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ABSTRACT: In this paper, we have tried to elucidate the variation of structural,
electronic, and thermodynamic properties of glasslike Na,GeO; under compressive
isotropic pressure within a framework of density functional theory (DFT). The
result shows stable structural (orthorhombic — tetragonal) and electronic (indirect
— direct) phase transitions at P ~ 20 GPa. The electronic band gap transition plays
a key role in the enhancement of optical properties. The results of the o °
thermodynamic properties have shown that Na,GeO; follows Debye’s low-
temperature specific heat law and the classical thermodynamic of the Dulong—Petit
law at high temperature. The pressure sensitivity of the electronic properties led us
to compute the piezoelectric tensor (both in relaxed and clamped ions). We have
observed significant electric responses in the form of a piezoelectric coefficient
under applied pressure. This property suggested that Na,GeO; could be a potential
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material for energy harvest in future energy-efficient devices. As expected, Na,GeO;
becomes harder and harder under compressive pressure up to the phase transition pressure (~20 GPa) which can be read from
Pugh’s ratio (ky) > 1.75, however, at pressures above 20 GPa ky < 1.75, which may be due to the formation of fractures at high

pressure.

B INTRODUCTION

Wide band gap semiconductor materials have received
extensive research attention due to their high-temperature
structural stability and tunability in electronic and mechanical
characteristics.' — Among the wide band gap semiconductors,
glasslike materials possessing a band gap (E, > 2.5 eV) have
become a fascinating material both experimentally and
theoretically due to their unique properties such as high
mechanical and thermodynamical stabilities, low thermal
conductivity, abundant availability in nature, and so on.*”’
Flexibility in fabrication and reliability of the glass materials
have made them promising candidates for technological and
industrial uses, particularly in the field of battery and storage
systems, fireproof fabrics, fiber optics, electronic device
preparation, bioactive glass, substrates for solar cells, etc.*”"*
It is well-known that the majority of the glasses are silica
(Si0,) based material.*~"> Despite the fact that silicate glasses
are the most commonly utilized among different glass types,
they have some major drawbacks including their brittleness
and impact resistance, property losses at higher temperatures,
etc. Therefore, in order to avoid such problems and to use
them for a wide range of temperatures, a replacement of silicate
glass is necessary. So, alkali germanate glass (Na,GeO5) having
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a high meltinég point could be a promising replacement for
silicate glass.'*™"”

To our knowledge, the structure of Na,GeO; was first
determined by Ginetti in 1957 and was later refined by
Vollenkle et al.***' Later, more rigorous and detailed work on
the structural determination of sodium metagermanate was led
by Cruickshank”* who reported that Na,GeO; has a high
structural similarity with Na,Si0;.>’ From the work of
Cruickshank we have come to know that Na,GeOj; exists as
an orthorhombic structure with space group Cmc2, and unit
cell lattice parameters of a = 10.845 A, b = 6224 A, and ¢ =
4.918 A. Recently, Yan et al.”* prepared a powder form of
Na,GeO; by heating a stoichiometric mixture of Na,CO; +
GeO, = Na,GeO; + CO, at 900 °C for 12 h. Analogous to
the alkali silicates,” the structure of alkali germanate is
determined by the presence of a three-dimensional network of
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[GeO,] tetrahedral chain and that of the existence of bridging
oxygen (BO) and nonbridging oxygen (NBO) bonds, where
alkali atoms are linked. The addition of alkali cation (Na*) has
disrupted the Ge—O—Ge bridging bonds, and as a result, NBO
comes into existence. The interesting part of the formation of
BO and NBO is that it fully describes most of the structural
arrangement of the atoms and deﬁnes the atomic level
interactions within the compounds.”® Experimentally, the
structure of alkali germanate glass was thoroughly explored
and the increase in refractive index and volume density with
the increase in alkali oxide was reported. The unique property
that germanate glasses exhibit an extrema in physical properties
with changes in composition marks them as anomalous
compared to their silicate analogues, hence the term germanate
anomaly.”’~* The origin of this anomalous behavior was
thought to be due to the conversion of germanium ions from
4-fold to 6-fold symmetry with the increase in alkali
concentration. However, the concrete physical interpretation
behind such an anomaly is still unexplained. So, in this regard,
an advanced computation technique in integration with the
standard atomic-scale theory and computer simulations has
become a major probe for understanding such behavior.

As far as we are aware, through the surveyed literature, no
theoretical works on the electronics, optical, and piezoelectric
properties under applied pressures have been performed. Also,
the experimental data are only limited to structural and optical
properties. In this current work, we have generated the unit cell
crystal structure by taking the lattlce parameters from the
experimental work of Cruickshank.”> The crystal structure was
then optimized for further calculation of the unexplored
properties like phase transition, electronic, optical, piezo-
electric, and thermodynamic properties under different
compressive isotropic pressures up to 25 GPa with a difference
of § GPa.

B COMPUTATIONAL DETAILS

All the computational calculations were performed within the
framework of density functional theory (DFT), as imple-
mented in the Vienna ab initio simulation package (VASP).*
Exchange-correlation was treated within the General Gradient
Approximation (GGA) as proposed by Perdew, Burke, and
Ernzerhof (PBE).31 The electron—ion interactions were
handled by a Projector Augmented Wave (PAW).”” The
PBE PAW pseudopotential of Na_pv 19 September 2006 with
7 valence electrons, O 08 April 2002 with 6 valence electrons,
and Ge_d 03 July 2007 with 14 valence electrons are sampled
for our calculations. The unit cell having 12 atoms with 4
sodium, 2 germanium, and 6 oxygen atoms forms the
orthorhombic structure with space group (Cmc2,).”” For
geometry optimization, full-cell optimizations were conducted
by relaxing atomic positions, unit cell shape, and unit cell
volumes. To ensure the convergence of cell energies and
structural parameters, the energy convergence criteria of 1073
eV was set such that the force on each atom was smaller than
0.02 eV/A. An energy cutoff of 520 eV was adopted for plane-
wave expansion of the electronic wave function, and the first
Brillouin zone integration was performed using 8 X 8 X 8 k-
mesh within the Monkhorst—Pack scheme using a linear-
tetrahedron method with Bloechl correction.” The above-
mentioned geometry convergence criteria were followed for all
structures under an isotropic compressive pressure of 0—25
GPa with a difference of S GPa. Calculation of phonon
dispersion curves along any path through the Brillouin zone are

performed based on the so-called direct method requiring an
underlying method to calculated forces on atoms. In this work,
medeA-Phonon is employed which provides fully automated
procedures.’* During phonon calculations, only the unit cell is
considered, and all the single-point calculations for phonon
calculations are performed at a standard precision of 500
(equivalent to PREC = Accurate which increases the memory
requirements somewhat, but it should be used if very accurate
forces (phonons and second derivatives) are required) with a
plane wave cutoff of 500 eV, and an electronic iterations
convergence of 107 eV is sampled with 8 X 8 X 8 k-mesh.
Moreover, for properties calculation, a dense k-mesh of 12 X
12 X 12 was sampled within the first Brillouin zone.

B RESULTS AND DISCUSSION

Structural Properties. Sodium germanate (Na,GeO;) has
a crystal structure similar to those of sodium silicate (Na,SiO5)
and lithium germanate (Li,GeOs).*”* The unit cell exists as
an orthorhombic crystal structure with the Cmc2, space group
(Figure 1). The optimized lattice parameters and volumes
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Figure 1. Structural phase transition from orthorhombic to tetragonal
under P ~ 20 GPa isotropic compressive pressure.

under isotropic pressures with a difference of 5 GPa are given
in Table 1. At 0 GPa, our optimized result agrees well with the

Table 1. Optimized Lattice Parameters (A) and Optimized
Volume (A?) under Varying Uniform Compressive Isotropic
Pressures with a Difference of 5 GPa

Pressure (GPa) a (A) b (A) c (A) V (A%
0 10.966 6.314 4.995 345.799
10.845“ 6.224 4.918“ 331.962°
10.88" 621" 4.92° 332.419"
10.852°¢ 6.233¢ 4.960° 335.497°¢
S 10.766 6.171 4.808 319.419
10 10.649 6.063 4.660 300.856
15 10.604 5.942 4.543 286.244
20 11.953 4.522 4.520 244.331
20.17 11.943 4.519 4.519 243.943
25 11.948 4.396 4.441 233.223

“Reference 22. YReference 37. “Reference :43.

experimental data of Cruickshank where the crystal was
regrown and 1083 reflexions photographlcally were collected
using a Syntex diffractometer.” It also matches with the result
of West et al,,”” where unit cell dimensions were recorded with
a Philips Hagg Guinier camera using CuKe radiation, and KCl
was added as internal standard. Since the theoretical works are
limited for this compound, we have these available
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experimental data for structural parameter comparison.
However, many DFT works has already been performed on
Na,SiO; and Li,GeOj that have crystal structures comparable
to that of Na,GeO3** " Usually, the lattice parameters
obtained for both Na,SiO; and Li,GeO; are smaller than those
of Na,GeO; due to the presence of heavier elements. The
calculated volume is 4.17% and 4.03% higher than the
experimental volumes. The difference in volume is due to
the well-known effect of GGA-PBE that overestimates the
volumes.

The current work gives a thorough study of the structural
deformation of Na,GeO; under isotropic compressive
pressures, and variation of lattice parameters with respect to
the applied pressure is shown in Figure 2. Interestingly, from
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Figure 2. Variation of lattice constants (ab,c) with pressure. The
structural phase transition from orthorhombic phase to the tetragonal
phase is obtained at P = 20.17 GPa with b = ¢ = 4.519 A (see inset).

this study it can be suggested that from a stable orthorhombic
phase the next stable phase for this compound could be
tetragonal which can be achieved by applying an external
pressure. The increase in applied pressure leads to a small
variation in the lattice constants up to 15 GPa. At a pressure
above 15 GPa we have observed a rapid increase in the lattice
constant a while b decreases gradually and there is not much
variation in ¢. The crossover of lattice b and ¢ takes place at
20.17 GPa giving rise to a tetragonal structure (b = ¢ = 4.519
A). Referring to Table 1, one can find that between 15 and
~20 GPa the volume of the studied system decreases abruptly,
suggesting that it undergoes first-order structural transition. To
enrich the structural study, we have calculated the bond length
(BL) and bond angle (BA) and observed that at P = 0 GPa the
calculated BL and BA are in good agreement with the
experimental and theoretical results. Changes in BL and BA
with pressure are shown in Table 2. From these results we can
understand that the BL are very consistent at all pressures;
however, on analyzing the BA for P = 15 and 20 GPa, we
observe that Ge—O—Ge BA decreases very rapidly from 114°
at 15 GPa to 105.1° at 20 GPa. This confirms that when
pressure escalates to around 20 GPa the studied compound has
started to undergo a structural phase transition (see Figure 1).
For better information on the structural parameters, atomic
positions in terms of fractional coordinates at different applied
pressures are provided as supplementary data in Table S1.
Electronic Properties. Atomic level interactions in any
material are comprehensive by making use of electronic

Table 2. Calculated Bond Length (BL) (A) Bond angle
(BA) (deg) under Different Applied Pressures with a
Difference of 5 GPa

(GI;a) 0 5 10 15 20 25
Ge—BO  1.83 1.81 1.80 1.79 1.86 1.88
(1.80%)
(1.86)
Ge— 1.74 1.73 1.72 1.71 1.73 1.73
NBO
(1.71%)
(1.75%)
Na—BO 241 2.33 228 224 2.16 2.16
(2.41%)
Na— 2.32 225 2.20 2.16 2.17 2.15
NBO
(2.35%)
Ge— 123.6 120.1 117.1 114 105.1 103.1
O_
Ge
(deg)
(124.6%)

“Reference 22. YReference 44.

properties calculations. The calculated band structure and
orbital-projected density of states (DOS) of Na,GeO; under
different compressive pressures are presented in Figure 3. The
zero energy line between the valence and conduction bands is
regarded as the Fermi energy level (E;). The energy dispersions
which are shown along the high symmetry points in Figure 3
(e) and (f) are highly different mainly at the valence band
region as compared to (a), (b), (c), and (d). Similar to
Na,SiO; and Li,GeO;,*** the band structures at all different
pressures show anticrossing, crossing, and noncrossing
behaviors; these consequently create complicated electronic
structures. Also, the number of band edges comes into
existence in the high-symmetry point that could influence
unique van Hove singularities along I', R, T symmetry for the
studied system at P = 20 and 25 GPa, suggesting a stronger
optical absorption.*”** From our calculations, between 0 and
15 GPa, the top and bottom of valence and conduction bands
are along Z to I' symmetry points in the first Brillouin zone
with indirect band gaps of ~2.97 3.22, 3.42, and 3.59 eV,
respectively. However, at 20 and 25 GPa (after occurrence of
structural phase transition), the electronic transition is direct
along I" symmetry points with band gaps of ~2.87 and 2.80 eV,
respectively. Our result at 0 GPa is in good agreement with the
recently reported band gap E, = 3.1 eV.** Moreover, it shows a
smaller energy gap as compared to Li,GeO; and Na,SiO;,
where the reported values were usually in the range of 2.97 to 5
eV.*™* The investigations of electronic properties for
Na,GeO; are very limited; as a result, the present work
might provide helpful information for the future. The wide
band gap and complex band structure of Na,GeO; have
suggested that it has excellent electrochemical stability and also
negligible electronic conductivity.”” Thus, by making use of
band gap engineering, if the wide band gap could be reduced
so as to enhance its electrical conductivity without losing its
electrochemical stability, this compound could be a promising
material for semiconductor devices.

The density of states (DOS), which allows us to fully
understand the valence and conduction region contribution in
the electronic properties study for Na,GeO; at different
pressures, are presented in Figure 3. Herein, the DOS are more
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Figure 3. Calculated band structure and density of states (DOS) of Na,GeO5: (a) 0 GPa, (b) 5 GPa, (c) 10 GPa, (d) 15 GPa, (e) 20 GPa, and (f)
25 GPa. Here R, and R, in (a) indicate the first and second regions due to majority contributions from NBO and BO, respectively.

dominated by the valence states (E < 0); therefore, the energy
spectra of the hole and electron about the Fermi level are
highly asymmetric. Generally, the orbital DOS contribution of
any compound is highly affected by the change in bond lengths
of the neighboring atoms.”® However, in this study when
pressure increases from 0 to 25 GPa the bond lengths are very
consistent (see Table 2) so changes in the DOS contributors
are not prominent even at different pressures. From the
investigation of DOS, it is possible to interpret that the energy
states around the top of valence bands are mostly contributed
by the O-p state while the energy states near the bottom of
conduction bands are contributed mainly by the complex
hybridized state of O-p, Ge-p, and Na-s states. In Figure 3 (a),
we have presented two main regions in the valence side,
denoted as R, and R,; these represent the oxygen contribution
on the VB region in terms of NBO and BO, respectively, and
are more or less similar to the DOS contribution of BO and
NBO in Na,SiO; which was formerly reported by Ching et
al.>' The R, within the energy range of 0 to —2 eV are mostly
contributed by the NBO, while the R, within the energy range
of =2 to =5 eV are contributed mainly by the BO. This is due
to the effect of relative atomic concentration of BO and NBO
where the DOS intensity (States/eV) of BO is about half of
NBO, and from a simple altercation of on-site Coulomb
repulsion, lower energy (or higher binding energy) of BO
valence orbitals should have less electronic valence charge as
compared to NBO (see Bader valence charges presented in
Table 3 where Bader valence charges of BO are all smaller than
that of NBO except at 20 GPa).

Furthermore, we have also presented the calculated Bader
charge analysis to examine the charge transfer upon formation
of bonds under different compressive pressures. In Table 3, we
have presented the Bader valence charge, Bader volume, and

16872

Table 3. Calculated Bader Valence Charge (lel), Bader
Volume (in A%) and Bader Charge Density (in lel/A%) for
Each Atoms under Different Applied Pressures

Pressure (in Valence Volume  Bader charge density

GPa) Atom charge (lel) (A3) lel (A%)
Na 6.142 9.400 0.653

BO 7.298 16.577 0.440

0 NBO 7.333 20.886 0.351
Ge 11.752 9.301 1.263

Na 6.151 8.671 0.709

BO 7.297 15.424 0.473

S NBO 7.332 19.096 0.384
Ge 11.737 8.896 1.319

Na 6.158 8.166 0.754

BO 7.309 14.642 0.499

10 NBO 7.330 17.852 0411
Ge 11.717 8.536 1.373

Na 6.164 7.805 0.790

BO 7.304 13.913 0.525

15 NBO 7.328 16.870 0.434
Ge 11.714 8.299 1.412

Na 6.174 7.090 0.871

BO 7.322 11.389 0.643

20 NBO 7.302 13.866 0.527
Ge 11.727 7.780 1.507

Na 6.179 6.814 0.907

BO 7.282 10.868 0.670

25 NBO 7.296 13.101 0.557
Ge 11.769 7.609 1.547

Bader charge density at different applied pressures. Clearly, the
valence charge density for each atom increases with pressure
due to the reduction in the volume with pressure, while that of

https://doi.org/10.1021/acsomega.3c00499
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Figure 4. Bader charge transfer (relative to atoms) of Na,GeOj;: (a) 0 GPa, (b) S GPa, (c) 10 GPa, (d) 15 GPa, (e) 20 GPa, and (f) 25 GPa.

the valence charge is very consistent even when the pressure
escalates up to 25 GPa. On analyzing the valence charges of
BO and NBO, the charges for NBO are larger than that of BO
except at 20 GPa. That is simply due to the effect of structural
phase transition observed at P ~ 20 GPa where atomic and
electronic structure rearrangements are possibly taking place.
The Bader charge transfer analysis among the relative atoms is
presented in Figure 4. The data reveal that charge transfer
occurs primarily between the oxygen atom (both BO and
NBO) and the sodium (Na) and germanium (Ge) atoms in
Na,GeO;. From Figure 4 (a), we can find that both Na and Ge
atoms dissipate ~0.86 lel and 2.25 lel while BO and NBO
accumulate ~1.30 lel and 1.33 lel to form a stable structure.
And therefore, the region near the Fermi level in the DOS
plots for the valence band side is mostly contributed by the
NBO, since charge accumulation by NBO is higher than BO.
Also, Ge has transferred more charges than that of Na,
consequently, the Ge atom is more dominant in the
conduction region compared to Na.

Optical Properties. The study of the interaction between
electromagnetic radiation and any materials can be interpreted
from the optical properties. It is crucial for industrial as well as
scientific applications in the fields of laser technology, mirror
production, optical windows, photovoltaic devices, and many
more.”” " In the current work, to examine the optical
properties of Na,GeO;, we have calculated the optical
dielectric constant (€), absorption coefficient (a), and
refractive index (1) under different compressive pressures.
Since the observed results are most prominent along the x-axis,
interpretation and analysis are done for the x-axis in this work.
The frequency-dependent complex dielectric function (@) is

adopted to determine different optical parameters. Complex
dielectric function is expressed as follows

€ =g +ig, (1)

Here, €, and €, are the real and imaginary parts of the
dielectric constant, respectively. The above equation is
interconnected with the electronic structures and gives the
linear response of the studied material and electromagnetic
radiations. The imaginary part (e,) is given as>’

e I ~
ey(w) = 7;0)22 fk FEI(EJBIE )P x [1 = (€16
(Ep - Ey' — ho) @)

where, P is the momentum operator, |kn> is the eigenfunction

of the eigenvalue Ej and f(k,) is the Fermi distribution
function. For the real part (€,), the equation employed is

2 = eg(0)w'do’
&) zJo - * (3)

For extinction coefficient (), absorption coefficient (), and
refractive index (77), the formulas employed are given as

_ (812 + 522)1/2 — &
K@) = \/ 2 )

_ 2wk(w)
a(w) = ———= )

https://doi.org/10.1021/acsomega.3c00499
ACS Omega 2023, 8, 16869—16882


https://pubs.acs.org/doi/10.1021/acsomega.3c00499?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00499?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00499?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00499?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00499?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

L(a)

—0-GPa

14

(c)

12¢

10p

08F

061

04F

02F

00

0 2 4 6 8 10 12

Energy (eV) Energy (eV)

12
0 2 4 6 8 10

Energy (eV) Energy (eV)

Figure 5. Optical parameters as a function of the photon energy (in eV) under 0, 5, 10, 15, 20, and 25 GPa pressures: (a) real part of dielectric
function (€,), (b) imaginary part of dielectric function (e,), (c) absorption coefficient (a), and (d) refractive index (7).

Table 4. Calculated Elastic Constants C; under Different Compressive Pressures (in GPa units)“

P Cu Cy Cs3 (O Css Ces
110.81 89.87 88.45 47.23 36.37 32.37
144.09 116.87 111.41 47.99 40.26 3343
10 168.04 133.25 128.07 50.48 41.49 32.83
15 195.15 151.54 159.86 52.11 46.10 19.15
20 439.08 126.60 183.95 45.25 65.69 65.81
25 496.03 157.52 209.44 54.29 71.32 73.34

C Cis G Cy Gy Cs,
33.43 20.34 33.43 34.40 20.34 34.40
61.75 34.33 61.75 43.24 34.33 43.24
100.79 50.58 100.79 49.08 50.58 49.08
138.63 67.25 138.63 67.21 67.25 67.21

95.69 86.22 95.69 38.13 86.22 38.13
104.62 101.03 104.62 42.98 101.03 42.98

“Here in this table, at 0—15 GPa Na,GeO; is in the orthorhombic phase, and at 20 and 25 GPa Na,GeOs; is in the tetragonal phase.

_ (812 + 822)1/2 + g
n(w) = \/ S ©

In Figure S (a) and (b), plots for €, and €, under different
compressive pressures are presented. For €}, we observed two
prominent peaks. The first peaks are within the range of 4—S5.5
eV photon energy, while the second peaks are within 7—8 eV
for each applied pressures. For €,, the most active regions are
within the range of 5—10 eV photon energy. Within this
region, one can find three prominent peaks for P = 0 to 15
GPa, while only one prominent peak is observable for P = 20
and 25 GPa. Moreover, for both €, and €, the dielectric
constant spectra peaks have shown a blue shift with a slightly
increasing magnitude of the dielectric constant values as the
pressure escalates up to 15 GPa. Conversely, a red shifting of
€, is observed for 20 and 25 GPa leading to enhancement in
the optical properties. A similar spectral behavior is observed
for Figure 5 (c) and (d) as the parameters such as @ and 7 are
in close relation with the complex dielectric constants €, and
€,, respectively. The reason that enhanced optical behavior are
observed at 20 and 25 GPa is due to the fact that at such
pressures, the studied system undergoes direct band electronic
transition from the indirect characteristics. Therefore, no
change in momentum is required for an electron in the
conduction band to recombine with a hole in the valence band.
Thus, at 20 and 25 GPa, the optical parameters that have been
presented in terms of photon energy (eV) were enhanced as
compared to P = 0—15 GPa. Similarly, pressure-dependent
enhancement of optical properties was formerly reported for
halide perovskite, sulvanite compounds, and glass materi-
als.**% However, compared to these compounds, Na,GeO,
has shown better enhancement due to the resultant direct band
electronic transition at P ~ 20 GPa.

Our main concern is to observe the variation of absorption
spectra under the applied pressure for its potential application
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in optoelectronic devices. Here, we have calculated the
absorption coefficient (@) as a function of incident photon
energy under different compressive isotropic pressures, as
shown in Figure S (c). Interestingly, the absorption spectra fall
within the Vis—UV range, and the active regions have started
from 2.8 eV photon energy which is comparable to Na,SiO,.*°
Referring to the black line (i.e., 0-GPa) of Figure S (c), the
minimum threshold energy is found to be 3.2 eV which
corresponds to an optical band gap and is in good agreement
with the first direct electron transition from the top of the
valence band (O-p) to the bottom of the conduction band
(Ge-p) along I'-symmetry. We have observed three prominent
peaks at 7.2 9, and 11.2 eV. The first peak at 7.2 eV is the result
of the transition from the first band of the valence region and
the third band of the conduction region along Z-symmetry.
The second peak at 9 eV is the probability transition from the
11th band of the valence region to the fourth band of the
conduction region along Y-symmetry. The third peak at 11.1
eV is due to the outcome of the transition from the 14th band
of the valence region (~—3.3 eV) and the fifth band of the
conduction region (~7.9 €V) along S-symmetry. Moreover,
between 0 and 15 GPa, the prominent peaks of the absorption
spectra show a blue shift up to 15 GPa, but at 20 GPa, we
observed highly anisotropic behavior and the peak is red-
shifted with largely increasing absorption intensity. The
discrepancy at 20 and 25 GPa is due to the experience of
large tensile strain along the x-axis when the applied
compressive pressure escalates from 15 to 20 GPa. The same
effect can be observed for the refractive index (77) plot (see
Figure S (d)). From the spectral plot of 7 it is comprehensible
that the static refractive index 7(0) for 0—15 GPa are within
1.7—1.8, while at 20 and 25 GPa, 7(0) are ~1.96 and 1.97,
respectively. The obtained refractive indices are in good
agreement with the experimental investigation led by Jin et
al.’" where the reported refractive indices were: 1 = 1.62 for
1.2 mol % of Na,O and 98.8 mol % of GeO, while # = 1.69 for
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Table S. Calculated Elastic Moduli (Bulk Modulus (B), Young’s Modulus (Y), and Shear Modulus (G), All in GPa Units) and
Poisson’s Ratio (v) (Unitless) under Different Unidirectional Pressures (in GPa units)”

P By By By Yy Yr
51.72 S1.36 51.54 88.83 85.86
S 72.34 70.72 71.53 101.0S 97.81
10 92.25 87.42 89.83 105.35 96.64
15 116.97 110.70 113.83 105.39 80.34
20 132.19 93.19 112.69 179.91 149.16
25 151.14 110.68 13091 205.62 174.54

Yy
87.34
99.43
101.00

92.86
164.53
190.08

Gy Gy Gy Uy Ur Uy
36.59 35.15 35.87 0.2137 0.2214 0.2175
39.87 38.52 39.20 0.2672 0.2695 0.2683
40.22 36.73 38.47 0.3097 0.3157 0.3126
39.04 29.13 34.08 0.3498 0.3790 0.3639
70.65 60.48 65.56 0.2732 0.2332 0.2563
80.75 70.54 75.64 0.2733 0.2372 0.2577

“Here in this table, the subscripts V, R, and H represent Voigt, Reuss, and Hill assumptions respectively.

Table 6. Calculated Pugh’s Ratio (k) (Unitless), Velocity of Sound Calculated from Hill Moduli under Different Pressures (in
Km/s), Melting Temperature (T,,), Kleinman Coefficient ({), and Vickers Hardness (H)“

P ky kg kyy Vi | Vay
1.41 1.46 1.44 3.35 5.58 3.71

S 1.81 1.84 1.83 3.49 6.19 3.88
10 2.29 2.38 2.33 3.42 6.55 3.83
15 2.99 3.80 3.34 3.17 6.86 3.57
20 1.87 1.54 1.72 4.21 7.36 4.68
25 1.87 1.57 1.73 4.45 7.78 4.94

¢ Aan Hy Hy Hy e
0.45 2.80 7.96 7.30 7.63 1207.99 + 300
0.56 3.08 S.61 5.31 5.46 1404.72 + 300
0.71 3.45 3.57 2.97 3.27 1546.28 + 300
0.79 3.54 173 0.02 0.84 1706.53 + 300
0.37 3.90 8.60 10.29 9.26 3148.40 + 300
0.36 3.94 9.54 11.54 10.23 3485.03 + 300

“Here in this table, the subscripts t, ], and av represent transverse, longitudinal, and average velocities, respectively.

14.95 mol % of Na,O and 85.05 mol % of GeO,. This reveals
that the studied system Na,GeOj; is either a transparent or
translucent-like compound in nature. However, as compared to
Na,Si0;, the system being studied has a higher static refractive
index, where the reported static refractive index for Na,SiO; at
0 GPa was 77(0) = 1.03 along x-axis.”

Mechanical Properties. In this section, we will focus on
the mechanical properties of Na,GeO; under different
compressive pressures to perceive the applicability of the
studied compound to practical appliances. In this regard, we
have calculated the elastic constants ( Cij) as shown in Table 4
and other mechanical properties as shown in Tables 5 and 6.
The structural investigation shows that Na,GeOj; exists as an
orthorhombic phase between 0 and 15 GPa and a tetragonal
phase at 20 and 25 GPa. The mechanical stabilities at these
two phases are checked by employing the necessary and
sufficient Born criteria for orthorhombic and tetragonal
systems, given as® o

Ci1>0,CCy > Clzzl
[Cnczzcss +2C,C5C5; — C11C232 - C22C132 - C33C122]

>0,Cpy > 0, Cis > 0, Cgg > 0

7)

Cw C33) C44) C66 >0, C11 - C12 >0, C11 + C33 - 2C13

> 0,2C); + Cy3+ 2C, +4C ;3> 0
(®)

respectively, and we observed that both these phases show
mechanical stabilities.

From Table 4, we can find that the calculated C;;, C,,, and
Cy; are considerably larger than C,y, Css, and Cg. This implies
that the compound being investigated has more resistance to
axial compression as compared to shear deformation, which is
further confirmed by showing that the bulk modulus (B) is
greater than the shear modulus (G) (see Table S). The large
values of C;;, C,, and C;; as compared to other elastic
constants also suggest that Na,GeO; shows highly anisotropic
single-crystal elasticity behavior. For investigating the internal
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deformation stability, we have calculated the Kleinman
. . . . 65
coefficient (C ) using the equation given as

G+ 8C,

B 7C + 2C, 9)

The Kleinman coefficient § which is in the range 0 < { <1
determines the stability of the compound against stretching
and bending. A closer value of { to 0 indicates a negligible
contribution of bond bending to resist the applied pressures.
From the calculation values given in Table 6, it is possible to
state that the mechanical strength of the studied compound
due to the contribution from bond bending increases with
pressure as pressure escalates from 0 to 15 GPa. On the other
hand, at 20 and 25 GPa (ie., after the structural phase
transition to tetragonal from orthorhombic phase) the internal
deformation stability is highly due to the bond stretching. For
the practical application of any materials, knowledge of the
melting temperature is highly needed. In this regard, we have
calculated the melting temperature (T,,) of Na,GeO, under
diiéfée(r)snt applied pressures by employing the equation given

T, = 553 + 5.911C,, + 300 (10)

The calculated T, at P = 0 GPa is higher than that of
Na,SiO; where the experimentally reported melting point was
820 °C.°® The calculated T,, shown in Table 6 reveals that the
melting temperature increases with applied pressures. How-
ever, one can find that between P = 0—15 GPa the rise on T,
with P is very regular, but once P reaches 20 GPa, T, surges to
~2875 °C. This implies that the tetragonal phase of Na,GeO;
is more applicable at a higher temperature than that of the
orthorhombic phase.

In Table S, the calculated elastic moduli such as bulk
modulus (B), Young’s modulus (Y), shear modulus (G), and
Poisson’s ratio which are estimated in terms of Voigt, Reuss,
and Hill assumptions are presented.””~”" The calculated bulk
modulus that can be used to estimate the incompressibility of
studied materials under applied pressure reveals that the ability
to withstand changes in volume increases as the applied
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pressure is increasing. Also, the observed Young’s modulus that
determines the resistance of solid materials to deformation
shows that Y values are higher than 90 GPa at each applied
pressure. This implies that the compound being investigated is
a stiff material which is very much needed for practical
applications since stiff compounds do not bend or change
shape easily.”” The lower obtained values of shear modulus as
compared to B and Y at each pressure indicate that the applied
pressures are less effective in deformation along the plane of
the direction of applied pressure. To understand the brittleness
or ductility of the studied system, we also perform the
calculations for Poisson’s ratio (v) and Pugh’s ratio (k) under
different applied pressure (see Tables 5 and 6). Clearly,
between 0 and 15 GPa, v and k increase with applied pressure.
However, at 20 GPa it becomes less ductile as v and k are
decreasing. From this result, it is possible to state that the
orthorhombic phase of Na,GeOj has better ductility compared
to its tetragonal phase. From certain reviewed literature, it is
well-known that in crystallophysics isotropy/anisotropy plays
an important role. Therefore, the elastic anisotropic factor

(A,,) is calculated using the equation given as”? 77
A, = L
Ci+ Gy —2C; (11)

From A, values given in Table 6 it has been understood that
the compound being investigated is highly anisotropic in
nature (for isotropic materials, A,, = 1). Also, as applied
pressures increase, the studied system has shown a more
anisotropic behavior. Herein, the calculation for Vickers
hardness (H) given by the equation”®

2
H = z[(ﬁ) G
B (12)

From the calculated values of H, it is clear that between P =
0—15 GPa the hardness reduces with increasing pressure and
reaches a minimum value of H = 0.84 GPa at P = 15 GPa.”’
However, as applied pressure is further increased, the value of
H shoots up rapidly and extends even up to H = 10.23 GPa at
P =25 GPa. Overall, it is possible to state that the tetragonal
phase of Na,GeO; has higher H values as compared to its
orthorhombic phase. One of our main concerns for mechanical
properties calculation is to figure out the average sound
velocity (v,,) determine by both transverse and longitudinal
velocities (v, and v) calculated by the equation given as’*~*

0.585
-3

-1/3
1( 1 2
v, =|— —3'|'—3
\v” oy (13)

B +4G G . .
where, v, = \/ % and v, = [=. Here, p is the density.
0 P

From our calculation for the velocity of sound at different
pressures (see Table 6), we can find that at P = 20 GPa the
values of v, v}, and v,, increase rapidly. This suggests that after
phase transition the density of Na,GeOj increases largely (ie.,
the tetragonal phase of Na,GeO; has a higher density as
compared to orthorhombic phase), which leads to more
elasticity in the medium and hence the ease by which
compression and rarefaction can take place.

Piezoelectric Properties. Wide band gap semiconductors
possess some critical advantages including a better ability to
tune the efficiency for some practical purposes by making use
of band gap engineering.*"*” Since glass-like materials usually

have wide band gaps and own high mechanical stabilities, such
compounds give superior piezoelectric responses. It is
mandatory that piezoelectric materials are an insulator or
semiconductor with a sufficiently wide band gap to avoid
current leakage. The applicability of piezoelectric materials for
actuators, sensors, and monitoring heartbeats and breathing,
etc. has made these materials a fascinating topic among
researchers.”~*® In this section, we report direct piezoelectric
constants for Na,GeO; under different applied pressures,
presented in terms of electronic “clamped ion” and total
“relaxed ion”, including both ionic and electronic contribu-
tions. The piezoelectric tensors are calculated with the modern
theory of polarization based on the Berry phase approximation
where the third-rank piezoelectric tensors e, represent the
correlation between the polarization tensor P; and the second-
rank strain tensor 7,.%”

v on, (14)

where, i = %, y, z and v = ax, yy, 2z, yz, xz, and xy.
For clamped ion piezoelectric constant, the formula
employed is given as
oo,

v

¢
T (15)

where o is the stress tensor and ¢ is the constant electric field.

Figure 6. Maximum direct piezoelectric constant is given in terms of
relaxed and clamped ions under varying applied compressive
pressures. For the relaxed ion and clamped ion, maximum
piezoelectric constants are obtained at e;3 and ey, respectively.

As shown in Figure 6 and Table 7, the maximum
piezoelectric constants for relaxed ion and clamped ion are
along e;; = e, Ji.e., piezoelectric response along the z-direction
due to strain 77, and e;, = ¢, i.e, response along z due to
strain 7),,, respectively. On analyzing the variation of maximum
total piezoelectric constants as a function of applied pressures,
one can find that the values of es; increase with increasing
pressure, and at 20 GPa, the rate of increasing the constant
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Table 7. Calculated Piezoelectricity and Electronic “Clamped Ion” and Total “Relaxed Ion” Constants under Different

Compressive Pressure”

P G €3 €33 €s €16
Clamped 0.0834 0.1922 —0.2921 0.1130 0.0611
Relaxed —0.1808 —0.224S 0.9044 —0.0478 —0.0909
S Clamped 0.0852 0.1852 -0.2772 0.0959 0.0581
Relaxed —0.1664 —-0.2303 1.0155 —0.0939 —0.1075
10 Clamped 0.0852 0.1739 —0.2587 0.0819 0.0528
Relaxed —0.1571 —-0.2310 1.1014 —0.1100 —0.1031
15 Clamped 0.0848 0.1596 —0.2332 0.0733 0.0512
Relaxed —0.1436 —0.2257 1.3096 —0.1229 —0.1002
20 Clamped 0.1388 0.1799 —-0.2717 0.1544 0.0724
Relaxed —0.4338 —0.1267 1.5400 0.0711 —0.0964
25 Clamped 0.1289 0.1809 —0.2431 0.1670 0.0690
Relaxed —0.4702 —0.0944 1.8328 0.1525 —0.0821
“Here, the piezoelectric constants are in units of C/m?
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Figure 7. Phonon dispersion curve for Na,GeO; at (a) 0 GPa, (b) S GPa, (c) 10 GPa, (d) 15 GPa, (e) 20 GPa, and (f) 25 GPa.

values (i.e., e53) is enhanced. This reveals that the tetragonal
phase of Na,GeOj has better piezoelectric responses compared
to its orthorhombic phase. The fact that with the application of
pressure the piezoelectric constants are varying shows that the
piezoelectricity is significantly affected by the motion of the
constituent atoms. Our calculated e;, are higher than standard
piezoelectric materials; @ quartz whose reported values were
e;; = 0.15 C/m?” and 0.07 C/m? at room temperature and at 5
K, respectively.”® However, compared to some ferroelectric
materials such as SrTiOj; that show the piezoelectric response
of e;3 = 8.82 C/m? our calculated values are fairly low.*
Therefore, more rigorous research to enhance its piezo-
electricity is needed in order to utilize this compound for
practical piezoelectric devices. In Table 7, we report the
clamped ion and relaxed ion piezoelectric constants. The fact
that we are observing a change of sign between the clamped
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ion and relaxed ion under different applied pressures reveals a
large effect of nuclear relaxation. However, above 20 GPa, ey
values for clamped and relaxed ions do not experience a change
of sign, and this shows that the compound being investigated is
stiffer at higher pressure. Therefore, a slight increase in applied
external pressure has a large effect on its piezoelectric
responses.

Thermodynamical Properties. To investigate the ther-
modynamic properties, we first calculate the phonon
dispersion curves along the high-symmetry direction for the
different applied pressures, as shown in Figure 7. Since the
considered system consists of 12 atoms in the unit cell, there
are 36 branches in the phonon dispersion curves. It has been
clearly seen that the calculated phonon dispersion curve
display softening behavior, and therefore, a small negative
phonon frequency (f < —1 THz) is observed near the I'-
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Figure 8. Dependencies of (a) constant-volume heat capacity C,, (b) vibrational entropy S(T), (c) vibrational Helmholtz free energy A(T), (d)
change in vibrational internal energy E,;,(T), and (e) linear thermal expansion coefficient a on temperature at various applied pressures.

symmetry for P = 0 GPa, which could be numerical noise while
performing the calculation. This implies that the pristine state
of Na,GeOj; is dynamically stable. However, as the applied
pressure is increasing, higher negative phonon frequencies are
displayed along I', S, and Y symmetry for P = 5, 10, and 15
GPa (see Figure 7 (b)—(d)). This indicates that at such
pressures the considered system is dynamically unstable. The
negative phonon frequencies that appears when the applied
external pressure increases implies the studied system undergo
a change in structural and atomic rearrangement and a
possibility of the occurrence of phase transition to a lower
symmetry. Interestingly, at P = 20 and 25 GPa (where
structural phase transition is observed), the studied system is
dynamically stable, suggesting that for Na,GeO; the next stable
structural phase, i.e., from orthorhombic — tetragonal phase,
can be achieved by applying P ~ 20 GPa. As seen from the
phonon dispersion curve for each different applied pressure,
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within the higher frequency optical phonon region there is a
gap between the optical—optical phonon modes. This gap is
due to the difference in mass between Na, Ge, and O atoms. At
P = 0—15 GPa, the nature of optical phonons within the higher
frequency regions is very regular while some changes are
clearly seen for P = 20 and 25 GPa, suggesting the structural
and atomic rearrangement above P ~ 20 GPa.

The main concern for the study of thermodynamic
properties is the understanding of vibrational properties such
as heat capacity C,, entropy S(T), Helmholtz free energy A(T),
change in internal energy E,;,(T), and linear thermal expansion
coeflicient @ as a function of temperature at various pressures,
as shown in Figure 8. In this study, the quasiharmonic Debye
model is used to predict the thermodynamic properties.”
According to this model, we have
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Here, h is Planck’s constant, n number of atoms per formula
unit, N, Avogadro’s number, p density, M molecular mass, k
Boltzmann constant, ® Debye temperature, T temperature, y
Grueneisen parameter, B bulk modulus, V volume, E; the
electronic plus vibrational energy of formation, and D the
Debye integral defined as

3

y
pp) == [
y 0 e

-1 (21)

In thermodynamics and statistical studies, heat capacity
plays an important parameter to investigate the Iattice
vibration characteristics. The nature of heat capacity (C,)
curves as shown in Figure 8 (a) can be broadly divided into
two parts to discuss; first, when T < ©, the curve follows the
rule given as

3

C, = £ﬂ4nR(Z)

S C) (22)
where R is the universal gas constant. Second, if T > ©, the
rule of the C, curve is

C, ~ 3nR (23)
From the C, plot, we can see that the C, curves for all

applied pressures obey the two rules mentioned above. At T <
© (values for © at 0 K are given in Table 8), the increase in C,

Table 8. Calculated Debye Temperature (@) (K),
Grueneisen Parameter (y) (Unitless), and Zero-Point
Energy (E,) (kJ/mol) for Na,GeOj; for Different Applied
Pressures at 0 K

P (€] 7 E,
453.2 1.36 25.43
S 475.8 1.59 26.70
10 472.5 1.85 26.52
15 445.6 2.25 25.01
20 600.8 1.53 33.72
25 641.6 1.54 36.01

is proportional to T° which confirms that our calculation
follows Debye’s low-temperature-specific heat law. However,
C, are almost constant for each different pressure when T >
0; i.e, C, tends to the Dulong—Petit limit. This shows that, at
high temperature, our calculation obeys the classical
thermodynamics of the Dulong—Petit law. Between 0 and 15
GPa, the plotted C, curves are almost along the same line; this
indicates heat capacity for orthorhombic phases of Na,GeOj;

are almost fixed. However, red and green lines (i.e., C, for S
and 10 GPa) have slightly lower heat capacity values than black
and blue lines (i.e., C, for 0 and 15 GPa), which could be due
to lower © values of the former two lines compared to the
latter. On the other hand, comparing C, values for P = 20 and
25 GPa with respect to those lower pressure, it can be noticed
that heat capacity reduces at higher pressure. This shows that
the orthorhombic phase of Na,GeO; has better stability
toward a change in temperature as compared to its tetragonal
phase. From Figure 8 (b), when the change of entropy is
analyzed within the temperature values ranging from 0 to 1200
K, the entropy value increases as the temperature increases.
The rate of increase of entropy at lower temperature values is
fast, while this rate of increasing is gradually reduces toward
the high temperature values for each different applied
pressures. However, for P = 20 and 25 GPa, the obtained
entropy values are almost 6/7 times lower than those entropy
values at lower pressures (P = 0, S, 10, 15 GPa). This reveals
that the orthorhombic phase has higher disorder or random-
ness than the tetragonal phase since thermal energy that is
unavailable for doing useful work is higher for the
orthorhombic phase of Na,GeOs. For P = 0 GPa at T = 300
K, C, = 133.9 J/K/mol and S = 163.5 J/K/mol which are
hi%her than silicate glass (Na,SiO;) reported by Belmonte et
al.”! where the estimated values were C, = 109.5 J/K/mol and
S =112.5 J/K/mol at T = 300 K. This reveals that Na,GeO,
has better thermal stability as compared to Na,SiOs.

In Figure 8 (c), it is clearly seen that the vibrational
Helmholtz free energy A(T) reduces with increasing temper-
ature for each applied pressures. Comparing the orthorhombic
phase of Na,GeO; with its tetragonal phase, it is possible to
notice that the thermodynamic potential (thermal energy)
available for doing useful work is higher for the tetragonal
phase. In Figure 8 (d) and (e), plots of change in vibrational
internal energy E(T) = E(T) — E, where E(T) is the
vibrational energy of formation and Ej is the zero point energy
(calculated E,, for each different pressures are given in Table 8)
and linear thermal expansion coeflicient « are presented. From
Figure 8 (d), it is possible to state that E;(T) increases with
increasing temperature, and the trend followed by each curve
for different applied pressures is more or less similar to Figure
8 (a)—(c). The Gruneisen parameter (y)°* that correctly
predicts the anharmonic properties of the solid material, such
as thermal expansion effect, is given in Table 8. Values of y
initially increase with pressure and then drastically reduce
when the studied compound undergoes structural phase
transition. The coefficient of thermal expansion (&) is basically
the change in strain due to change in temperature and is in
close relation to the Young’s modulus estimated in Voigt
(uniform strain assumption). From Figure 8 (e), we can find
that values of a shoot up rapidly when the temperature is
below room temperature. o reduces as applied pressures are
increasing, and the variation of the a curves for each different
applied pressure at higher temperature region are in close
comparable with variation of Y, values (Y, are given in Table
5). On analyzing the path followed by each curves, it is
possible to state that when the pressure is increasing the
compound becomes more stiff. However, between P = 0—15
GPa, the increment for which the stiffness is increasing reduces
when the pressure escalates, and a large variation is not seen
between the green and blue curves of Figure 8 (e) (i.e., for P =
10 and 15 GPa). In conclusion, it is possible to interpret that
the tetragonal phase is stiffer even for certain high temperature
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range than its orthorhombic phase since a is lower for the
tetragonal phase of Na,GeOj;. For Na,GeOj; at P = 0 GPa and
T = 300 K, the calculated & = 2.25 X 10™° K™'. However, for
(Na,0),(Si0,),_, the theoretical work (a,) of Subedi et al.**
and experimental work (a,) of White et al.” reveal that at T =
283 K, for x = 0.3, the ar,(@,) = 0.9 X 1075(1.2 X 107°) K~
This shows that upon heating the sodium germanate glass will
expand more as compared to sodium silicate glass due to a
higher value of a.

B CONCLUSIONS

In summary, we report the results of the variation of the
structural, electronics, optical, mechanical, piezoelectric, and
thermodynamic properties of a complex glasslike Na,GeOj;
under compressive pressure as investigated from DFT method.
We have observed a structural phase transition from
orthorhombic to tetragonal (highly sensitive to pressure) at
~20 GPa. We have also observed a band gap fluctuation on
increasing the applied pressure, which enable tuning of band
gap for optical absorption. A band gap flip from indirect to
direct occurs at ~20 GPa. Both mechanical and thermody-
namical stabilities are verified by fulfilling the necessary and
sufficient Born criteria. Furthermore, the thermodynamical
stability has been confirmed by calculating the phonon
dispersion curves for each pressure. The study of thermody-
namic properties had shown that the thermal energy needed
for doing useful work was higher for the orthorhombic phase
than the tetragonal phase, which infers the high linear thermal
expansion coeflicient of orthorhombic phase. The orthorhom-
bic phase had lost more properties than its tetragonal phase at
a higher temperature. From the computed piezoelectric tensor
(both in relaxed and clamped ions), it has been confirmed that
Na,GeOj; could be a potential material for future piezoelectric
devices. The present research on Na,GeO; may provide a
direction for developing a new sensors and piezoelectric device
with outstanding mechanical and thermal stabilities.
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