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In the present work, we investigate the structural, optoelectronic and thermoelectric properties of the YLi3 X, (X = Sb,
Bi) compounds using the full potential augmented plane wave plus local orbital (FP-APW+lo) method. The exchange—
correlation potential is treated with the generalized gradient approximation/local density approximation (GGA/LDA) and
with the modified Becke—Johnson potential (TB-mBJ) in order to improve the electronic band structure calculations. In
addition, the estimated ground state properties such as the lattice constants, external parameters, and bulk moduli agree well
with the available experimental data. Our band structure calculations with GGA and LDA predict that both compounds have
semimetallic behaviors. However, the band structure calculations with the GGA/TB-mBJ approximation indicate that the
ground state of the YLi3Sb, compound is semiconducting and has an estimated indirect band gap (I"—L) of about 0.036 eV
while the ground state of YLi3Biy compound is semimetallic. Conversely the LDA/TB-mBJ calculations indicate that both
compounds exhibit semiconducting characters and have an indirect band gap (I'-L) of about 0.15 eV and 0.081 eV for
YLi3Sb and YLi3Bij; respectively. Additionally, the optical properties reveal strong responses of the herein materials in the
energy range between the IR and extreme UV regions. Thermoelectric properties such as thermal conductivity, electrical
conductivity, Seebeck coefficient, and thermo power factors are also calculated.
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1. Introduction

In the past few years, Zintl compounds have been thor-
oughly investigated due to their characteristics which are de-
sirable for an efficient thermoelectric material. These com-
pounds are, in general, electronically positioned between in-
termetallic and insulating valence compounds. They are typ-
ically characterized by a small semiconductor band gap or
semimetallic behavior and exhibit diverse and often complex
crystal structures.

Among the Zintl phases, a ternary series adopting the
CaAl,Sip-type structure has been vastly studied such as
the AZn,Sby (A = Sr, Ca, Yb, Eu),['™0 Xyzp, (X =
Ca and Yb; Y,Z = Zn, Mn, and Cu),l”! CaZn,_,Cu,P,
and CaMnZn;_,Cu,P5,B! EuMn,Sb,,[1 EuCu, P, com-
pounds, etc. and this indicates their candidatures for ther-
moelectric applications. Many Zintl compounds of the
CaAl,Si, type are known, however its derivatives adopting
the LaLi3Sb,-type structure, called the “filled” CaAl;Si;-
type have attracted our attention due to their simple struc-

tures with diverse physical properties.!!!'=13] As ternary Zintl
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compounds, YLi3X, (X = Sb, Bi) compounds possess the
LaLi3Sb,-type structure. Using x-ray and neutron diffraction
methods, these materials have been first investigated by Grund
et al.,"") and it was reported that these compounds crystallize
into a “filled” CaAl,Si,-type structure each. To the best of our
knowledge, there is scarce crystal structure experimental infor-
mation of the YLizX, compound and in fact to date their op-
toelectronics and thermoelectric properties have not yet been
calculated nor measured. For these reasons, the aim of the
present work is to perform these calculations using the density
functional theory (DFT).

2. Computational method

The calculations are performed using the full-relativistic
version of the augmented plane wave plus local orbitals
(APW+1o) method!'¥ in order to solve the DFT Kohn—Sham
equation'! as used in the WIEN2k computational code, ']
where the APW+1o and the linearized (L)APW+lo methods
are some of the accurate methods of calculating the properties
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gradient approximation (WC-GGA) parameterized by Wu and
Cohen!'”! and the local density approximation (LDA)™% are
used for the exchange—correlation energy functional/potential.
However, in order to calculate the optoelectronics and ther-
moelectric properties, the recently developed modification by
Tran and Blaha (TB) of the Becke and Johnson (mBJ) ex-
change potential (TB-mBJ)[*!l is used. This TB-mBJ func-
tional describes the bandgaps of the insulators and semicon-
ductors with high accuracy, which leads to an experimental
agreement which is comparable to the calculations from hy-
brid functional or GW.[?!1 The values of muffin-tin sphere ra-
dius Ry for the Y, Li, Sb, and Bi atoms are chosen to be 2.4,
2, 2.45, and 2.5 a.u. (atomic units), respectively. The cal-
culations are performed with RyrKmax = 8.5 (Where Ky is
the cut-off parameter for the plane wave) for the convergence
parameter where the calculations are stable and convergent in
terms of the energy. We use an appropriate set of k-points,
consisting of the 12 x 12 x 6 Monkhorst—Pack sampling, to
compute the total energy. Furthermore, during the calcula-
tions of the electronic and optical properties, a dense k-grid of
17 x 17 x 9 is utilized where the total energy convergence is
guaranteed by varying both the plane wave cut-off parameter
and the number of k-points.

3. Results and discussion
3.1. Structural properties

In ambient conditions, the YLi3X, (X = Sb, Bi) com-
pounds each crystallize into a LaLi3Sb-type structure!!!! in
the space group P-3ml (No. 164) as shown in Fig. 1. The
conventional cell contains one formula unit with four indepen-
dent Wyckoff sites: Li; on 1b, Lip on 2d (z14,), Y on la, and
X (= Sb, Bi) on 2d (zx). Consequently, the crystalline struc-
ture of the YLi3 X, compound is characterized by three free pa-
rameters such as the lattice constant a, ¢/a ratio, and the inter-
nal structure parameters (z.i, and zx). This is why we ought to
relax the ¢/a ratio and z for each volume in order to obtain the
optimized crystalline structure that minimizes the total energy
and hence two sets of calculations are performed. The first one
is that starting from the experimental lattice constants, we re-
lax the internal parameters by relaxing the z coordinates of the
second atom of the lithium and pnictide atoms until the forces
on the ions are below a tolerance value taken at 0.001 eV /A.
The second one is that using the optimized internal parameters
(zLi, and zx), the total energy is calculated at different val-
ues of both volume V and ¢/a ratio, to achieve the minimum
point in the total energy. Subsequently the calculated total en-
ergies versus volumes are fitted by the Murnaghan equation
of state!??! in order to determine the ground-state properties
such as the equilibrium parameters which are the equilibrium

volume (V) of the unit cell, lattice constants a and ¢, bulk mod-
ulus B as well as its first pressure derivative B’. The deduced
structural parameters obtained with both approximations are
presented in Table 1, which are accompanied with some ex-
perimental data for comparison. Our estimated lattice con-
stants a, ¢, and the ¢/a ratio, as well as the optimized internal
parameters (zr, and Zsb), agree well with the available exper-
imental data. The deviation between our calculated equilib-
rium lattice constants a, ¢ via the GGA (LDA) approximation
and the measured data are approximately 0.7% (0.37%), 1%
(0.41%), and 0.04% (0.75%), 0.9% (0.27%) for the YLi3Sb;
and YLi3Bi, compounds, respectively, which ensures the re-
liability of the presented first-principles computations in this
paper. However for the bulk modulus no experimental data
exists for these crystals so that a direct comparison of the cal-
culated values of the bulk modulus is not possible.

Table 1. Calculated values of lattice parameters (a, ¢) (in unit A), bulk
modulus B (in unit GPa), pressure derivative of the bulk modulus (B’ ), and
the internal parameters zy;,, zx for the YLi3X; (X = Sb, Bi) compounds as
compared with the available experimental data.

System a c  cla i, = B B

This work GGA 4.499 7.083 1.574 0.647 0.247 48.10 4.16
LDA 4.548 7.185 1.579 0.647 0.247 52.92 4.28
4.531 7.155 1.58 0.647 0.247 — -

YLi3Sb;
Expt.[11]

This work GGA 4.603 7.223 1.569 0.649 0.244 42.76 4.11
LDA 4.641 7.310 1.575 0.649 0.244 47.23 4.32
4606 729 158 — — — —

YLi3Bi,
Expt.[1]

Fig. 1. (color online) Crystal structures of the YLi3X, (X = Sb, Bi) com-
pounds.

3.2. Electronic properties

In this subsection, we focus on the electronic properties
of the YLi3X, (X = Sb, Bi) compounds via calculating their
energy band structures and the densities of states (DOSs). The
calculated band structures at the equilibrium volumes of the
YLi3X, (X = Sb, Bi) compound within the WC-GGA and
(GGA/ LDA) TB-mBJ approximation are shown in Fig. 2 for
some high-symmetry directions in the Brillouin zone. This
figure demonstrates that for the WC-GGA approach, the pnic-
tides (Sb, Bi) p-like valence band and the yttrium d-like con-
duction band are found to cross over the Fermi level in the I
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and L directions, respectively, so that there is a slight overlap
among the conduction and valence bands. Hence, it indicates
that the YLi3X, (X = Sb, Bi) compounds are semimetal mate-
rials from the WC-GGA calculation which is the same as the
result found from the LDA calculation. On the other hand, us-
ing the GGA/TB-mBJ approach this overlapping disappears,
thus leading to a very small energy gap between the conduc-
tion and valence bands for the YLi3Sb, compound, resulting
in a semiconducting character with an indirect band gap (I"—L)
of about 36 meV [as shown in Fig. 2(a)]. However in the case

o ERIRS ;
9%,

/S '\\ V

—— LDA/TB-mBJ
—— GGA/TB-mBJ

of the YLi3Bi, compound the lower edge of the conduction
band (L-point) is equal to the highest edge (I"-point) of the va-
lence band in the energy band, which indicates a semimetal be-
havior [as shown in Fig. 2(b)]. Conversely the LDA/TB-mBJ
calculation predicts a semiconducting character for both com-
pounds with indirect band gap (I'-L) values of about 0.15 eV
and 0.081 eV for YLi3Sb and YLi3Bij,, respectively. Moreover
we include the spin—orbit coupling (SO) in our calculation for
both approaches (GGA/LDA) TB-mBJ
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Fig. 2. (color online) Calculated band structures along some high symmetry lines in the Brillouin zone within the GGA, LDA/GGA-TB-mBJ
with and without spin—orbit coupling approximations of (a) YLi3zSb, and (b) YLi3Bi, compounds.

107801-3



Chin. Phys. B  Vol. 25, No. 10 (2016) 107801

as shown in Figs. 2(a) and 2(b). One can see that there are no
great effects on the band structure calculations for both materi-
als. The computed energy gap values are given in Table 2 and
we mention here that no experimental nor theoretical work re-
garding the electronic properties is available for comparison.
Nevertheless the overall band profiles of both the YLi3Sb, and
YLi3Bi; compounds are found to have the same characteristic
features as those of the LaLi3Sb, compound.!?!
Table 2. Calculated values of direct and indirect band gap (in unit eV)

within the LDA/GGA/TB-mBIJ approximations with and without spin—
orbit coupling (SO).

System r-r r-m r-L
GGA/TB-mBJ 1.01 0.38 0.036
YLi3Sby GGA/TB-mBJ + SO 1.02 0.38 0.037
LDA/TB-mBJ 1.2 0.49 0.151
LDA/TB-mBJ + SO 1.2 0.49 0.151
GGA/TB-mBJ 0.85 0.23 0
YLi3Bi, GGA/TB-mBJ + SO 0.86 0.23 0
LDA/TB-mBJ 0.95 0.30 0.081

LDA/TB-mBJ + SO 0.95 0.30 0.081

To attain a more in depth picture of the electronic struc-
ture, the total and partial atomic densities of states (TDOS and
PDOS) for the YLi3X, (X = Sb, Bi) compounds are calcu-
lated. Figure 3 shows the calculated TDOS and PDOS within

the LDA/TB-mBJ approach. From this figure, the first thing
that can be clearly seen is that the TDOSs of both compounds
are each divided into three regions. The first region is a sharp
peak represented by a flat band in the band structure (as shown
in Fig. 2) between —11 eV and —9 eV as well as —12 eV
and —10 eV in the valence band for the YLi3Sb, and YLi3Bi,
compounds, respectively. This deep electronic localized struc-
ture arises mainly from the filled pnictides (Sb, Bi) “5s” states,
which are separated from the upper valence band (UVB) by
gaps of about 4.7 eV and 6 eV for the YLi3Sb, and YLi3Bi;
compounds, respectively. The second region (UVB) lying be-
tween top of the valence band down to approximately —4.5 eV
below the Fermi level (Er) shows roughly two peaks with dif-
ferent intensities, in which the major contribution comes from
the filled pnictide “Sp” states mixed with the lithium “2s, 2p”
states and the yttrium “4d” states. We note here the occur-
rences of an overlap between the X (= Sb, Bi) “5p”, Y “4d”,
and the Li “2s, 2p” states in the valence states, which indicates
a significant degree of hybridization between these states, thus
suggesting covalent character on the X—Y and X—Li bond. The
region above EF is essentially dominated by the Y “4d” states
mixed with the Li “2s, 2p” states, whereas the contributions
from the pnictides (Sb, Bi) states are significantly reduced.
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Fig. 3. (color online) Total and partial projected densities of states (TDOSs and PDOSs) for the YLi3X, (X = Sb, Bi) compound within

the LDA-TB-mBJ approximation.
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3.3. Optical properties

We calculate the optical properties of the YLizX, (X =
Sb, Bi) compounds based on the calculated LDA/TB-mBJ
electronic structure for an incident photon of energy A up to
40 eV. Figures 4(a) and 4(c) show the variations of spectrum
of the imaginary part & (®) of the complex dielectric func-
tion with photon energy for the YLi3X> (X = Sb, Bi) com-
pounds, which corresponds to the photon-absorption caused
by the electronic transitions from the occupied valence band
(V;) to the empty conduction band (C;). We can see that for
an energy range from 1 eV to 6 eV, the imaginary parts for
each of both compounds present a considerable anisotropy be-
tween SJ((O) and & ().
spectra present three sharp peaks at about 2.08 eV, 2.91 eV,
and 5.3 eV for the YLi3Sb, compound and at about 1.87 eV,
2.83 eV, and 4.12 eV for the YLi3Bi; compound. On the other
hand, the ££| (w) spectra of the YLi3Sb, compound have three
sharp peaks located at 1.56 eV, 3.78 eV, and 4.75 eV, respec-
tively. However, for the YLi3Bi; compound, there is one main

In this energy range, the & (®)

sharp peak situated at 3.5 eV. These peaks are possibly gener-
ated mainly by the direct transition from the pnictides (Sb, Bi)
“Sp” states to the Y “4d” states and from the Li “2s, 2p” states
to the Y “4d” states, respectively. Beyond this energy range,
both the eg (®) and & () curves decrease rapidly with in-
creasing photon energy and the anisotropy almost disappears.
Moreover, at high energy, the imaginary parts of both com-

pounds show small peaks at about 26.5 eV.
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Fig. 4. (color online) Total and partial projected densities of states (TDOSs
and PDOSs) for the YLizX> (X = Sb, Bi) compound within the LDA-TB-
mBJ approximation.

The plots of the real part of the complex dielectric func-
tion, € (®) versus photon energy for the YLi3X, (X = Sb,
Bi) compounds as depicted in Figs. 4(b) and 4(d), each show

dispersed electromagnetic energy when passing through a

medium. An important quantity of €; (®) is the zero frequency
limit, £;(0), which is defined as the low energy limit of the
real part of the dielectric function and represents the dielec-
tric response of a material to a static electric field. For both
YLi3Sb, and YLi3Bi, compounds, the static dielectric con-
stants, & (0) (ng (0)) are found to be 12.94 (12.66) and 14.74
(14.08), respectively. Furthermore, the & (®), (SlH (w)) spec-
tra show main peaks located at about 1.6 (1.33) eV for the
YLi3Sb, compound and at 1.54 (1.31) eV for the YLi3Bi;
compound in the visible light region. This is followed by a
steep decrease until the € (®) spectrum becomes negative in
the energy range where the phonon is damped, and then slowly
increases towards zero. We point out that the real part €; (@)
of the dielectric function also presents anisotropy and conse-
quently there are shifts of about 0.27 eV and 0.23 eV for the
YLi3Sb, and YLi3Bi, compounds, respectively, between the
main peak position of the & (®) and &"(®) spectra.

From both the imaginary & (®) and the real € (o) part
spectra of the complex dielectric function, the reflectivity co-
efficient R(®), refractive index, n(®) and the absorption co-
efficient, a(w) are calculated for the YLi3X, (X = Sb, Bi)
compounds against the photon energy, as shown in Fig. 5.
At zero energy, the plots of reflectivity R(®) versus photon
energy of the YLi3Sb, and YLizBiy compounds as shown in
Figs. 5(a) and 5(d) start at approximately 32% and 34%, re-
spectively, and then increase with some oscillations in the en-
ergy range from 1 eV to 12 eV for the YLi3Sb, compound
and from 1 eV to 11 eV for the YLi3Bi, compound, respec-
tively. In addition, the R (®) and Rl/(@) spectra reach maxi-
mum values of 55% and 53% as well as 53% and 54% in the
ultra-violet (UV) region for the YLi3Sb, and YLi3Bi, com-
pounds, respectively, which coincides with the minimum val-
ues of the € (w) spectra. Subsequently, the reflectivity R(®)
shows a sharp drop at energies around 14.2 eV and 13.8 eV for
both the YLi3Sb, and YLi3Bi, compounds, respectively, cor-
responding to the so-called screened plasma frequency (wp).
Moreover, at an energy of about 26.5 eV, both the YLi3Sb, and
YLi3Bi, compounds again exhibit reflectance values of ap-
proximately 12.8% and 12%, respectively, and then the mag-
nitudes of the R(w) spectra reach zero at high photon energy.

Figures 5(b) and 5(e) display the variations of refractive
index n(w) of the YLizX, (X = Sb, Bi) compounds with pho-
ton energy. Analyzing these dispersion curves we find that
the static refractive indexes n'-(0) and nl(0) are about 3.59
and 3.55 and 3.83 and 3.75 for the YLi3Sb, and YLi3Bi,
compounds, respectively. The n'(®) and nll(®) spectra of
both the YLi3Sb, and YLi3Bi, compounds increase from the

static value to maximum values of 4.71 and 4.31, and 4.91
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and (4.45), respectively, in the visible light region. Subse-
quently, the magnitude of the spectrum then decreases rapidly
with photon energy to its minimum value which is smaller than
1 in the ultra-violet (UV) region.

Figures 5(c) and 5(f) show the plotted absorption coeffi-
cient spectra of the YLi3X, (X = Sb, Bi) compounds. A wide
absorption region is observed from the infrared (IR) to UV re-
gion with maximum values located at 6 eV and 5.6 eV for the
YLi3Sb, and YLi3Bi; compounds, respectively. Furthermore
at high energy, the materials exhibit strong absorptions in an
energy range from 24 eV to 33 eV. Consequently, these results
indicate that the YLi3X, (X = Sb, Bi) compounds can absorb
all of the frequencies between the IR and high UV regions.
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Photon energy/eV Photon energy/eV

Fig. 5. (color online) Variations of calculated dielectric constants (reflec-
tivity coefficient R(®), refractive index n(w), and the absorption coefficient
o(w)) with photon energy for YLiz X (X = Sb, Bi) compound.

4. Thermoelectric properties

The thermal energy can be converted into electrical en-
ergy by the thermoelectric materials. Therefore it is ex-
tremely interesting to study the thermoelectric properties of
the YLi3X, (X = Sb, Bi) compounds. The dependences of
power factor, Seebeck coefficient, electrical conductivity, and
thermal conductivity on temperature are important thermo-
electric parameters.

In this work, the thermoelectric properties are predicted
in a temperature range from 200 K to 800 K. Figure 6 shows
the plots of electrical conductivity versus temperature and
this parameter determines the free charge carrier flow. The
electrical conductivity spectra of the examined compounds
show that in the low temperature (200 K) region, the YLi3Sb,
and YLi3Bi, compounds have electric conductivity values of
2.35%x 10" (Q-m-s)"" and 2.37 x 10" (Q-m-s) "' respec-

tively. For the YLi3Sb, compound, it initially decreases down

to a temperature of 500 K and then it increases and reaches its
maximum value at 800 K. On the other hand for the YLi3Bi,
compound, its electrical conductivity increases as the tempera-
ture increases and reaches its maximum value at a temperature
of 800 K. Figure 6 shows that the YLi3Sb, compound is a good

electrical conductor compared with the YLi3Biy compound.

—o— YLi,Sh, i

—o— YLi;Bi,

3.5F

(o/7)/10 (2m-s)~!

1'5-...|...|.|...|...|...
200 300 400 500 600 700 800

T/K

Fig. 6. (color online) Variations of calculated electrical conductivity
per unit relaxation time with temperature for YLi3 X, (X = Sb, Bi) com-
pound.

The variations of thermal conductivity with temperature
of the compounds are shown in Fig. 7. At 200 K, the thermal
conduction in the YLi3Biy compound is larger than that in the
YLi3Sb, compound where this trend is observed in the whole
temperature range (from 200 K to 800 K). Maximum value of
the thermal conductivity is noted to be 9.26 x 10'* W/m-K-s
and 1.15 x 10" W/m-K:s for the YLi3Sb, and YLi3Bi; com-
pounds at 800 K, respectively. This shows that the YLi3Bi;
compound is a better thermal conductor at all temperatures
than the YLi3Sb, compound.

1.2

—o— YLi,Sh,
—o— YLi,Bi,

1.0

0.8

0.6

0.4

(k/7)/10% (W/m-K-s)

0t ]

1 1 1 1
200 300 400 500 600 700 800
T/K

Fig. 7. (color online) Variations of calculated thermal conductivity per
unit relaxation time with temperature for YLi3X, (X = Sb, Bi) com-
pound.

The Seebeck coefficient (S) is an important parameter that

determines the efficiency of thermocouples and it is the ratio

of the voltage difference to the temperature difference. The
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variations of Seebeck coefficient with temperature of the com-
pounds are shown in Fig. 8. The Seebeck coefficient has nega-
tive values for both compounds, showing that each of the com-
pounds has an n-type conductivity. The maximum value of S is
at 200 K and by increasing the temperature its value decreases

for each of the compounds.

or —o— YLi;Sh,
—o— YLi,Bi,
=2
X
=
~
E —4
7
2
. -6 T
n
78 - -
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T/K

Fig. 8. (color online) Variations of calculated Seebeck coefficient with
temperature YLizX> (X = Sb, Bi) compound.

Power factor is a parameter used to measure the electric
power generation ability of a material. The calculated power
factors per relaxation time of the YLi3X,> (X = Sb, Bi) com-
pounds each as a function of temperature are shown in Fig. 9.
At a temperature of 200 K, both compounds have low power
factors, however the thermo power of the YLi3Sb, compound
is larger than that of the YLi3Bi, compound. With temperature
rising, the power factors are observed to gradually increase for
both compounds. From the figure it is clear that the power fac-
tor reaches its maximum values of 9.04 x 10! W/m-K?-s and
7.53 % 10'° W/m-K? s (at 800 K) for the YLi3Sb, and YLi3Bi,
compounds, respectively.

1.0 T T T T T

—— YLi;Sb,
0.8} —o— YLi3Bi, ]

S/10M (W/uK?2s)

0 1 1 1 1 1
200 300 400 500 600 700 800

T/K

Fig. 9. (color online) Variations of calculated thermoelectric power fac-
tor temperature YLi3 X, (X = Sb, Bi) compound.

5. Conclusions

Using the APW+lo approach based on DFT, within the
GGA/LDA and (GGA/LDA) TB-mBJ approximations, we

perform a detailed investigation of the structural, optoelec-
tronic and thermoelectric properties of the YLi3X, (X = Sb,
Bi) compounds with the LaLizSb,-type structure. Our esti-
mated ground states’ properties are in good agreement with
the available experimental data. According to the electronic
calculations, we find that both compounds exhibit semimetal-
lic behaviors using the WC-GGA or LDA approach. However,
employing the modified Becke—Johnson potential (GGA/TB-
mBJ) semiconducting ground states are predicted for the
YLi3Sb, compound with an estimated indirect band gap (I'—
L) of about 0.036 eV and semimetallic ground states for the
YLi3Bip compound. On the contrary the LDA/TB-mBJ cal-
culations predict a semiconducting character for both com-
pounds with indirect band gap (I'-L) values of about 0.15 eV
and 0.081 eV for YLi3Sb and YLi3Bi, respectively. Further-
more analyzing the DOSs of the herein materials we note a sig-
nificant degree of hybridization between the X (Sb, Bi) “5p”,
Y “4d”, and Li “2s, 2p” states in the valence states which sug-
gest covalent characters on the X—Y and X-Li bonds. We also
point out that the YLi3X, (X = Sb, Bi) compounds each have
a strong response in the energy range between the IR and ex-
treme UV regions. The YLi3Sby compound is observed to
be a better thermal and electrical conductor than the YLi3Bi;
compound, and the thermoelectric power of the YLi3Bi; com-
pound is larger than that of the YLi3Sb, compound.
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