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ABSTRACT

Density functional theory and Boltzmann transport equations are employed to calculate the thermoelectric
transport coefficients, electronic structure and optical properties of bulk garnet-like oxides LisLa;M,0,, (M =Nb,
Ta) single crystals. The calculated energy band structure and density of states disclose a metallic nature for both
compounds. LisLazNb,O,, possesses a greater density of states around Fermi level than LisLa;Ta,0,,, which
is due to the Nb/Ta-d states. The calculated electronic charge density of both compounds indicates a dominant
ionic character of chemical bonding. Optical susceptibilities, including the real and imaginary parts of the optical
dielectric functions, reflectivity and energy loss function, are calculated. The reflectivity of the investigated
compounds reaches 60% in the UV region. The maximum peaks in the energy loss function are due to the
plasmon resonance with the decreasing energy of electrons instead of surface plasmon loss. The Seebeck
coefficients, power factor, figure of merit, heat capacity as well as electrical and thermal conductivities are
calculated as a function of temperature for relaxed structures, using BotlzTraP code at constant pressure, which
strongly affected by carrier and intrinsic defects concentration. Our calculated result shows that Li;La;Ta,O,,
is better than LisLa;Nb,O,, along the entire temperature ranges.

KEYWORDS: Electronic Structure, Electronic Charge Density, Optical Properties, Thermoelectric Properties,

DFT, EVGGA.

1. INTRODUCTION

The improvement of solid Li ion electrolytes with appro-
priate useful properties is of considerable scientific interest
due to the variety of possible electrochemical applications,
for example, in solid-state batteries, sensors, and elec-
trochromic displays.':? In this regard, some Li encompass-
ing metal oxides have been discovered recently. However,
lithium lanthanum titanate (LLT) is not preferred choice
as an electrolyte in high energy density batteries, which
instead use lithium metal anode. This is attributed to the
fact that LLT is unstable in direct contact with the lithium
element and undergoes fast Li insertion, with the conse-
quent reduction of Ti** to Ti**, thus leading to greater
electronic conductivity. Conversely, the LLT is restricted to
use as an electrode material, due to the minor Li uptake.>™

Up to now, it has been reported’®7 that in some crys-
talline and amorphous compounds which consist of polyan-
ions, like SiOf~ or PO;~, such as Li,SiO, and Li;PO, and
other compounds with similar structure, exhibit high Li
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ion conductivity plus chemical and electrochemical sta-
bility. In recent times, Thangadurai et al.® reported fast
conductivity of Li ions in metal oxides containing Li with
minor side formation of LisLa;M,0,, (where M = Nb,
Ta, these are symmetrically related to the garnet symme-
try). The above mentioned oxides have been identified on
examining the ternary structure figure of La,0;—M,0Os—
Li,0.>!° Both aforementioned oxides (LisLa;Nb,O,, and
LisLa;Ta,0,,) possess similar volumetric Li ions con-
ductivity of the order of 107® S/cm at 298 K with E,
(activation energy) of 0.43 and 0.56 eV, respectively.” In
comparison, the Ta atom in LisLa;Ta,0,, compound has
attracted special curiosity as an electrolyte substance used
in solid state batteries because of its stability against reac-
tion with liquefied Li. For the first time these compounds
in garnet-like symmetry have been recently used in fast
Li ion conductivity, thus opening a new research area for
the optimized conductivity due to the modifications in the
structure. Thangadurai et al.!! used the bond valence mis-
alliance measurement analysis to evaluate the chemical
plausibility of the published symmetry models and clarify
possible routes for the motion of Li* in both compounds
(the distinguishing features of the three-dimensional Li-
pathway network is a non-planar square of Li positions).
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Herein, we suggest a new class of materials with better
thermoelectric power factor by employing the Boltzmann
transport technique'? and the density functional theory
(DFT)!? for calculating the electronic structure, electronic
charge density and optical properties for LisLa;Nb,O,,
(LLNO) and Lis;La;Ta,0,, (LLTO) compounds. The opti-
cal properties are explained on the basis of band structure
(BS) and density of states (DOS), and the effect of Nb and
Ta concentrations on the power factor, which is key for
thermoelectric devices such as batteries, is discussed.

2. CALCULATION METHODS

The calculation was performed within the framework of
density functional theory (DFT),"? using the full-potential
linearized augmented plane-wave (FP-LAPW) method,
as employed in the WIEN2K computer package.'*!
In our calculation, the exchange co-relation (XC) poten-
tial was computed by mean of local density approx-
imation (LDA),'® generalized gradient approximation
(GGA)'"7 and Engel-Vosko generalized gradient approxi-
mation (EVGGA),'® the latter giving better results as com-
pared to the other approximations. The atomic Muffin-Tin
(MT) sphere radii are chosen in such a way that there
is no overlapping between the spheres. The MT sphere
radii are Ry (La) =2.40 a.u., Ryr (Ta) =2.02 a.u., Ry
(Li) = 1.72 a.u. and Ry (O) = 1.72 a.u. of LLTO com-
pound, while for LLTO compound the radii are Ry, (La) =
2.25 au., Ry (Nb) = 1.86 au., Ry (Li) =172 a.u.
and Ry (O) = 1.65 a.u., respectively. The cut-off energy
(RyrKyax), which separates the valence and core states, is
chosen to be about 6.0, where Ry, represents the smallest
atomic sphere radii in the unit cell and the parameter Ky,
represents the maximum value of the reciprocal lattice vec-
tor (used to expand the plane wave). The term G,,,, stands
for maximum charge density cut-off, which is about of
12.0 a.u™!. When the energy difference between the input
and output energy per formula unit is smaller than 10~

Khan and Reshak

Ryd, then the self consistence calculations are obtained.
The structure of bulk Garnet-like oxides Lis;La;Nb,O,,
(LLNO) and LisLa;Ta,0,, (LLTO) is cubic with space
group la —3 (# 206). The optimized crystal structures are
illustrated in Figures 1(a), (b). The atomic positions and
lattice constants are listed in the Table I, and compared
with the experimental data.’

The electronic transport properties are calculated on
the basis of Boltzmann theory as employed in Boltz-
TraP code. The Boltzmann transport relations are used to
explain the variation of electrons/holes distribution in the
real compounds.

Using this technique, the Seebeck coefficient, elec-
trical/thermal conductivities, power factor and figure of
merit are computed under constant relaxation time (energy
dependent) to estimate the electronic transport perfor-
mance of some thermoelectric materials. Mathematically,
the electronic transport tensors as a function of tempera-
ture and chemical potential,'®! can be expressed as;

ot T) = 1 [ 7up(e)| -2 as )
S T)= !
g (s )—m
[ uere—m| - L2 ge )

where the terms o and 3 are the tensor subscripts, and
Q, pn and f, represent the volume of the unit cell, Fermi
level of charge carriers, and Fermi distribution function,
respectively. The o,4 (conductivity distribution), which is
very important part of o, is given by;

: 5(e—e,
&“Bz%%T'v“(i’k)‘”ﬁ(i’k)'% 3)

In the above equation, the wave vector, band indices,
and number of k points are symbolized by k, i and N,

Fig. 1. Molecular structure of LisLa;Nb,O,, and LisLa;Ta,0,.
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Table I. Lattice constant and atomic position of Li;La;Nb,O, and LisLa;Ta,0,,.

Li;La,Nb,0,,

A(A) 12.8264,, 12.7360p)
Lattice parameters Atoms x (Exp) y (Exp) z (Exp) x (opt.) y (opt.) z (opt.)
Atomic co-ordinates La 0.1264 0 1/4 0.1137 0 1/4
Nb 0 0 0 0 0 0
Nb 1/4 1/4 1/4 1/4 1/4 1/4
Li 0.6318 0.3244 0.5814 0.6608 0.3297 0.5584
(¢} 0.2802 0.1012 0.2260 0.2836 0.1020 0.1979
(0) 0.3637 0.5264 0.4346 0.3549 0.5288 0.4434
Li;La;Ta,0,,
A(A%) 12.829 &, 12.739 o)
Lattice parameters Atoms x (Exp) y (Exp) z (Exp) x (opt.) y (opt.) z (opt.)
Atomic co-ordinates La 0.1267 0 1/4 0.1196 0 1/4
Ta 0 0 0 0 0 0
Ta 1/4 1/4 1/4 1/4 1/4 1/4
Li 0.6312 0.3237 0.5824 0.6533 0.3302 0.5599
(0) 0.2795 0.1011 0.2267 0.2866 0.1051 0.1977
(0) 0.3639 0.5273 0.4349 0.3538 0.5275 0.4472

respectively. v, /vg(i, k) represent the o/ components of
the group velocity v(i, k) of charge carrier. The group
velocity v(i, k) is formulated as;

1 9e(i, k)

v k) =3¢

(4)

This velocity is calculated from the energy band
structures, also called band crossing.25 In this theory, the
mobility of electrons is treated semiclassically. The tem-
perature and chemical potential dependent thermal con-
ductivity tensor can be written as;

Kozﬁ’(lu” T) =

structures of LLTO and LLNO single crystals, calculated
along high symmetry directions of the irreducible Brillouin
zone (IBZ) using EVGGA, are presented in Figures 2(a),
(b). The arrangement of energies of the conduction band
(CB) and valence band (VB) are performed in such a
manner that the Fermi energy level is assigned to the
zero energy (shown by dotted lines). Figures 2(a), (b)
shows considerable overlapping between the valence and
conduction bands, which confirms the metallic nature of
both compounds (LLTO and LLNO). One can see from
Figures 2(a), (b), that the bands crossing the Fermi level
E; belong to Nb-d states of LLNO compound and Ta-d
states of LLTO compound.

eTQ The calculated total density of states (TDOS) and par-
[ 0f(T e, 1) tial density of states (PDOS) of our investigated Nb doped
X / Oap(e)(e—p)7| — 9 de (5) compound LLNO and Ta doped compound LLTO obvi-

The electronic thermal conductivity is computed as:
k,=k’—S*oT (6)

It has been found that these electronic transport
coefficients are linked to the integral of zero-, first- and
second-order moments of the above tensor. Finally, from
the solution of the above equation, we can obtain the
power factor (S?c) and figure of merit (ZT = S*0T /),
which provide information about the material efficiency.

3. RESULTS AND DISCUSSION

3.1. Electronic Structure

In order to discus the optical properties of a material, it is
necessary to investigate the electronic structure. The band

ously explain the electronic states of the different atoms
that contributed to the total density of states, as shown in
Figures 3(a)-(i). As there is no band gap for these com-
pounds, the TDOS shows a value of density of states at
the Fermi level, E.

The magnitude of TDOS for LLNO compound are
higher than that of LLTO compound. On moving from
LLNO compound to LLTO compound, the TDOS is
shifted toward lower energy, as illustrated in Figure 3,
which suggests that the spectrum extended from —20.0 eV
to 10.0 eV can be divided into four regions. One can
notice that the electronic states (d-states) of Nb and Ta
atoms give greater contribution than other states of differ-
ent atoms, which are positioned at energy ranging from
—20.0 eV to — 15.0 eV. The energy region form — 10.0 eV
to —5.0 eV, mainly originates from O-p state in both
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Fig. 2. Calculated band structure of Li;La;Nb,O,, and LisLa;Ta,0,,, using EVGGA.

compounds (Fig. 3(g)), and the same behavior of O—p state
are also observed in the region from —5.0 eV to 0.0 eV.
This could elucidate various properties of both Nb doped
and Ta doped compounds. Above the Fermi level from 0.0
to 10.0 eV, La—f state shows a larger contribution with the
La—p and Ta/Nb-d states, while the La—s, Ta—f, Ta/Nb-
s/p and Li-s states give a small contribution to density of
states. Overall, the states belonging to LLNO compound
give a strong contribution, as compared to the states of
LLTO compound.

The calculated values of total density of states at Fermi
level E., N(E), for both compounds LLNO and LLTO
using LDA, GGA and EVGGA, are listed in Table II, in
which LLNO is predicted to have greater value of N(E)
than that of LLTO. For both compounds, the bar electronic
specific heat co-efficient (), which depend on the density
of states, is calculated using the following expression:

1
y=3NEIK; ™

where N(E) represents the total density of states at the
Fermi energy (E;) and K, represents the Boltzmann con-
stant. By using the values of calculated density of states
N(E;), we can obtain the bare electronic specific heat
coefficient () for both compounds LLNO and LLTO,
which are given in Table II.

The electronic charge density is a very important param-
eter to explain the bonding nature, bonding properties, and
the transfer of charge from one atom to another atom.
We calculate the electronic charge density for both com-
pounds in (100) and (010) crystallographic planes, using
EVGGA exchange correlation functional, as illustrated in
Figures 4(a)—(d). The electronegativity (EN) values for Li,
La, Nb, Ta and O atoms are 0.98, 1.10, 1.60, 1.50 and
3.44, respectively. One can see from Figure 4, that the oxy-
gen atom is surrounded by spherical lines, which indicate

the dominancy of ionic character of chemical bonding.
The nature of chemical bonding is obtained from the
electronegativity difference. Lanthanum and oxygen atoms
have electronegativity difference of 2.34, which predicts
strong ionic bonding between them, with charge being
attracted toward from lanthanum to oxygen atom atom
because of its high electronegativity. An ionic bond is also
found between oxygen and niobium atoms, because of
high electronegativity difference of about 1.84. According
to thermo-scale, the blue color indicates maximum concen-
tration of charge around the atomic site, while the red color
shows zero concentration. One can see from Figure 4, that
strong sharing of electrons between oxygen and tantalum
atoms. We should emphasize that only three atoms con-
tribute to the charge density in the (100) plane, but all
atoms provide contributions to the (010) plane. Our calcu-
lated bond lengths of LisLa;Nb,O,, compound are listed
in Table III. Our results indicate close agreement with the
experiments,> which prove the accuracy of our calculations
based on EVGGA exchange correlation potential.

3.2. Optical Properties

We have calculated the linear optical properties of both
compounds (LLNO and LLTO) in the cubic symme-
try. The complex dielectric (frequency dependent) ten-
sor &(w), accounting for intra/inter-band transitions, was
calculated within the random phase approximation based
on the calculated band structure. The calculated imagi-
nary parts &,(w) of the dielectric tensor as a function
of photon energy Aw of both compounds are plotted in
the 0.0-0.8 eV energy range in Figure 5(a). A consider-
able dispersion is found for the imaginary part &,(w) of
dielectric tensor of both compounds. There are two types
of optical transitions which are contributing to the spec-
tra of the imaginary part &,(w), namely, the intra- and
inter-band transitions. From Figure 5(a) it is clear that the
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Fig. 3. Calculated total density states (DOS) and partial density of states (PDOS) for Li;La;Nb,O,, and LisLa;Ta,0,,.

major contribution of intra-band transition (Drude term)
to the imaginary part &,(w) of the dielectric tensor is
found below 1.0 eV for both compounds. Two maxima
are observed in &,(w) at 4.5 eV and 9.0 eV for LLNO
compound and at 6.0 eV and 9.0 eV for LLTO com-
pound, respectively. These are associated to the inter-band
transitions from the O-p state (occupied band) to La—f
state (unoccupied bands). The imaginary part &,(w) of the

dielectric function tends to decrease at high energy beyond
10.0 eV for both compounds, due to the disorientation of
the dipole under the high frequency electric field.

The real part &,(w) of the dielectric tensor is obtained
from the imaginary part &,(w) of dielectric tensor by using
the Kramers—Kroning transformation. One can see from
Figure 5(b) that the Drude term is very significant in the
energy range below than 0.7 eV at which the peaks vanish
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Table II. Total density of states and electronic specific heat around
Fermi level of Li;La;Nb,0,, and LisLa;Ta,0,,.

Khan and Reshak

Table III. Calculated and experimental bond lengths of Li;La;Nb,O,,
using EVGGA.

Li;La,Nb,0,,

LisLa,Nb,0,,

N(E,) (states/eV) v (mJ/mol - K?)

LDA 97.89 16.98
GGA 81.00 14.05
EVGGA 83.50 14.48
Lis;La;Ta,0,,
N(E,) (states/eV) v (mJ/mol - K?)
LDA 82.77 14.35
GGA 74.20 12.87
EVGGA 72.00 12.49

for both compounds. In both compounds, the values of the
real part &,(w) of dielectric constant approach negative
values (due to the plasma frequency, which explains the
sum of the excitations) at energy greater than 9.0 eV. The
plasma frequency is given by the following relation (taken
from Ref. [22]):

wi =dmne’/m (8)

where n stands for the electron concentration, and m
stands for the optical effective mass. Relation (2) gives an
inverse proportionality between the optical effective mass

+0, 0000
+0, 2000
+0, 4000
+0,6000
+0, 5000
+1,0000

(b)

Bond type Bond lengths (Opt.) A° Bond lengths (Exp) A°
Nb,-O, 2.0300 1.9680
Nb,-O, 2.0580 19715
La-O, 2.5900 2.5829
La-O, 2.5830 2.3819
Li-O, 2.1900 1.9286
Li-O, 1.9860 1.9262

and square of the plasma frequency, hence we get the ratio
of the dispersion in the optical effective mass, which is
given by P=m, /m = (w}"/ (uff)2 in one system and n
is consider to be constant. P is a dimensionless quantity
which explains anisotropic strength of a system, which the
system showing isotropic nature for P = 1. The propaga-
tion of the incident photon energy (electromagnetic radia-
tion) takes place in the energy range from 0.5 to 9.0 eV,
where ¢,(w) > 0, and the photons show damping when
£,(w) <0 at energy greater than 9.0 eV, as shown in the
Figure 5(b). From Figure 5(b) it is also noticed that the
portion where &,(w) = 0, the incident photon energy Aw
present the polarization along the longitudinal direction.
The frequency dependent reflectivity R(w) is shown in
Figure 5(c). Due to the variation of energy the reflectivity

Fig. 4. Electronic space charge density distribution contour calculated with EVGGA in the (010) and (100) planes for LisLa;Nb,O,, and Li;La;Ta,0,,.
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Fig. 5. Calculated real and imaginary part of dielectric function, reflectivity, energy loss function of Li;La;Nb,O,, and LisLa;Ta,0,,, using EVGGA.

spectra of both compounds also show variation along the
spectral region with a maximum value of 60% of reflec-
tivity at 13.8 eV (UV region). It is clear from Figure 5(c)
that the minimum value of reflectivity occurs in the visible
region (from 1.1 to 2.0 eV), which demonstrates that both
compounds are transparent and hence can be used as anti-
reflecting coating materials for the incident electromag-
netic radiations in this region. A dispersive nature is found
in the reflectivity spectra of both compounds (Fig. 5(c)).
Figure 5(d) presents the energy loss function L(w) as
a function of energy. Generally, the energy loss curves
are used to explain the fast traveling electron energy loss
in the materials. The compound LLNO shows three main
peaks at the energies 0.5 eV, 6.0 eV and 13.0 eV and the
compound LLTO exhibit also three main peaks at the ener-
gies 1.0 eV, 6.8 eV and 13.0 eV, respectively (Fig. 5(d)).
These peaks in the spectra correspond to the plasmon res-
onance or plasma oscillation with the decreasing energy
of electrons instead of surface plasmon loss. The peaks
in the energy loss spectra of both compounds are due to
change from negative to positive value in the real part of
the dielectric tensor (Fig. 5(b)), authenticating the transi-
tion from the metallic to dielectric character. The mini-
mum value of the energy loss function between any two
peaks corresponds to the increase in the energy of elec-
trons as well as to the variation in the probability of plas-
mon oscillation. At higher energies an abrupt decrease is

reported in the energy loss function of both compounds
(Fig. 5(d)).

3.3. Thermoelectric Properties
In this part of our research work, we have calculated the
electronic transport properties including electrical conduc-
tivity, thermal conductivity, Seebeck co-efficient, power
factor and heat capacity for the relaxed geometry of both
LLNO and LLTO compounds as a function of temperature
using BoltzTraP code,'? as illustrated in Figure 6.

The temperature dependent electrical conductivities
o (T) from 150 K to 800 K are illustrated in Figures 6(a),
(b). The electrical conductivity of LLNO increases lin-
early with temperature up to 400 K, while the electri-
cal conductivity of LLTO increases from 400 K. Beyond
400 K, the LLNO compound exhibits an exponential
increase in the electrical conductivity?® with temperature
and gains the largest value of about 4.47 x 10'® (Qms)~!
at 800 K. On the other hand, the LLTO compound fea-
tures an increase in the electrical conductivity at higher
temperature beyond 400 K and reaches its maximum value
(5.8 x 10'® (Qms)~") at 800 K (Fig. 6(b)). A significant
dispersion is found in the electronic conductivity of both
compounds (Figs. 6(a), (b)). Figure 6(a) shows that o (T)
of LLNO decreases above 600 K and reaches a station-
ary level at higher temperature (800 K), corresponding to
the decrease of charge carrier mobility. The reduction in
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Fig. 6. Calculated transport coefficients of Li;La;Nb,O,, and LisLa;Ta,O,,, as a function of temperature: electrical conductivity, Seeback coefficient,

thermal conductivity, power factor and heat capacity.

the mobility of both charge carriers (electrons and holes)
is caused by the intrinsic defect concentration and ther-
mal scattering of defects, which increases with tempera-
ture. From the plot in Figure 6(b), we concluded that the
compound LLTO behaves like a degenerate semiconductor,
because its electrical conductivity (o(T)) increases with
temperature, intrinsic defect density as well as defect scat-
tering. At this point it should be recalled that our investi-
gated compounds are electrolyte substances used in solid
state batteries for which both ions and electrons take part
in conduction. Here in these oxides Li* (cation) exhibits
intrinsic Schottky defects indicate small ionic conductivity,
but the electronic conductivity (o-(7)) is promising.

Figures 6(c), (d) show the calculated Seebeck coefficient
S(T) as a function of temperature ranging from 150 K to
800 K. In our investigated compounds, the magnitude of
Seebeck coefficient (S(T)) also depends on the movable
charge carriers and the intrinsic defect concentration.

Mathematically, the charge carrier concentration and
density of states dependent Seebeck coefficient can be
written as; 2 2T N(E

S = 7 El L 9)
3 ¢ np_g,

From the above Eq. (3), it is clear that Seebeck coeffi-
cient is inversely proportional to the carrier concentration
and mobility of charge carrier.

The Seebeck coefficient of LLNO compound decreases
exponentially from its maximum value 0.00014 (V/K)
to minimum value 0.0007 (V/K) with temperature up to
800 K (Fig. 6(c)), while the Seebeck coefficient of the
compound LLTO increases exponentially with temperature
and gain its maximum value —0.0006 (V/K) at 800 K
(Fig. 6(d)). The variations are due to the fact that at higher
temperature, the compound LLTO (n-type doped mate-
rial) is characterized by lower Seebeck coefficient and
higher carrier concentration according to Eq. (3). On the
other hand, the compound LLNO (p-type doped mate-
rial) has degenerate semiconductor-like behavior, in which

the Seebeck coefficient exhibits an increase, due to the
increase in both carrier concentration and intrinsic vacan-
cies with temperature. Following Figures 6(c), (d) the
Seebeck coefficient of both compound exhibit different
temperature dependence. From Figures 6(c), (d), one can
clearly observe that the LLTO is good thermoelectric mate-
rial as compared to LLNO because the former has negative
value of Seebeck coefficient (increases with temperature)
and later compound decreases with temperature.

Figures 6(e), (f) shows the thermal conductivity k(7"
of both compounds versus temperature (150 to 800 K),
including the contribution of electrons, which is estimated
by using the familiar Wiedemann—Franz law:

Kgq=LyoT

(10)

where L, stands for the Lorentz number, its value being
equal to 2.45 x 107 V2 K2, which is assumed to be con-
stant for metals and semiconductor. Thermal conductivity
k(T) of LLNO compound is around 0.4 x 10" (W/mKs)
at 150 K, while it is zero for the LLTO compound up to
350 K (Figs. 6(e), (f)).

Following Figures 6(e) (f) the thermal conductivity x(7')
of both compounds (LLNO and LLTO) increases due
to the increase in temperature from 150 K to 800 K.
The compound LLNO possesses thermal conductivities of
about 8 x 10"* (W/mKs) and approaching the stable posi-
tion, while k(7T') of the compound LLTO is predicted to
approach an ever increasing value of 1.1 x 10" (W/mKs)
at 800 K, as illustrated in Figures 6(e), (f). The increase
in the thermal conductivities with temperature is mainly
caused by the electron contributions, because the electrons
close to the Fermi level can jump to ¢ vacant states by
acquiring very small energy, hence reaching states above
the Fermi level. The intrinsic defects also affect thermal
conductivity k(7") because at low temperature they pro-
vide negligible contribution to k(7T'), while at high temper-
ature the concentration of intrinsic defects also increases,
resulting in greater thermal conductivity (Figs. 6(e), (f)).
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We emphasize that the intrinsic cationic defects effectively
interact with the phonon sub-system.?*

The power factor S?a(T) of LLNO and LLTO com-
pounds as a function of temperature is presented in
Figures 6(g), (h). The LLNO compound shows a maximum
value of 4.4 x 10'° (W/mK?s) which then decreases with
the increase in the temperature until it reaches its mini-
mum value of 2.475 x 10" (W/mK?s) at 800 K. It is also
obvious from Figure 6, that the power factor S*a(T) of
LLTO compound starts from 325 K and reaches its maxi-
mum value 1.24 x 10" (W/mK?s) at 800 K, beyond which
it further increases. The LLTO shows a dramatic increase
in thermoelectric performance at high temperature as com-
pared to LLNO. This maximum value of power factor
820, 18 good for the practical thermoelectric materials.
According to the electrical conductivity o(7) and See-
beck coefficient S(7"), which depend on the carrier con-
centration, it is obvious that the power factor (S?c(T))
for such complex oxides increases based on the following
three points:

(1) the increase in the density of states around the Fermi
level

(2) increase in the time between collisions

(3) the reduction of charge currier effective mass.

To evaluate thermoelectric performance of both com-
pounds more clearly, we use the figure of merit Z7, given
by: ,

_ SoT (11)

K

where S, o, k and T stands for Seebeck coefficient, elec-
trical conductivity, thermal conductivity and temperature.
The calculated figure of merit (ZT') of both compounds are
listed in Table IV. From the calculated data, one can see
that at low temperature n-type doped compound exhibits
higher value of ZT than the p-type doped compound,
which instead exhibit greater value of ZT at 300 K. As dis-
cussed above, the thermal conductivity depends on carrier
as well as intrinsic defect concentration, which increases
with temperature. According to relation (10), a greater
thermal conductivity result in smaller Z7 value. LLTO
compound (n-type) presents ZT ~ 1 at 450 K, which
shows that it should exhibit efficient thermoelectric per-
formance at this temperature. On the other hand, LLNO
compound (p-type) indicates greater ZT value (0.025) at
800 K. In comparison, LLTO compound is very good
candidate for thermoelectric power generation and pos-
sess maximum thermoelectric performance as compared to
LLNO compound.

Figures 6(i), (j) shows the variation of heat capacity as
a function of temperature for both compounds. The Debye
formula for the specific heat at constant pressure per atom
of a compound is given by:

T\’ (/T x4~
c (T;T,,A)=A — ——dx 12
(T3 T, A) (T)/ S )

zZT

Khan and Reshak

Table IV. Calculated hermoelectric figures of merit.

Compound T o/t K/T

name (K) (2 ms)™! S/T (VIK)  (W/mKs) zZT

LLNO 150 1.78 x 10"  1.14x10™* 1.27x108 4.18 x 107!
200 2.19x10"®  1.33x10™* 2.18 x 10" 3.59 x 107!
250 2.61x10"® 1.21x10™* 3.16 x 10"* 3.02 x 10!
300 2.99x 10"  1.09x10™* 4.09x 10" 2.62 x 107!
350 3.34x 10  1.00x 107* 491 x 10" 2.38x 107!
400 3.63x10'"® 9.31x107° 5.59x 10" 2.25x 107!
450 3.86x 10" 8.80x107° 6.15x10" 2.18 x 107!
500 4.04x 10" 8.41x107° 6.60x 10" 2.17 x 107!
550 4.19x10"®  7.92x107° 6.96x 10"* 2.19 x 10!
600 4.30x 10" 7.83x107° 7.25x 10" 2.23x 107!
650 4.37x10"® 776 x 107> 7.50x 10" 2.28 x 10!
700 4.42x10"®  7.64x107°  7.69 x 10"* 2.35x 107!
750 4.46x10"®  7.56x 107>  7.87 x 10"* 2.43 x 10!
800 4.47x 10" 7.49x107° 8.01x 10" 2.51 x 107!

LLTO 150 1.19x10® —-2.16 x 107 8.38x 10*  0.995235
200 5.10x 10 —1.66x 107> 2.84 x 107  0.990766
250 2.02x10? —1.36x1073 9.37x10°  0.995695
300 2.38x 108 —1.15x107% 9.54x10°  0.990041
350 1.40x 10 —1.00x 10~ 4.94x 10"  0.989165
400 5.27 x 10"* —8.87x10™* 1.67 x 10''  0.990851
450 1.48 x 10 —7.98 x 10™* 4.28 x 10! 0.989423
500 3.37x10% —7.26x 10~ 9.00 x 10" 0.997730
550 6.62x 10" —6.67x10™* 1.64 x 10"  0.985730
600 1.16 x 10 —6.17 x 10™* 2.69 x 102  0.983411
650 1.86x 10" —5.76x10™* 4.08 x 10>  0.980770
700 2.78 x 10'* —5.40x 10™* 5.81 x 10'2  0.977823
750 3.94x 10" —5.09x10™* 7.87x 10" 0974593
800 5.34x10' —4.83x107* 1.02x 10"  0.97100

where T, stands for the Debye temperature, and A is a
constant. Both 7, and A are obtained for each compound
from their heat capacity at 298 K , while c, at 298 K is
given by:

c,(298; T, A) =c,,298 K (13)

This relation means that ¢, is calculated at 298 K by
integration of the additional parameters, such as T, and A.
At high temperature, the heat capacity of LLNO compound
approaches the classical constant value of 6R, where R is
molar gas constant. At low temperature up to 350 K, the
heat capacity of both compounds show greater dispersion
(Figs. 6(i), (j)). This type of underestimation in the high
temperature range has also been found in the all-electron
calculation.?

The heat capacity of LLNO compound shows sharp
increase up to 400 K, thus obeying the law of T3 which
is understandable from basic excitation of phonons. It is
also clear from Figures 6(i), (j) that the heat capacity of
LLNO compound increases slowly at higher temperature,
while for LLTO compound it starts raising at 400 K and
then increases with increasing temperature up to 800 K.
One can see from Figures 6(i), (j) that at 800 K tempera-
ture both compounds exhibit maximum values of specific
heat capacity, which are due to the fact that all electrons
get excited and occupy higher energy states and contribute
to specific heat.
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4. CONCLUSIONS

In summary, we have carried out the calculations of
the electronic structure, electronic charge density, optical
properties, and transport properties of the bulk garnet-like
oxides LisLa;M,0,, (M = Nb, Ta), using the full-potential
linearized augmented plane-wave (FPLAPW) technique
and the semi-classical Boltzmann theory. Our calculations
show that LisLa;Nb,O,, and LisLa;Ta,0,, posses large
density of states near the Fermi level E, which demon-
strates that these two compounds are good thermoelectric
materials. We used three approximation i.e., LDA, GGA
and EVGGA for the exchange correlation (XC) potential.
We have calculated the electronic charge density in the
(100) and (010) crystallographic planes and found that
the bonds exhibit greater dominancy of the ionic charac-
ter. We have investigated the optical properties, includ-
ing the real and imaginary parts of the dielectric function,
reflectivity and energy loss function on the basis of elec-
tronic structure. Our calculation indicate 60% reflection
for incident electromagnetic radiation in the UV region.
Our investigated compounds thus indicate high reflectiv-
ity and are anticipated to be good electrical conductor,
which clearly shows the correlation between optical and
thermoelectric properties. From the calculated electronic
structure of such compounds having sub-bands due to the
intrinsic defects, we found that the thermoelectric prop-
erties are increased due to the carrier and defect con-
centration, which also affect the optical properties. We
also calculated the heat capacity using the BotlzTraP code
at constant pressures for different temperatures ranging
from 150 K to 800 K. We also confirm the degener-
ate semiconductor-like nature of LLTO from the calcu-
lated temperature dependent electronic conductivity. Our
results for the power factor S?a(T) show that LLTO is
more appropriate as thermoelectric materials than LLNO,
because it shows dramatic increases in S?c(T) with
temperature.
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