient o and
related properties. The G were obtained via linear fittings of the stress—strain curves com-
puted from accurate ab initio calculations.[30] The main advantage of this method is the
great reduction of the independent strain modes number compared to the ab initio total
energy versus strain approach. The elastic stiffness tensor is related to the stress tensor and
the strain tensor by Hooke's law. Since the stress tensor and the strain tensor are sym-
metric, the most general elastic stiffness tensor has only 21 non-zero independent com-
ponents. For a tetragonal crystal, they are reduced to six independent components,
namely Cy4, Cz3, C44, Cs6, Ci2 and C;3, and for an orthorhombic crystal, they are reduced
to nine independent components, namely Cy;, Cys, Cz3, Cas, Css, Cee, Cqa Ci3 and Cys.
To determine the six independent elastic constants Cj of the tetragonal system, two
strain patterns — one with non-zero g7 and &3 components and the second with non-
zero £33 and g1, components — were used. To obtain the nine independent components
of the elastic tensor for the orthorhombic phase, three strain patterns — one with non-zero
gx3and exz3components, second with non-zero &;; and 37 components and the third with
non-zero £33 and &1, components — were used. The elastic constants were performed with
the following convergence criteria: 1.0 x 10~° eV/atom for the total energy, 0.002 eV/A for
the Hellman-Feynman force and 1.0 x 10™* A for the maximal ionic displacement. After
calculating the single-crystal elastic constants Cy, the polycrystalline elastic moduli and
related properties were evaluated using the well-known Voigt-Reuss-Hill approxi-
mations.[35-37]

Knowledge of the behaviors of solids when they are under severe constraints such as
high-pressure and high-temperature environment are of a great interest and importance
for both the fundamental research and technological applications. To address this interest
in the present work, pressure and temperature dependences of the unit-cell volume, bulk
modulus, volume expansion coefficient, isochoric heat capacity and Debye temperature of
both considered phases were explored using the PP-PW method [30] combined with the
quasi-harmonic Debye model as implemented in Gibbs program.[38] Theoretical details
about the quasi-harmonic Debye model are available in Blanco et al. [38].

3. Results and discussions
3.1. Structural properties

Knowledge of the equilibrium structural parameters of materials is necessary before inves-
tigating their physical and chemical properties using ab initio calculations. Information on
the structural parameters of the investigated a and 8 polymorphs of Sr,GeN,, which were
used as input data in the present calculations, were taken from [24,25]. The a-Sr,GeN,
compound crystallizes in a tetragonal structure, space group P4,/mbc (No. 135), with
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eight unit formulas (i.e. 8 Sr,GeN,) per unit-cell (Z=8), while the 3-Sr,GeN, polymorph
crystallizes in an orthorhombic structure, space group Cmac (No. 64), with eight unit for-
mulas per unit-cell (Z=8) also.[24,25] This implies that the unit-cell of both polymorphs
contains 40 atoms: 16 Sr, 16 N and 8 Ge. The atomic positions in the a-Sr,GeN, crystal
are Sr1 (xsp, Ysr1, 0), Sr2 (Xsr2, Ysr2, 0), G (XGes YGer 0), N1 (Xn1, ¥n1, 0) and N2 (xn2, Ynzs 0)
and in the -Sr,GeN, crystal, they are Sr1 (0, ysi1, Zsr1), Sr2 (0, Ysr2, Zsr2), Ge (0, YGer Zsi2),
N1 (0, yn1, 2zn1) @and N2 (0, yno, Zno)- The atoms are indexed in order to distinguish
between the inequivalent crystallographic positions of the same chemical element. The
equilibrium structural parameters at zero pressure and zero temperature for a-Sr,GeN,
and (-Sr,GeN,, calculated with full structural optimization including atomic positions,
are listed in Tables 1 and 2 along with the available experimental values. The obtained
equilibrium lattice parameters appear to be in very good agreement with their corre-
sponding experimental data. For a-Sr,GeN,, the computed equilibrium lattice parameters
dg and ¢y are slightly lower than the experimental values and the discrepancies are about
—0.25% and —1.59%, respectively. For $-Sr,GeN,, the computed equilibrium lattice par-
ameters ap and ¢ are slightly lower than the experimental values with relative deviations
of about —1.54% and —0.92%, respectively, while the equilibrium lattice parameter by is
slightly higher than the experimental value with a relative deviation of about +0.18%.

Table 1. Calculated lattice parameters (ag, by and co, in A), unit-cell volume (V,, in A3), bulk modulus (B,,
in GPa) and its pressure derivative B, cohesive energy (Econ, in €V/atom), formation enthalpy (AH, in eV/
atom), inter-atomic distances (in A) and bond-angle (in degree) for the tetragonal and orthorhombic
polymorphs of Sr,GeN, together with available experimental data for the sake of comparison.

a-Sr,GeN, B-Sr,GeN,

Property Present Expt. [24] Present Expt. [25]
do 11.7434 11.773 5.3565 5441
bo 11.7434 11.773 11.3982 11377
G 53233 5409 12.1166 12.229
Vo 734.126 749.7 739.776 756.9
By 68.569%, 69.426°, 69.00°, 68.808° 66.614%, 67.521°, 67.825, 66.092¢

70.77¢, 70.23° 68.21°%, 67.71°
B 45332 4.161°, 3.40°, 4.866 4633%,4.238°, 3.35, 5.048¢
Econ —5.907 —5.898
AH —1.500 —1.491
Ge-N1 1.882 1.851 1.904 1.879
Ge-N2 1.898 1.877 1.875 1.852
Sr1-N1 2.547 2.562 2.653 2,662
Sr1-N1* 2670 2713 2.700 2744
Sr1-N1 2779 2.807 - -
Sr1-N2 2,603 2628 2.554 2.584
Sr1-N2 - - 2.756 2787
Sr2-N1 2664 2,681 2.530 2.561
Sr2-N1 - - 2723 2737
Sr2-N2 2,535 2.564 2.656 2653
Sr2-N2* 2,695 2.741 2.684 2728
Sr2-N2 2.740 2742 - -
N1-Ge-N2 113.23 11351 113.49 113.17

?Calculated from Birch-Murnaghan P-V EOS.[39]

PCalculated from Murnaghan P-V EOS.[40]

“Calculated from Birch-Murnaghan E-V EOS.[41]

dCalculated from Vinet £~V EOS.[42]

€Calculated from third-order polynomial V-P fitting.

fCalculated from linear compressibilities.

*The bonds that ensure the coherence between adjacent planes.
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Table 2. Calculated atomic positions for the a-Sr,GeN, and B-Sr,GeN, crystals along with available
theoretical and experimental findings for comparison.

Present work Experiments Other calculations [26]
atom x/a y/b z/c x/b y/c z/c x/b y/c z/c
a-Sr,GeN, [24]
Sr(1) 0.36669  0.42058 0 0.3671 04190 0 036642 042015 0O
Sr(2) 0.02219 0.34864 0 0.0224 0.3482 0 0.02167 0.34869 0
Ge 0.25614  0.15184 0 0.2559 0.1514 0 0.25572 015083 0
N(1) 0.09687 0.13442 0 0.0996 0.1340 0 0.09734 0.13392 0
N(2) 033567 0.01112 0 0.3353 0.0131 0 033538  0.01088 0
B-Sr,GeN, [25]
Sr(1) 0 0.04757  0.35851 0 0.0479 035760 0 0.04768 035739
Sr(2) 0 0.35563 0.44232 0 0.3564 0.44110 0 0.35556 0.44286
Ge 0 0.23881 0.18162 0 02398  0.17990 0 0.24001 0.18031
N(1) 0 0.07730 0.14139 0 0.0797 0.14190 0 0.07835 0.14125
N(2) 0 0.34079  0.06024 0 03389  0.05970 0 0.34058  0.05971

The calculated equilibrium unit-cell volume is slightly lower than the measured one by
about —2.08% in a-Sr,GeN, and about —2.26% in B-Sr,GeN,. This observed slight relative
deviation of the calculated results from the measured ones could be attributed to the fact
that our values are calculated at zero temperature while the corresponding experimental
ones are measured at ambient temperature; the volume increases with the increasing
temperature. This good consistency between our calculated equilibrium lattice parameters
and the corresponding measured ones constitutes a proof of reliability of the present cal-
culations and accuracy of the reported results. We note that the two considered poly-
morphs have practically the same unit-cell volume; the unit-cell volume of B-Sr,GeNj, is
slightly larger than that of a-Sr,GeN, by about 0.76%. The optimized atomic positions
and inter-atomic bond-lengths of a-Sr,GeN, and [3-Sr,GeN, are also in good agreement
with the corresponding experimental data. From Table 1 data, one can observe that
both polymorphs have practically the same bond-lengths between the corresponding
atoms and practically the same bond-angles, indicating that they have almost identical
local environments. The Sr—N bonds, which are indexed with a star (¥) in Table 1, ensure
the coherence between adjacent planes.

To ensure the chemical stability of both studied polymorphs, their cohesive and for-
mation energies were calculated. The cohesive energy E o, is the energy that is required
for the crystal to decompose into free atoms. Therefore, the cohesive energies of a-
Sr,GeN, and B-Sr,GeN, were calculated using the following expression:

Ecoh = %[E(SrzGENz) — 2£4(Sr) — Ea(Ge) — Eq(N,)], (M

where E(Sr,GeN,) represents the total energy of one unit formula of the Sr,GeN, com-
pound, and E,(X) refers to the total energy of an isolated X atom. The E,;(X) energy was
calculated using a cubic box with a large lattice constant. The energy of formation
(Eform) Of @ compound is calculated by subtracting the total energies of pure constituent
elements in their stable crystal structures from the total energy of the compound. There-
fore, the Eqom Of a-SryGeN, and (-Sr,GeN, is calculated using the following expression:

Erom = %[E(szGeNz) — 2E,(51) — E,(Ge) — EN,)1. )
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In Equation (1), Es(Sr) and Es(Ge) denote the total energies per atom of the pure
elements Sr and Ge, respectively, in their solid phase, and E(N,)is the total energy of
the N, molecule. The obtained cohesive and formation energies for a-Sr,GeN, and
-Sr,GeN, are listed in Table 1. Energies for both considered polymorphs are negative,
implying that they are both energetically stable and can be synthesized. Furthermore,
one can appreciate that E.,, and Eg,, energies for the a-Sr,GeN, crystal are slightly
lower than those of the B-Sr,GeN, one, implying that the a-Sr,GeN, structure is more
stable than the 3-Sr,GeN, one. Additionally, the calculated static total energy versus
volume (E-V) curves, presented in Figure 2, show that the unit-cell total energy of a-
Sr,GeNj; is slightly lower than that of the 3-Sr,GeN; one, confirming that a-Sr,GeN, struc-
ture is more stable than B-Sr,GeN, one. This result is consistent with the fact that synthesis
of the a-Sr,GeN,; polymorph was not accompanied with the appearance of the -Sr,GeN,
polymorph, while synthesis of the B-Sr,GeN, compound was accompanied with the pro-
duction of the a-Sr,GeN, polymorph.[24,25]

In order to have insight on the pressure dependence behavior of the structural par-
ameters for the two considered polymorphs, full optimizations of their unit-cell par-
ameters and full relaxations of their atomic positions were performed for fixed
pressures in pressure range from 0 to 20 GPa with a step of 5 GPa. Figure 3 displays the
pressure dependence of the normalized lattice parameters a/ag, b/by and c/cy and the nor-
malized unit-cell volume V/V,, where ay, b, ¢ and Vj, are the corresponding values at zero
pressure. From Figure 3, it can be seen that the a-Sr,GeN, unit-cell is more compressible
along the c-axis than along the a-one, while 3-Sr,GeN, unit-cell is less compressible along
the b-axis than along the a- and c-ones; a- and c-axes have practically the same compres-
sibility. Further, a look to the pressure dependence of the unit-cell volume, shown in
Figure 3, shows that a-Sr,GeN, is slightly less compressible than B-Sr,GeN,. The linear
compressibility Bx (Ba, B, and B.) along the X-axis (a-, b- and c-axes, respectively) has

(a) (b) -18556
20 1 * a-Sr,GeN, 1 " a-Sr,GeN,
. ﬁerGeNz 1 e p-SrGeN,
Solid line: 1 Solid line:
.y Birch Murnaghan fit 18558 _ Birch Murnaghan fit
0 3 1
o 10 o
— -18560
g w ]
o
5 1 i
-18562
0-
T % T L T ” T . T 2 T . T L4 T L
0.84 0.88 0.92 0.96 1.00 600 650 700 750 800
v, V(A

Figure 2. (Colour online) (a) Pressure P versus relative unit-cell volume V/V, for a-Sr,GeN, and (3-
Sr,GeN,, (b) Total energy E versus relative unit-cell volume V/V, for a-Sr,GeN, and -Sr,GeN,.
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1.00{y @~ SrGeN, 1.00{y = a-SrGeN,
e pB-SrGeN,
0.991 0.981
0.961
0.981 0.0]
§ 0.971 _0.92]
0.96- = 0.90
0.881
0.951 -
0.941 0.54]
0.934

—— ———————— .82 L—————————y
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
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Figure 3. (Colour online) Variation of the normalized lattice parameters ratio; a/ao, b/by and c/cy, and
the normalized unit-cell volume V/V; as a function of hydrostatic pressure P, for the a-Sr,GeN, and B-
Sr,GeN, polymorphs. The solid lines are least squares third-order polynomial fits of the data points.

been evaluated from the fit of the lattice parameter X versus pressure data to a third-order
polynomial:

n=3
X/Xo =14 BP+ Y KiP". 3)

n=2

The linear  compressibilites  obtained are B, = B, = 0.00453 GPa~'and
B, = 0.00518GPa~' for a-Sr,GeN, andB, = 0.005GPa~', B, = 0.00399GPa'and
B. = 0.00578 GPa~'for B-Sr,GeN,. The bulk modulus B may be estimated from the
linear compressibilities B, By and B, via the following relationship: B = 1/(23, + ,) for
a-Sr,GeN,, (tetragonal structure) and B = 1/(B, + B, + B.) for 3-Sr.GeN, (orthorhombic
structure). Moreover, the volume compressibility has been evaluated from the fit of the
volume-pressure (V-P) data to a third-order polynomial expression. From Table 1, one
can appreciate that the obtained value for the bulk modulus B from the linear compressi-
bilities is in very good agreement with that obtained from the volume compressibility.

One of the more used methods to test the reliability of obtained theoretical results con-
sists of comparing between the numerical values of one property that are calculated using
different theoretical procedures. For this issue, the bulk modulus B and its pressure deriva-
tive B were used as test. The bulk modulus values derived from the fitting of the calculated
pressure versus unit-cell volume (P-V) data and total energy versus unit-cell volume (E-V)
data to some different versions of the equation of state (EOS) [39-42] are compared to that
calculated from the elastic constants, linear compressibility and volume compressibility to
testify the reliability and accuracy of the present reported results. Figure 2 (a) and 2 (b)
presents the fits of the P-V and E-V data to the P-V and E-V Birch-Murnaghan EOSs,
respectively, as prototype. One can appreciate the good fit of the first-principles calculated
data to the mentioned EOSs. The obtained values of B and B’ are reported in Table 1. The
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calculated values of the bulk modulus from the EQS fits are in very good agreement with
those calculated from the linear and volume compressibilities for both considered
materials. These results are good tests of the accuracy of our simulations. To date, no
reported experimental or theoretical data in the scientific literature for the bulk moduli
of the a-Sr,GeN, and B-Sr,GeN, materials to be compared with our obtained results.
According to our results, the bulk modulus B of a-Sr,GeNj is slightly larger than that of
B-Sr,GeN, by about 2.0% to 4.0%, revealing that 3-Sr,GeNs is slightly more compressible
than a-Sr,GeN..

Figure 4 shows the pressure dependence behavior of the relative bond-length d/d,
of the Ge-N and Sr-N bonds, where dj is the equilibrium bond-length at zero pressure.
The obtained numerical data are well fitted with a second-order polynomial expression:
d/dy = 1+ aP + BP2. From Figure 4, it can be seen that the Ge-N bond, which belongs
to the isolated GeN,bent units, is stronger than the Sr-N one. The so-called bond stiffness
coefficient k is defined by the following relation: k = 1/|«|, where a is the first pressure
derivative of the bond-length (d/dy = 1 + aP + BP?), is calculated in order to characterize
the stiffness of the existing chemical bonds. The estimated values of the bond stiffness
k for the a-Sr,GeN, and B-Sr,GeN, polymorphs are listed in Table 3. One can appreciate
that the chemical bonding between two atoms belonging to two adjacent planes is
weaker than that between two atoms belonging to the same plane. This behavior
could explain the more compressibility of the c-axis (a-axis) in the a-polymorph (3-poly-
morph) seeing that the stacking is along the c-axis (a-axis) in the a-Sr,GeN, (3Sr,GeN,)
compound. The less compressibility of B-Sr,GeN, along the b-axis compared to a- and
c-axes is due to the fact that, statistically, the strongest bond, namely Ge-N1
(k = 826 GPa), has greater impact along the b-axis than along the c-one; the angle
between the Ge-N1 bond and b-axis is only 14.8° compared to that of 75.2°
between the Ge-N1 bond and c-axis.

1 | A\ ~
0.98 \ . »
0.96 4
T - :
0944 * | =
* *
<4 <4
0924 » -4 »
» *  Sr2-N2 <
* Sr2-N2 »  Sr2-N2*
0.90 T . T ¥ T ¥ T T T T 'r T L T T T T T
0 5 10 15 20 0 5 10 15 20
P (GPa) P (GPa)

Figure 4. (Colour online) Variation of the relative bond-lengths d/d, as a function of hydrostatic
pressure P for the a-Sr,GeN, and [B-Sr,GeN, compounds. The star (*) indicates the bond between
the adjacent planes. The solid lines are least squares second-order polynomial fits of the data points.
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Table 3. Calculated bond stiffness (k, in GPa) for some bonds in the a-Sr,GeN, and [B-Sr,GeN,
compounds.

System kge-N1 kge-n2 ksr1-n1 ksri-nt® ksri-n1 ksri-n2 ksra-n1 ksra-n2 ksra-n2" ksra-n2

a-5r,GeN, 740.7 653.6 446.4 202.8 134.0 502.5 177.6 3003 2257 192.3
B-Sr,GeN, 826.4 632.9 230.9 206.6 279.3 142.0 606.1 162.9 306.7 214.1

Note: The star (*) indicates the bond between adjacent planes.

3.2. Elastic properties

3.2.1. Single-crystal elastic constants and related properties

The calculated independent elastic constants G and the elastic compliances S;, which are
calculated directly from the G, for both studied Sr,GeN, polymorphs are listed in Table 4.
The data obtained allow us to highlight the following points.

(1) To be mechanically stable, the C;; of a tetragonal crystal should satisfy the Born-Huang
stability criteria [43]:
Ci1>0,G3>0,C4 >0,Ce6 > 0,Ciy — Gz >0, Gy + Gz — 2G3
>0, 2(Ciy + Gip) + Gz +4GC3 > 0. 4)

The mechanical stability of an orthorhombic crystal requires the following conditions
[43]:

C1>0,C5r>0,C3>0,C44>0,Cs55 >0,Cg6 >0,Cy1 +Con — 2G5, >0,
Cii +G3 —2GC3 >0, Cp + Gz — 2C3 > 0, Gy + Cpp + a3 + 2(Cia + Gz + Cp3) > 0.
(5)
The data listed in Table 4 demonstrate that the C; of both examined polymorphs satisfy

the above-mentioned criteria. This implies that the examined polymorphs a-Sr,GeN, and
B-Sr,GeN, are mechanically stable.

(1) G, is slightly higher than Cs3 in the a-Sr,GeN, crystal, which means that the resistance
against the applied stress along the [100] crystallographic direction is slightly higher

Table 4. Calculated independent elastic constants (Cj, in GPa) and elastic compliance (S, in GPa™") for
the a-Sr,GeN, and 3-Sr,GeN, single-crystals.

a-Sr,GeN, B-Sr,GeN,
C1=1248 $11=0.0097517 C1=123.2 $11=0.0092388
C33=1235 S33=0.0090089 Cr,=1344 S5, =0.0088889
C4s=36.7 S44=0.0272196 C33=1279 S33=0.0088393
Ces =409 Ses = 0.0244564 C44=40.0 S44=10.0250226
C,,=484 S1,=-0.0033363 Cs5=25.2 Ss55 =0.0396926
Ci3=327 $43=-0.0017018 Ces =40.6 Se6 = 0.0246356
C,=413 S12=-0.0024495
Ci3=286 S13=-0.0012805

C,3 =409 S,3=-0.0022928
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than the resistance to the applied stress along the [001] one. This suggests that the
chemical bonding between nearest neighbors along the [100] direction is slightly
stronger than those along the [001] one. In the B-Sr,GeN, crystal, Cy; is slightly
higher than C;; and Cs3, implying that the resistance against the external applied
stress along the [010] direction is slightly higher than that against the external
applied stress along the [100] and [001] directions. This result suggests that the
inter-atomic interactions along the [010] crystallographic direction are slightly stron-
ger than those along the [100] and [001] ones. These results are in concordance
with those obtained from the pressure dependence behavior of the lattice parameters
and chemical bond-lengths, which have been already discussed in Section 3.1.

(2) Itis important to evaluate the sound velocity in a crystal because they are related to
some physical properties of the material such as its thermal conductivity. Single-crystal
elastic wave velocities propagating in different crystallographic directions can be pre-
dicted from the resolution of the Christoffel equation [44]:

(Cijanjni — pV28i)u; = 0. (6)

Here, Cjs are the components of the elastic constant tensor in the full (4-index) nota-
tion, i is the wave propagation direction, p is the mass density of the propagating
medium, V is the sound-wave velocity and & is the sound-wave polarization. The pure
longitudinal (L) and transverse (T) wave velocities propagating along the [100], [010]
and [001] crystallographic directions in an orthorhombic system are given by the following
expressions:

VO = OV = Ol VA = O
Vi = VGRIB Vil =Gl Vg = ¢
Vitl =4JGs/p Vi =VGs/pr Vi = /Caa/p.

The pure L and T sound-wave velocities propagating along the [100] (or [010]), [001]
and [110] crystallographic directions of a tetragonal system are given by the following
expressions:

VI = \/Cri/p VI = \/Cao/ i VIX® = \/Cuulp,
VL[ooH _ @_p} V;‘%O” = V%m] = \/64/_!7' ®
VMY = /(Cry + Cra + 2Cee)/2p VI = \/(Cyy — Cro)/2p VI = /Caa/p.

The calculated elastic wave velocities along the above-mentioned crystallographic
directions for the a-Sr,GeN, and B-Sr,GeN, polymorphs are listed in Table 5. One can

Table 5. Elastic wave velocities (in m/s) for some different propagating crystallographic directions for
the a-Sr,GeN; and B-Sr,GeN, crystals.
a-Sr, v V%0 vi%
GeN,

110 110 110

001 001 001
v v Vi,

v VT V2
5000.7 2862.1 2713.0 49714 2713.0 2713.0 5054.2 2766.5 2713.0

peN, R e e
4986.1 2862.6 2255.2 5209.3 2862.6 2840.4 5080.7 2255.2 2840.4
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appreciate that the longitudinal sound-wave velocities have almost equal values for both
considered compounds (~5000 m/s) and they are larger than the transverse ones.
Figure 5 shows the variations of the elastic constants C; versus hydrostatic pressure.
One can observe that Cq;, C33 and C;,, especially Css, for a-Sr,GeN, are highly sensitive
to pressure variations than other constants.The C44 remains almost invariable to the
pressure variations. For $-Sr,GeN,, Cq4, Cy,, C33 and Cy3, especially Cy4, are the highly sen-
sitive to pressure variations than other constants. The C,4, Cs5 and Cgg remain almost
invariable to pressure variations. Under pressure, for the tetragonal crystal, the mechanical
stability requires that the elastic constants satisfy the following stability criteria [45,46]:

C]]—P>O,C33—P>0,C44—P>OandC65—P>0,
Ci1—C2—2P>0, C1+G3 —2C3—4P >0, 2(Cy1 +Cyo) + C3 +4C3 + 3P > 0.
9)

For the orthorhombic crystal, the required criteria are as follows [45,46]:

C1—P>0,Cp—P>0,CG3—P>0,Cyy—P>0,C5—P>0,Ces—P>0,
G+ G —2C; —4P>0,Cy +G3 —2G3 —4P >0, G +G3 —2C3 —4P >0,
Chi+Co+Gs+2(C+GCGs+Cs)+3P>0.

(10)

Both investigated polymorphs satisfy the required criteria for mechanical stability in the
considered pressure range.

3.2.2. Elastic moduli and related properties for polycrystalline aggregates
Generally, it is difficult to synthetize materials in single-crystal form, and in this case, the
elastic constants C; cannot be measured. In the polycrystalline aggregates form, only

300 3004 —=—c,,
| .
250 250
200 200 -
g
o) 150 150
&
100 100
50 50
0 T ' T Y T % T 0 T Y T ¥ T 2 T
0 5 10 15 0 5 10 15
Pressure P (GPa) Pressure P (GPa)

Figure 5. (Colour online) Variation of the elastic constants C; for the a-Sr,GeN, and B-Sr,GeN, as a
function of pressure.
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the isotropic polycrystalline elastic moduli can be measured. Theoretically, polycrystalline
elastic moduli such as the bulk modulus B (which represents the resistance of a solid
against volume change under hydrostatic pressure), shear modulus G (which represents
the resistance of a solid to shape change caused by a shearing force) and Young's
modulus E (which represents the resistance of a solid against uniaxial stress) can be
derived from the calculated single-crystal elastic constants C; using some approximations.
In the case of randomly oriented polycrystals, one may evaluate aggregate average elastic
properties based on additional hypotheses such as isostress named as Reuss [35] or iso-
strain named as Voigt [36] states (subscripted, respectively, R and V in the following).
The general expressions for the Voigt and Reuss approaches for bulk and shear moduli
are expressed as follows [35,36]:

By = (1/9)[Ci1 + oo + Gaz + 2(Crp + Ciz + C3)l, (11)
Gy = (1/15)[Ciy + Cop + Gaz + 3(Cag + Css5 + Coe) — (Cra + Ci3 + C3)], (12)
1/Br = (S11 4 S22 + S33) + 2(S12 + S23 + S43), (13)

1/Gr = (4/15)[(S11 + S22 + S33) — (4/15)(S12 + S13 + S23) + (1/5)(Saa + Ss5 + Ses)].  (14)

Here, the S; are the components of the compliance matrix S, which is related to the
elastic constant matrix C by the following relationship: § = C~'. Hill [37] has demonstrated
that the arithmetic mean of the two above-mentioned limits — Voigt and Reuss - are the
best effective polycrystalline elastic moduli (Hill's approximation). In the Hill's approxi-
mation the polycrystalline bulk (By) and shear (Gy) moduli are given by the following
expressions:

_ By +Bg Gy + Gg

, Gy = . (15)

B
H 2 2

The Young's modulus E and Poisson’s ratio o, which is defined as the ratio of transverse
strain (normal to the applied stress) to the longitudinal strain (in the direction of the
applied stress), can be computed from the Hill's values of B and G through the following
relations:

984G 3By — 2G4
= , o= .
3By + Gy 2(3By + Gp)

(16)

Using the above-mentioned relations, the calculated bulk modulus, shear modulus,
Young's modulus and Poisson’s ratio are summarized in Table 6. From these obtained
results, one can make the following conclusions.

Table 6. Calculated bulk modulus (By, in GPa), shear modulus (G, in GPa), Yong's modulus (Ey, in GPa),
B/G ratio and Poisson’s ratio (oy, dimensionless) for the a-Sr,GeN, and B-Sr,GeN, polycrystals. The
subscript V, R and H stand to Voigt, Reuss and Hill approximations.

System By Bg By Gy Gq Gy Ey B/G ou

a-Sr,GeN, 66.75 66.52 66.64 40.15 39.717 39.930 99.850 1.67 0.250
B-Sr,GeN, 67.43 67.02 67.224 39.47 37.50 38.480 96.95 1.75 0.260
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(1) The polycrystalline elastic moduli calculated for both Sr,GeN, polymorphs are almost
equal, indicating the resemblance of their mechanical properties.

(2) Calculated bulk modulus from the single-crystal elastic constants Cj is in good agree-
ment with that calculated from the EOS fits for both considered polymorphs. This
serves to give an indication of the reliability and accuracy of our predicted elastic con-
stants. The calculated bulk modulus value for both compounds is smaller than 100
GPa; so these two compounds can be classified as a relatively soft material.

(3) The Poison’s ration o is often used to reflect the stability of a crystal against shear and
provides information about the nature of the bonding forces. The value of ofor covalent
materials is small ( o = 0.1), whereas for ionic materials, a typical value for o is 0.25.
[28,47] The calculated o for both crystals are almost equal:o = 0.25 for a-Sr,GeN; and
o = 0.26 for B-Sr,GeN,. These values indicate that a considerable ionic contribution in
the inter-atomic bonding should be assumed in these crystals. On the other hand, for
covalent and ionic materials, the typical relations between bulk and shear modulus are
G~ 1.1 Band G~ 0.6 B, respectively. We found that G~ 0.6 B for both crystals, which
also suggests the dominance of the ionic nature in the two considered compounds.

(4) To know if a material has a brittle or a ductile behavior, Pugh [48] has proposed a
simple empirical relationship between the bulk modulus B and shear modulus G.
The shear modulus G represents the resistance to plastic deformation, while B rep-
resents their resistance to fracture. Therefore, a high B/G ratio is associated with duct-
ility, whereas a low value corresponds to brittle nature. The critical value that separates
ductile and brittle materials is around 1.75 [48]; that is, if B/G> 1.75, the material
behaves in a ductile manner, otherwise, the material behaves in a brittle manner.
For B-Sr,GeN,, the B/G ratio is exactly equal to the critical value;B = 1.75; therefore,
its mechanical properties are intermediate between those of a ductile material and
a brittle material. For a-Sr,GeN,, the B/G ratio is slightly lower than the critical value
1.75; therefore, this compound is considered somewhat a brittle material.

(5) Within the Debye model, the Debye temperature 6pis one of the fundamental par-
ameters of solids; it is closely correlated with many physical properties, such as heat
capacity, melting temperature, thermal expansion, elastic constants and so on. The
Opis the highest temperature that can be achieved due to a single normal vibration
and then it is used to distinguish between high- and low-temperature regions for a
solid. The 6p can be numerically estimated from the average sound-wave velocity
V., through the following relationship [49]:

h [3n NAp 3
Ob=—|—\—+ V. 17
D KB|:47T</VI)j| m ( )

where h is the Planck’s constant, kg is the Boltzmann’s constant, N, is the Avogadro'’s
number, p is the mass density, M is the molecular weight and n is the number of atoms
in the molecule. The average sound-wave velocity V,, in the polycrystalline materials
can be computed using the following expression:

1/2 1\1"
Vm = [5 (v—s+ v—ﬁ)} (18



212 (&) A BEDJAOUIETAL.

Here, V| and V; are the longitudinal and transverse sound-wave velocities in the poly-
crystalline material, respectively, which can be calculated from the Navier's equation [50]:

G\ 2 3B+ 4G\ '?
vtz(—> ,\4:(—+ ) . (19)
p 3p

The calculated sound-wave velocities (V},V; andV,,,) and Debye temperature (6p) for the
polycrystalline a-Sr,GeN, and B-Sr,GeN, compounds are listed in Table 7. One can see
from this table that the values of p,V|, V;, Vi, and 6p of a-Sr,GeN, are slightly larger than
those of B-Sr,GeN,.

3.2.3. Elastic anisotropy
Crystal anisotropy reflects the difference between the atomic arrangements along differ-
ent directions. Crystal anisotropy has an important implication in engineering science as
well as in crystal physics; for example, microcracks can easily induced in materials
having significant anisotropy of the thermal expansion coefficient as well as elastic aniso-
tropy.[51] Furthermore, recent research demonstrates that the elastic anisotropy has a sig-
nificant influence on the nanoscale precursor textures in alloys.[52] Therefore, it is
necessary and significant to properly describe the elastic anisotropy of solids in order to
understand this property and consequently to find mechanisms that will improve their
resistance to microcracks. Elastic anisotropy behavior of a crystal can be sufficiently and
completely described by plotting three-dimensional (3D) representation of directional
dependence of its elastic moduli. To visualize the elastic anisotropy extent of the two con-
sidered crystals, 3D closed surfaces illustrating the dependence of the Young’s modulus £
and linear compressibility 8 on the crystallographic directions are plotted. In tetragonal
and orthorhombic crystals, the 3D closed surfaces for E and 8 are described by the follow-
ing relationships [53]:

1

Tetragonal:) £ = (I} 4+ 13)S11 + 3533 + 2123515 + 2(315 + 2B13)S13 + (B3 + E13)Sas + 13Ses

B = (S11+S12+ S13) — (S11 + S12 — S13 — S33)3
(20)
1
Orthorombic:) £ = 13511 + 13S20 + 3533 + 212515 + 212313 + 21212553 + 12S4s + 21255
+P2Sss = (S11+ S12 + S13) + (S12 + S22 + 523)2 + (S13 + Sa3 + S33)/2.

(21)

Here, |, l,and I3 are the directional cosines with respect to the x-, y- and z-axes, respect-
ively, and the S;; stand to the elastic compliance constants that can be obtained through

Table 7. Molecular weight (M, in g/mol), density (o, in g/cm?), transverse, longitudinal and average
sound velocities (V}, V; andV,,, respectively, in m/s) and the Debye temperatures (6p, in K) for the a-
Sr,GeN, and -Sr,GeN, compounds.

Compound M P v Vi Vi 6p

a-5r,GeN, 275.844 4.9915 28284 4900.7 3140.2 354.4
B-Sr,GeN, 275.844 4.9534 27873 4891.7 3097.9 348.8
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Figure 6. (Colour online) Directional dependence of the Young’'s modulus and its cross sections in
different planes for a-Sr,GeN, and B-Sr,GeN, crystals. The distance between zero and any point on
the surface is equal to the Young's modulus in that direction.

an inversion of the elastic constant tensor. In a 3D-representation, the distance from the
origin of the system of coordinates to this surface gives the value of the represented
elastic modulus in a given direction. Thus, in a 3D representation, a perfectly isotropic
system would exhibit a spherical shape, and the degree of deviation of the 3D surface
from spherical shape reveals the extent of the elastic anisotropy. Figure 6 and Figure 7
illustrates 3D representation of the directional dependence of the Young’'s modulus E
(linear compressibility B) together with its cross section in the xy, xz and yz crystallographic
planes for a-Sr,GeN, and B-Sr,GeN, crystals. From Figure 6 and Figure 7, one can observe
the appreciable deviation of the 3-D representation of the Young’s modulus (linear com-
pressibility) from the spherical shape in both studied crystals, suggesting that a-Sr,GeN,
and B-Sr,GeN, crystals exhibit a pronounced elastic anisotropy.

3.3. Thermodynamic properties

Investigation of the thermodynamic properties of solids at high pressure and high temp-
erature is an interesting topic in the condensed matter physics. Here, we applied the quasi-
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Figure 7. (Colour online) Directional dependence of the linear compressibility and its cross sections in
different planes for a-Sr,GeN, and B-Sr,GeN, crystals. The distance between zero and any point on the
surface is equal to the linear compressibility  in that direction.

harmonic Debye approximation [37] to investigate the thermodynamic properties of the
a-Sr,GeN, and (-Sr,GeN, compounds. The thermal properties are determined in the
temperature range from 0 to 900 K at some fixed pressures (P=0, 5, 10, 15 GPa).

The heat capacity of a crystal does not only provide essential information on its
vibrational properties, but it is also mandatory for many applications. Temperature depen-
dence of the constant volume heat capacity Cy at some fixed pressures is shown in
Figure 8. From this figure, one can see the sharp increase of Cy in the temperature
range from 0 up to ~200 K and at high temperature, the G, tends to a constant value
(997.7 Jmol™' K™"), the so-called Dulong-Petit limit. At 300K and zero pressure,
Cy = 936.04 J mol™" K™! for a-Sr2GeN, and 935.37 J mol™" K™' for B-Sr,GeN>.

The thermal expansion coefficient a reflects the temperature dependence of the
volume at constant pressure. Figure 9 shows the evolution of the thermal expansion coef-
ficient a with temperatures at some different fixed pressures. From this figure, we can see
that the thermal expansion increases sharply with temperature in the temperature range
from 0 K up to ~200 K, especially at zero pressure, then for temperature higher than 200 K,
the increase becomes slowly and gradually approaches a linear increase. For a given



v

C (J.mol' K")

1000

800

[e2]

o

o
1

N

o

=}
1

200

HIGH PRESSURE RESEARCH e 215

0

_______ I_Dng@g:l?_efiit_litnji_t_ 10004 Dulong-Petit limit
800
a-Sr,GeN, I
600
—=—0GPa
——5GPa
—+—10GPa
—+—15GPa 0
200
g T T T T T T T 0 ¥ T T T T T . T
200 400 600 800 0 200 400 600 800
T (K) T (K)

Figure 8. (Colour online) The heat capacity versus temperature at different pressures for the a-Sr2GeN,
and B-Sr,GeN,.
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Figure 9. (Colour online) The thermal expansion coefficient versus temperature at different pressures
for the a-Sr2GeN, and B-Sr,GeN,.

temperature, a decreases drastically with the increase of pressure. At zero pressure and
300K, a=7.91242 x 107> K™ for a-Sr2GeN, and 7.42234 x 107> K~ for B-Sr,GeN>.
Figure 10 shows temperature dependence of the Debye temperature 6p at some fixed
pressures. At fixed pressure, Debye temperature decreases with increasing temperature
and at fixed temperature, 6p increases with increasing pressure, indicating the change
of the vibration frequency of particles under pressure and temperature effects. From
Figure 10, one can observe that as the pressure goes higher, the decreasing slope of 6p
with temperature becomes smaller; the high pressure suppresses the temperature
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Figure 10. (Colour online) The Debye temperature 6 versus temperature at different pressures for the
0-5r2GeN, and B-Sr,GeN..

effect. At zero pressure and zero temperature, Debye temperatures for a-Sr,GeN, and
B-Sr,GeN, are 353.2 and 353.9 K, respectively. It is worth to note here that the value of
0p calculated using the Debye model is in good agreement with that calculated from
the sound velocities (354.43 and 348.76 K, respectively).

Figure 11 depicts the variation of bulk modulus versus temperature at some given
pressures. The bulk modulus B decreases with increasing temperature at a given pressure
and increases with pressure at a given temperature.
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Figure 11. (Colour online) The bulk modulus B versus temperature at different pressures for the a-
Sr2GeN, and [3-Sr,GeN..
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4, Conclusion

We have reported the results of first-principle calculations of the structural, elastic and
thermodynamic properties of the a and  polymorphs of the ternary nitrides Sr,GeN,.
The optimized structural parameters, including lattice parameters, atomic positions and
inter-atomic bond-lengths, reproduce the available experimental data. The calculated
cohesive energy and formation enthalpy demonstrate that both examined polymorphs
are energetically stable. The calculated pressure dependence of the lattice parameters
shows that a-Sr,GeN, is slightly more compressible along the c-axis than along the a-
axis, whereas B-Sr,GeN, is slightly more compressible along the c-axis and a-axis than
along the b-axis. Pressure dependence of the bond-lengths reveals that chemical
bonding between neighbors inside the stacking planes is stronger than those between
adjacent planes. We have evaluated the single-crystal and polycrystalline elastic moduli
and related properties. The calculated bulk modulus from the single-elastic constants is
in good agreement with those estimated from different EOS fits. This serves to give an
indication of the accuracy of our predicted elastic constants. The two examined poly-
morphs have relatively a small bulk modulus (B < 100 GPa); so they are classified as a rela-
tively soft material. According to Pugh’s criterion, both phases are intermediate between
ductile and brittle materials. The investigated crystals exhibit a strong elastic anisotropy.
Using the quasi-harmonic Debye model, temperature dependences of the heat capacity,
thermal expansion, Debye temperature and bulk modulus at some fixed pressures are pre-
dicted in temperature range from of 0 to 900 K. The calculated Debye temperature at zero
pressure and zero temperature through this model is in good agreement with that calcu-
lated from the elastic constants. To the best of our knowledge, there are no previous
reports on the elastic and thermodynamic properties; so, we hope that future experimen-
tal and theoretical investigations of these materials will testify our present reported results.
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