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In this study, the electronic, optical and mechanical properties of LiNb1xTaxOs were investigated by ab initio
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method by adding tantalum (Ta) instead of niobium (Nb) with 0.1 doping step from x=0 to x=1 at different
concentrations. The effects of Ta addition on the electronic structure of LiNbOs were investigated. The results
indicate that Ta doping results in an increase in the forbidden band gap of LiNbOs. The real and imaginary parts

of the dielectric function of LiNb14TaxOs were calculated and the optical transitions between the bands were
determined. The second-order elastic constants of Ta doped LiNbOs were calculated and the mechanical stability
of the material was determined. In addition, the calculated elastic constants were used to determine the bulk
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Introduction

LiNbOs (Lithium niobate), a member of the ABOs-type
ferroelectric perovskite family, is one of the most
technologically important materials for optoelectronics.
Its versatility stems from its considerable piezoelectric
coefficient and distinctive electro-optical, acoustic-
optical, nonlinear optical, photorefractive and
photoconductive characteristics. It is employed in a
multitude of applications, including waveguides, solid-
state lasers, photorefractive devices and other
optoelectronic devices. The LN (Lithium Niobate) crystal
has been designated as "Optical Silicon"[1]. The
properties of LN crystals can be modified or controlled by
the introduction of specific dopants. As an example, the
photorefractive (PR) properties of LN crystals can be
significantly suppressed when doped with optically
damage-resistant (ODR) ions, such as Sc3*, In3*, Zn?*, and
Mg?*, at relatively high concentrations. This allows the
frequency to double [2]. Furthermore, doping LN with
transition metal ions, including Cu, Fe, Mn, and Ce, can

result in the formation of crystals with notable
photorefractive  properties, rendering them as
prospective  materials for holographic memory

applications [3, 4]. It is known that perovskite oxides,
characterized by the general formula ABOs, display a
diverse array of physical properties, including a
superconductivity, substantial magnetoresistance,
ferroelectric polarization, and high dielectric constant. As
a result, it constitutes one of the most crucial categories
of materials for technological applications. LN exhibits a
paraelectric phase with a trigonal crystal structure, with
the R-3c space group, at high temperatures. When
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modulus (B), shear modulus (G), Young's modulus (E), Hy,qcro @and Hypicro hardness values. It was determined
that the LiNb1xTaxO3 material exhibited a transition from a ductile to a more brittle state with the addition of Ta.
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subjected to low temperatures, the material undergoes a
transformation into a ferroelectric phase characterized by
R3c symmetry. A slight deformation of the paraelectric
phase is observed in what is known as the ferroelectric
phase. In the trigonal ferroelectric phase at room
temperature, LN is assigned to the 3m point group [5]. It
exhibits spontaneous polarization along the [111] crystal
direction in the ferroelectric phase, rendering it an
appropriate material for use in optoelectronic devices [6,
71.

To the best of our knowledge, there is no study on the
effect of Ta doping on the structural, electronic, optical
and mechanical properties of LiNbOs using the virtual
crystal approximation (VCA) [8]. The aim of this study is to
investigate the effect of Ta doping on the physical
properties of LiINbO3 using VCA based on density
functional methods (DFT) [9]. For this purpose, the effects
of Ta doping on the crystal structure, forbidden band gaps,
optical properties such as reflection, refraction,
absorption and energy loss function, elastic constants and
elastic modulus (such as bulk, shear and Young's modulus)
of LiNbOs with 0.1 doping step from x=0 to x=1 will be
investigated.

Materials and Methods

The electronic, optical and elastic properties of Ta-
doped LiNbOs were calculated by means of density
functional methods under the generalized gradient
approximation (GGA) [9]. The calculations were
performed using optimized norm-preserving Vanderbilt
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pseudopotentials [10]. The kinetic energy cut-off required
for electronic wave functions was determined to be 44
Hartree. In the calculations, the valence electrons of the Li
atom were taken to be 1s? 2s!, those of the Nb atom
45%4pb4d*5s?, those of the Ta atom 5s25p®5d36s2, and
those of the O atom 2s22p®. In order to calculate the
electronic and optical properties at specific k points within
the Brillouin zone, the 8x8x8 and 16x16x16 Monkhorst-
Pack [11] meshes were employed, respectively. In this
study, all results were obtained using the VCA. The
structural, electronic, optical, and elastic properties of
LiNb1xTaxOs were investigated by ab initio method,
wherein Ta was added in place of Nb with a 0.1 doping
step from x=0 to x=1 at varying concentrations. All
calculations were conducted using the ABINIT software
program [12].

Results and Discussion

Structural Properties

LiNbOs exists in the ferroelectric phase at room
temperature, exhibiting a rhombohedral structure (with
space group R3c (#161)). Figure 1(a) illustrates the
rhombohedral unit cell of the LiNbOs crystal in its
ferroelectric phase. The LiNbOs3 unit cell contains two
molecules with ten atoms in the rhombohedral structure.

a(h)

(a)

The equilibrium lattice parameter of the LiNbOs crystal
was calculated by minimizing the ratio of the total energy
of the crystal to its volume. The resulting lattice
parameters are presented in Table 1. The obtained values
were compared with the theoretical and experimental
lattice parameters that have been previously reported in
the literature. As illustrated in Table 1, the lattice constant
and the angle between the axes determined in this study
using the GGA are slightly bigger than those reported in
the literature.

Table 1. The relaxed lattice parameters and angles of
LiNbOs in rhombohedral structure.

Method a=b=c(h) a=B=y
GGA(©) 5.540 58.9
Exp.!13) 5.494 55.8
Exp.!14 5.496 55.8
GGAM! 5.509 55.8
GGAL®l 5.495 55.8
LDAM7 5.488 54.8

Figure 1(b) depicts the variation of lattice parameters for
LiNb1xTaxOs as a function of Ta doping. As illustrated in
Figure 1(b), it is clear that the lattice parameters of LiNbOs
exhibit a decrease with Ta doping.
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Figure 1. (a) The rhombohedral unit cell of the LiNbO3 crystal in the ferroelectric phase and (b) the calculated lattice

parameter as a function of Ta doping.

Electronic Properties

An understanding of the electronic band structure is
crucial for the determination of the electrical properties
of materials, including their conductive, semiconductive,
and insulating characteristics. This knowledge is also
essential for technological applications. The electronic
band structure and density of state (DOS) plots of LiNbi-
xTaxOs for x=0.0 and x=0.5 are presented in Figure 2(a) and
(b), respectively. The Fermi energy level is designated as

the zero energy level and is indicated by the red dashed
lines. As illustrated in Figure 2(a), the maximum point of
the valence band and the minimum point of the
conduction band for the LiNbOs crystal are situated at the
I point. Consequently, the results of our calculations
indicate that the LiNbOs crystal is a direct bandgap
material. In this study, the calculated forbidden energy
gap value for LiNbOs crystal is 3.38 eV. The results
obtained in this study and the existing theoretical and
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experimental results in the literature are given in Table 2.
As illustrated in Table 2, the results obtained are in
agreement with the theoretical results available in the
literature, but slightly lower than the experimental result
obtained by optical measurements. It is known that the

(a)  LiNbOy

forbidden band gaps calculated by DFT are lower than the
experimental results obtained by optical measurements
because they do not include both quasi-particle effects
and excitonic effects [15].

1 E =338 eV
k. £
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Figure 2. The band structure of LiNb1xTaxOs for (a) x= 0.0 and (b) x=0.5.

Table 2. Theoretical and experimental band gaps of
LiNbOs and LiTaOs.

Ee. LDA Eg. GGA Eg. Exp.
Crystal
et (eV) (eV) (eV)
LiNbO3 3.4005! 3.38¢ 3,788l
2.84M19 3.48131
3.59[20 3.6104
3.35122 3.041119
3.5417] 3.32116]
LiTaOs 4.15¢" 4.70131
3.9304

In order to better understand the nature of the
electronic band structure of the LiNbOs crystal, the partial
(PDOS) and total density of states (TDOS) were calculated.
As seen in Figure 3(a), the bands between -30 and -32 eV
appear to originate from Nb-4p orbitals. The bands
between -15 and -17.5 eV are formed by O-2s orbitals. The
bands just below the Fermi energy level (between 0 and -
5 eV) are mostly composed of a mixture of O-2p and Nb-
4d orbitals. This suggests a partial covalent bond between
Nb and O atoms. The conduction bands above the Fermi
energy level are mostly composed of Nb-4p orbitals and
Li-2s orbitals.
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Figure 3. The partial (PDOS) and total density of states (TDOS) of LiNbi.xTaxO3 for (a) x= 0.0 and (b) x=0.5.

The electronic band structure and DOS were
calculated for LiNb1xTaxO3 by doping Ta at a rate of 0.1
from x=0.0 to x=1.0. However, the electronic band
structure plots of LiNb1xTaxOs calculated for x=0 and x=0.5
are presented in Figure 2(a) and (b). As illustrated in Figure
2(a) and (b), the electronic band structure plots obtained
by doping at x=0 and x=0.5 exhibit notable similarities. The
band gap of LiNbixTaxOs with 50% Ta doping was
determined to be 3.79 eV. On the other hand, a closer
examination of the DOS plots reveals that the Nb/Ta-4p
orbitals exhibit a shift towards lower energies when Ta is
introduced in place of Nb. The variation of the forbidden
band gap for LiNb1xTaxOs from x=0.0 to x=1.0 with 0.1 Ta
doping is given in Figure 4. As illustrated in Figure 4, the
band gap of LiNbixTaxOs exhibits an increase with Ta
doping.

Optical Properties

Due to the symmetry of the LiNbOs crystal, the
dielectric tensor has components only in the x- and z-
directions. The real (&, (w)) and imaginary parts (&, (w)) of
the calculated frequency-dependent complex dielectric
function in the x- and z-axes for LiNbOs in the
rhombohedral structure are given in Figures 5(a) and (b),
respectively. The & (w) is related to the electronic
polarizations of the materials. The &,(w) determines the
transition probability of electrons from occupied to
unoccupied energy levels and is therefore related to
optical absorption. The value of the & (w) in the zero
frequency limit (g,(0)) is known as the static dielectric

constant. As illustrated in Figure 5 (a) and (b), the values
of the static dielectric constant were found to be 5.71 and
5.29 for the x- and z-directions, respectively. Aliabad [16]
and et al. found 5.91 and 5.63 for x- and z-directions with
GGA, respectively. Mamoun et al. [25] found 5.42 and 5.27
for x- and z-directions with GGA, respectively. It can be
observed that the values obtained for the static dielectric
constant are aligned with those reported in the existing
literature.
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Figure 4. The calculated band gap as a function of Ta doping
for LiNb1xTaxO3

155



Cumhuriyet Sci. J., 46(1) (2025) 152-161

(a) 12
104

XX
&

8-
o~
w6
W 44

2-

0

-2 r
0 s

10 15 20 25 30 35 40 45 50
Energy (eV)

(a) 12
10 4
L.
64

€y &,

44
2
0

-2 T
0 5

10 15 20 25 30 35 40 45 50

Energy (eV)

Figure 5. The real and imaginary parts of the dielectric
function for LiNbOs along (a) x and (b) z-directions.

&, (w) has negative values in the energy ranges of 5.42-
6.09, 20.68-20.91 and 35.48-36.33 eV in the x-direction.
The negative ranges of €, (w) in the z-direction are in the
energy ranges of 9.80-10.30, 20.53-21.62 and 35.41-36.44
eV, respectively. In these energy ranges where &; (w) has
negative values, the material shows metallic properties.
As illustrated in Figure 5 (a) and (b), the first critical points
of the &,(w) occur around 2.4 eV in both x- and z-
direction. These points correspond to the points where
the valence band separates from the conduction band and
are known as the fundamental absorption edge. After this
point, the curves show a rapid increase as the number of
points contributing to the &,(w) increases abruptly. The
&(w) exhibits a pronounced absorption peak at an
energy value of 4.6 eV in both the x-direction and z-
direction. These energy values correspond to optical
transitions from O-2p states to Nb-4d states at . The
energy values corresponding to the other maximum peaks
of &,(w) are given in Table 3 together with the existing
theoretical and experimental results. These values
correspond to interband transitions at different higher
symmetry points. Furthermore, as can be seen from Table
3, the results obtained are consistent with the findings of
both theoretical and experimental studies reported in the
existing literature.

Table 3. The energy values corresponding to the maximum peaks of &, (w) for LiNbO3 crystal.

& a b c d e f g h i j
X GGA(C) 4.6 5.2 8.7 11.9 14.3 17.8 20.8 34.6 35.5 383
GGAL®! 4.2 4.98 8.75
GGAP! 439 502 861
LDAP! 4.97 5.21 8.87
z GGA(G!) 4.6 5.4 8.6 11.6 14.2 17.1 208 345 354 382
GGAL®! 4.2 5.03 875
GGARS! 4.37 524 867
LDAP! 4.98 5.21 8.84
Exp.12®! 4.38 5.07 8.14 12.85 14.6 18.23 20.5

The plots of the real parts of the dielectric function for
LiNb1xTax0s by increasing the Ta doping by 0.1 from x=0
to x=1 are given in Figures 6(a) and (b) for x- and z-
directions, respectively. As can be seen from Figures 6(a)
and (b), both the energy values corresponding to the
maximum peaks of the & (w) and the negative energy
values shift to higher energies with Ta doping. In contrast,
the variation of the &, (w) for LiNb1.xTaxO3 with Ta doping
is given in Figures 6(c) and (d). Since Nb and Ta atoms have
similar electronic configuration, there is not much

difference in the variation of the &,(w) for LiNb1xTaxO3
with Ta doping. Only with Ta doping, the absorption edges
and the maximum peaks shift to higher energies. This
suggests that the BOs octahedron plays a significant role
in establishing the upper edge of the valence band and the
edge of the conduction band in ABOs-type perovskite
structures. The results obtained are consistent with those
presented in Figure 4.
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Figure 6. The real and imaginary parts of the dielectric function as a function of Ta doping for LiNb1xTaxOs.

Mechanical Properties

One of the most essential properties of solids is their
elastic constants. An understanding of the elastic
constants of solids establishes a connection between the
mechanical and dynamic behavior of crystals, and
provides valuable insight into the nature of the forces that
act within solids. The propagation of an elastic wave in a
medium is closely related to the elastic constants of that
material. Furthermore, elastic constants are associated
with thermodynamic properties, including Debye
temperature, coefficient of thermal expansion, melting
point, and specific heat. The elastic constants provide
insight into the response of a solid material to externally
applied forces. The mechanical properties of solids can be
ascertained through the utilization of elastic constants. In
particular, they provide information regarding the
physical properties of materials, including mechanical
stability, stiffness, ductility, and brittleness. The elastic
moduli, including the bulk modulus (B), shear modulus
(G), Young's modulus (E), and Poisson's ratio (v), are
derived from single-crystal elastic constants [17]. Due to
the symmetry of the LiNbOs crystal, it has eight
components C;4, Ci5, Cy3, C14, C33,Cuy, Cg5 and Cgg in the
rhombohedral structure. Since Cg5 = Ci4 and Cgg =
1/2(C;y — C;,), the number of independent

components is six. For a mechanically stable
rhombohedral structure, it is necessary that the elastic
constants provide the Born stability criteria, which are as
follows [27]:

(C11— C12) >0, (Ciq+ Ci2) >0, C33 >0,

Cye >0 (Ci1 + Ci2)C33 —2CH >0, (1)
(C11 + C12)C33—2C5 >0,  (Ciy— C12)Caq —2C, >0

The calculated elastic constants for the LiNbOs crystal
are presented in Table 4. As shown in Table 4, the
calculated elastic constants for the LiNbOs crystal fulfill the
Born stability criteria required for the rhombohedral
structure. The elastic constants C;; and Cs3 indicate the
resistance to linear compression along the x- and z- axes
of the crystal, while the elastic constants C;,, C;3, C14, C44
and Cg¢ are related to the elasticity in the shape of the
crystal. Since C33 > Cyq, the z-direction demonstrates
more resistance to unidirectional deformation than the x-
direction. It is also seen from Table 4 that the calculated
results for LiNbOs crystal are close to the theoretical and
experimental results available in the literature.
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Table 4. The elastic constants (GPa) of LiNbO3 in the rhombohedral structure.

Ref. Cia Ci2 Ci3 Ciq C33 Cia Ceo

GGAC) 184.5 58.9 60.5 17.5 220.1 39.7 62.7
Exp.12®! 198.39 54.72 65.13 7.88 227.9 59.65

Exp.[? 198.86 54.67  67.99 7.83 234.18 59.85  72.09
Exp.l30 198.86 54.67 67.26 7.83 233.7 59.85

Exp.l3 198.9 54.7 67.3 7.8 233.7 70.4 72.1
Exp.? (Smp-1) 199.2 54.7 70 7.9 240 59.9 72.2
Exp.B? (Smp-2) 198.6 54.7 69 7.8 238 59.8 71.9
Exp.B? (Smp-3) 199.9 55.6 70 7.8 240 60 72.2
GGAB?] 208.77 73.28 7599  15.68 236.23 4980 67.74
LDAR7 205.69 69.28  72.15 12.38 238.34 65.81  70.03

The variation of the second-order elastic constants for
LiNb1xTaxO3 with Ta doping is given in Figure 7(a). As can
be seen from Figure 7(a), the elastic constants C;; and Cs5
increase linearly with Ta doping. The doping of Ta makes
the LiNbOs compound more resistant to unidirectional
compression along the main crystallographic axes. In
contrast, as can be seen from Figure 7(a), Cg increases
slightly with the doping of Ta, but C;3; does not change
very much with the doping of Ta. On the other hand, the

Ci, and Cy, values of the LiNb1xTaxO3 decrease with the
doping of Ta. This means that LiNb1xTaxO3 becomes less
resistant to lateral deformation. As illustrated in Figure
7(a), the elastic constant C,, shows the most different
response to Ta doping. The C,, shows a rapid increase up
to 50% Ta doping and does not change much after 50% Ta
doping.
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Figure 7. The calculated elastic constants (a) and elastic modulus (b) as a function of Ta doping for LiNb1xTaxOs..

The mechanical properties of polycrystalline materials can
be determined from the single crystal elastic constants

Using Voigt-Reuss-Hill approximations [36], the bulk and
shear moduli are given as follows:

using two basic methods, known as the Voigt [34] and _1
Reuss [35] method. In the Voigt method (Bv and Gv) and B= 2 (By + Br) (6)
the Reuss method (Br and Gr), the bulk and shear moduli
are given by the following equations: B 1
1
By = 9 [2(C11 + Ciz + 2C43) + Cs3] 2 = E(GV + Gr) ™

1
Gy = %[Cn + Ciz + 2(Cs33 — 2Cy3) +12(Cyq + Ce6)] (3)
_ (Cy1 + C12)Ca3 — 2CE

E and v are elastic parameters that are often used to
investigate the stiffness of solids, which can be calculated
using B and G with the following equations [17].

= 4
R Cll + Clz + 2633 - 4613 ( ) E
_ 9BG g
Gg " 3B+G ®
_ E [(Cll + C12)C33 - 26123]644C66 (5)
53By C4sCos + [(Cr1 + C12)Csg — 23] (Ca + Cos) yo B-26 ©)
2(3B + G)
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The values of B, G, E and u of LiNbOs calculated in the
rhombohedral structure are given in Table 5. As shown in
Table 5, the values of B and G found in this study are close
to the values found by Tripathy et al. [33]. However, the

values of B and G found by Hossain [17] are larger than
our values.

Table 5. The bulk modulus B (GPa), shear modulus G (GPa), Young's modulus E (GPa) and Poisson's ratio (u) of LiNbOs3 in

the rhombohedral structure.

Referans By By B Gp G E B/G v
GGA© 105.4 104.7 105.1 55.7 52.1 53.9 138.1 1.95 0.281
LDAI] 272.80 138.77 355.95 1.97 0.28
GGAB3] 122.25 62.03

The variation of B, G and E values calculated for LiNb:-
xTaxO3 with Ta doping is given in Figure 7(b). As can be
seen from Figure 7(b), B increases linearly with Ta doping.
This shows that LiNbi1xTaxOs is more resistant to

values of G, which expresses the resistance to plastic
deformation, and E, which defines a measure of the
hardness of the material, exhibit a more pronounced
increase with Ta doping.

compression under hydrostatic pressure with Ta doping.
On the other hand, as can be seen from Figure 7(b), the

Table 6. The bulk modulus (Bv and Br), shear modulus (Gv and Gg), Poisson's ratio (v) and B/G ratio as a function of Ta
doping for LiNb1xTaxOs.

Content (x) By Bpr Gy Gp v B/G
0.0 105.4 104.7 55.7 52.1 0.281 1.950
0.1 106.5 105.8 59.6 57.2 0.267 1.817
0.2 107.6 106.8 62.8 61.1 0.258 1.731
0.3 108.6 107.6 65.4 64.1 0.250 1.670
0.4 109.5 108.5 67.6 66.6 0.245 1.625
0.5 110.3 109.3 69.5 68.7 0.240 1.589
0.6 111.0 109.9 71.1 70.5 0.236 1.560
0.7 111.7 110.6 72.7 72.1 0.232 1.536
0.8 112.5 111.3 74.0 73.6 0.230 1.516
0.9 113.1 111.9 75.3 74.9 0.227 1.498
1.0 113.7 112.4 76.4 76.0 0.225 1.484
The Poisson's ratio u provides valuable insight into the 1-2v)Y
nature of interatomic bonds in solids. The value of micro = g1 ¥ ) an

Poisson's ratio for covalent materials is u~0.1, for ionic
materials u=0.25 and for metallic materials v=0.33 [37].
Table 6 shows the value of u with Ta doping. As shown in
Table 6, the ionic contribution is dominant in the
interatomic bond for LiNb1xTaxOs.

As Pugh [38] has previously established, the B/G ratio
can be employed to ascertain whether a given material
exhibits brittle (B/G < 1.75) or ductile (B/G > 1.75)
behavior. As can be seen from Table 6, LiNbixTaxO3
exhibits a transition from a ductile to a more brittle state
with increasing Ta doping.

The macro (H,4.) and micro (H,,;.) hardness of
materials can be determined by a theoretical model, as
described in [39],

6310585
Hyacro = 2( ) -3

3z (10)

The obtained H,,. and H,,;. hardness values of
LiNbOs are 6.43 GPa and 7.87 GPa, respectively. According
to the definition, a material is considered soft if its Vickers
hardness is less than 10 GPa [40], while a material is
classified as super hard if its Vickers hardness is greater
than 40 GPa [37]. According to our calculation, the LiNbO3
can be classified as a soft material due to its Vickers
hardness values lower than 10 GPa. As seen from Figure
8, the H,,,. and H,,;. hardness values of LiNbixTaxO3
increase with Ta doping, and it can be classified as a
medium hard material after approximately 40% Ta
doping.
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Figure 8. The calculated macro (H,,,.) and micro (H,,;.)
hardnes of LiNbi1xTaxOs3 as a function of Ta doping.

Conclusion

In conclusion, the structural, electronic, optical and
mechanical properties of pure and Ta doped LiNbOsz in the
ferroelectric phase have been obtained by using the DFT
with the GGA. It was demonstrated that pure LiNbOs is a
direct bandgap material, exhibiting a forbidden energy
gap of 3.38 eV at the I' point in the Brillouin zone. The
calculation results indicated that the lattice parameter of
LiNb1xTaxO3 decreases with Ta doping, but the forbidden
energy gap increases. The frequency-dependent complex
dielectric functions of pure and Ta doped LiNbOs are
calculated. Both the energy values corresponding to the
maximum peaks of the real parts of the dielectric function
and the negative energy values shift to higher energies
with Ta doping. The results show that the absorption
edges of LiNbixTaxOs shift to higher energies with Ta
doping. The calculated elastic constants indicated that
pure and Ta doped LiNbOs are mechanically stable.
Through the calculated v and B/G values, it is concluded
that the rhombohedral structure of LiNbOs is ionic and
ductile, but with increasing Ta doping, it exhibits a
transition from ductile to a more brittle state. Finally, from
the calculated H,,q. and H,;. hardness values, it was
determined that pure LiNbOs is a soft material, but after
40% Ta doping, it exhibits a transition to a medium hard
material.
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