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The electronic and thermoelectric properties of alkali metal-based fluorides CsYbF3; and RbYbFj; are studied by using
Wien2k and BoltzTraP codes. The structural and thermodynamic stability of these materials are confirmed by tolerance
factor (0.94 and 0.99 for RbYbF3 and CsYbF3) and negative formation energy. The optimized lattice constants and bulk
moduli are consistent with the results reported in the literature. The reported band gap for RbYbF; is 0.86 eV which
decreases to 0.83 eV by the replacement of Cs with Rb. The electrical and thermal conductivities along with Seebeck
coefficients decrease with temperature rising from 0 K to 800 K. The large values of thermoelectric parameters for positive
chemical potentials show that the character is dominated by electrons. The studied materials have figures of merit 0.82
and 0.81 at room temperature respectively, for RbYbF3 and CsYbF; and increase with temperature rising. Therefore, the
materials under study may have potential application values in thermoelectric generators and refrigerators.

Keywords: density functional theory, thermodynamic stability, electrical conductivity, figure of merit
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1. Introduction

Investigation of physical properties of a material plays
a key role in determining its technological importance. Al-
though a huge variety of technically important materials have
been developed already, perovskite represents a well-known
class of material with impressive physical properties and tech-
nological importance. The importance and significance of
these materials have been proved due to their good magnetic,
optical, electrical as well as piezoelectric response to external
motivation.!'=3] Moreover, ferroelectric performance, charge,
and thermo-electric power generation are the prominent fea-
tures of these materials. The applications of perovskites in
sensors, substrates, filed effect transistors (FETSs), fuel cell
electrodes, and optoelectronic appliances with adaptable na-
ture have been reported.[ The halide-based perovskites
have gained attention of researchers to probe their structural,
magnetic, electronic, and optical properties due to their poten-
tial applications in device fabrication.!'”! Fluoro-perovskites
having general formula ABFj3, is an important category of
halide perovskites.!'!:'?] The unique physical properties of

§l13-15

fluoro-perovskite I have made them functional in various

scientific disciplines like geophysics, astrophysics, electrical
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ceramics, optical oscillators, and particle accelerators.[!¢-19]
Although part of theoretical and experimental studies (lat-
tice constant, bulk modulus, tolerance factor) of alkali-based
fluoro-perovskites, RbYbF3 and CsYbFs3, have been reported,
complete investigations are still required. [20-2%1

To utilize the waste heat from running vehicles and fac-
tories, materials with acceptable thermoelectric (TE) proper-
ties have attracted the attention of scientific community in re-
cent years[?®! Conversion of waste heat into electrical power
can be made possible by devices made of high thermal ef-
ficiency materials.!?’-?8] The efficiency of thermal device is
calculated from the figure of merit:!*’! ZT = 6TS%/k. For
obtaining large thermoelectric efficiency, electrical conductiv-
ity (o), Seebeck coefficient (S), and thermal conductivity (x),
the materials with Z7 > 1 can be used in thermoelectric de-
vices, however, improvement in ZT value is a tricky task for
the researchers because S, ¢, and Kk are strongly independent
of each other. Moreover, improvement of power factor and
demotion of lattice conductivity are two major challenges in
the improvement of ZT value of a TE material.[?8! At present,
materials with high ZT values are fewer, however efforts are
in progress to enhance Z7T in more materials like PbTiO3,
BaTiOs, SrTiOs, Bi2Tes, and CoSbs.1*%32 Nano TE mate-
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rials (Al-ZnO/RGO,[*31 BaTiO3/RGO?*) obtained by mix-
ing oxides with reduced graphene oxide (RGO) are demanded
on a large scale due to their high ZT values. By exhibiting
high ZT, these nancomposites have proved their dominance
over individual materials. Investigators of material science are
still searching for high ZT materials with excellent thermo-
electric performances. The Wiedemann—Franz law describing
the interdependence of k. (carrier thermal conductivity) and &
(electrical conductivity) reveals that high ¢ and small k values

are pre-requisite to get high ZT.

2. Calculation method

The FP-LAPW + lo method based on Wien2k code®”!
was utilized in order to analyze the behavior of the stud-
ied perovskites. We analyzed the RbYbF; and CsYbF; per-
ovskites in cubic phase through volume optimization pro-
cess and determined the ground state parameters by us-

S.[36

ing Murnaghan equation of states.[*®) The volume optimiza-

tion of studied perovskites was carried out by using PBEsol
approximation. 373

The Becke and Johnson (mBJ) potential was modified to
increase the band gap of studied materials.*’ The mBJ po-
tential was used to adjust the lattice constant for the exact
bandgap that caused the electronic states to be improved. The
default value (—6 Ry, 1 Ry = 13.6056923(12) eV) of cut-off
energy was used for implementing all calculations. In addi-
tion, the Gaussian factor (Gpax) and angular momentum vec-
tor (Imax) are kept at 18 and 10 respectively. The selection of
k-mesh was considered to be the most important element in
order to acquire the accuracy of these calculations. We plotted
energy versus k-points graph after testing several k-meshes.
For the present computations, we chose the critical value of
k-mesh (10 x 10 x 10) at which the energy becomes constant.
Chapin’s method®>! was used in order to calculate the elas-
tic constants. Similarly, for the cubic symmetry, tensor matrix
was solved by the Chapin’s method. Consequently, BoltzTraP

code*!]

was taken into account for elaborating the thermo-
electric properties that depend on the temperature and chemi-

cal potential.

3. Results and discussion
3.1. Structure stability and electronic behavior

The structures of RbYbF3 and CsYbF3 with space group
(221)-Pm3m are optimized by PBEsol to reduce the lattice
strain. The optimized electronic structure and optimized
curves are displayed in Figs. 1 and 2. The calculated values

of lattice constant @, bulk moduli B, enthalpy of formation

AH, and band gap of fluoride-based perovskite RbYbF; and
CsYDbFj5 are listed in Table 1.
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Fig. 1. (a) Electronic structures, (b) energy band structure, figures of merit of
(c) CsYbF3, (d) RbYbF3, and (e) calculated crystal structure of Rb/CsYbF3
formed by Xcrysden.

Table 1. The calculated values of lattice constant a, bulk moduli B,
enthalpy of formation AH, and band gap of fluoride-based perovskites
RbeF3 and CSYbF3.

Parameter RbYDbF3 CsYDbF3
aog/A 4.60, 4.532 4.67,4.612
By/GPa 41.86 37.62
AH/(eV/unit cell) —2.50 —2.26
Band gap Eg(I-T')/eV 0.86 0.83
aRef. [24].
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Fig. 2. Plot of optimized energy verses volume of CsYbF; (red) and
RbYbFj3 (black) calculated by PBEsol approximation.
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The Rb/Cs atoms are located at the corners of cube,
and Yb atoms are occupied by the tetrahedron of F atoms.
The calculated lattice constants a = 4.60 A and a = 4.67 A
for RbYbF; and CsYbF3 are consistent with the results in
Refs. [42,43]. The lattice constant of CsYbF; is larger than
that of RbYbF3 because of larger atomic radius of Cs than
that of Rb. The bulk modulus B (in unit GPa) decreases
from 41.86 GPa (Rb) to 37.62 GPa (Cs) because the increas-
ing of atomic size reduces the binding forces between elec-
trons and nucleus. The structural and thermodynamic stabil-
ity of the studied materials are determined by Goldsmith’s
tolerance factor (#g) and formation energy (AH). The toler-
ance factor is given by t = (rrp/cs +7F)/ V2(ryp + re), where
TRb/Cs> T'Ybs and rg are the radii of individual Rb/Cs, Yb,
and F atoms, respectively.[** The ideal value of fg is one
for cubic perovskites however, the range of 7g from 0.94 to
1.02 is also valid. The value of g is 0.94 for RbYbF3 and
0.99 for CsYbF3, which shows the studied compounds have
stable structures. Furthermore, thermodynamic stability has
been reported in Refs. [45,46] demonstrating that the negative
value shows the energy releasing during compound formation
and confirming the existence of thermodynamic stability. The
band structures are plotted in Fig. 3, showing that the direct
band gap is 0.86 eV in the I direction in the first BZ for
RbYDbF; and 0.83 eV for CsYbF;.

W
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¥
X
P

CsYDbF,

R r X M I

Fig. 3. Electronic band structures of (a) RbYbF3 and (b) CsYbFj3 calculated
by PBEsol+mBJ potential.

3.2. Thermoelectric properties

The transport properties of RbYbF3; and CsYbFj3 are plot-
ted in Figs. 4-8. The BoltzTraP code has been implemented

to analyze them.[*”*8] The expression for transport coefficient
Oy (€) of electrical conductivity is mathematically expressed

as
1 . O(e—¢€ix)
o = — o ,k — 1
Oup(€) N;I:,G p(i,k) 5 (1)
0 (i, k) = €7, Ve (i, k) Vg (i, k), )

where 7 is the relaxation time, vg (i, k) is the group velocity, N
is the number of k-points, and & is the wave vector represent-
ing the group velocity. To calculate the necessary parameters
for analyzing the thermoelectric behavior, the integration of
transport coefficient is conducted as follows:

Gocﬁ(anu) = é/ﬁaﬁ(s) {—W
1 .
e]"_QoaB(T,u)/Glxﬁ(s)(E—#)

" {‘WW)] de.
oe

} de, (3)
S(Xﬁ (Tuu) =
“

These equations are analyzed through BotzTraP code to check
the thermoelectric properties. The calculated thermal conduc-
tivities (o) versus i (in unit eV) and 7 (in unit K) are pre-
sented in Figs. 4(a) and 4(b), with u being the energy needed
to add electrons by facing Coulomb potential. The positive
value of U represents n-type character and the negative value

[49.50] The electrical conductiv-

represents the p-type character.
ity from 1 eV to 3 eV is high which shows that the conduction
electrons are available at high energy. The o peak has large
intensity for CsYbF3 than that for RbYbF3 because electrons
are easily available for the conduction in CsYbF3. The o value
decreases with temperature (800 K) increasing due to the in-
sulating behavior of the material under study. Comparatively,
the electrical conductivity of CsYbF3 is higher than that of
RbYbF3 because of the reason as explained above.

The thermal conductivity (k) is related to the flow of heat
by electron movement (k) and lattice vibration (Kpp). 511 The
lattice vibration produces an elastic wave of energy which
moves along with electrons. In our calculations, the thermal
conductivity of phonons is ignored because it is beyond the
BoltzTraP code limits and only confers the electronic part of
k. The calculated values of x are shown in Figs. 5(a) and
5(b). The thermal conductivity starts to increase when chemi-
cal potential is 1 eV for RbYbF3 and it is 1.4 eV for CsYbF3
and reaches to maximum intensity at 2.5 eV. Its value is large
at 2.5 eV for CsYbF3, which may be due to the interactions
among a large number of electrons. The electrical conductiv-
ity decreases with the temperature increasing at a faster rate
than electrical conductivity, which may be due to the insulat-
ing behavior of materials under investigation. Moreover, K/
is small (10’5), which shows that the more electrons are avail-
able for conduction. %23
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Fig. 4. Electrical conductivity of RbYbF3 and CsYbF3 against (a) chemical potential and (b) temperature.
30
(a) (b)
—~ 25
«
N2 o
g 20} <02l
= <
2l 3
g S
= 5
£ 10 p——RbYDF, = 0.1 @—®RbYbF,
< ~
~ —— CsYbF, ¢ B—8CsYbF,
5L =
0 . ] Cod { ] A 0 ) ] ) ! L ] ) ] )
-2 -1 0 1 2 3 300 400 500 600 700 800
n/eV Temperature/K
Fig. 5. Thermal conductivity of RbYbF; and CsYbF3 against (a) chemical potential and (b) temperature.
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Fig. 6. Seebeck coefficient of RbYbF; and CsYbF3 against (a) chemical potential and (b) temperature.

Seebeck coefficient (S) shows that the potential differ-
ence varies with temperature difference between contacts of
two dissimilar metals. In semiconductors, both the electrons
and holes contribute to Seebeck coefficient. The calculated
Seebeck coefficient increases to 1200 pV/K and then drops to
—1200 uV/K at 0.5 eV, which shows that the electrons and
holes are present as carriers (see Fig. 6(a)). The effect of tem-
perature on Seebeck coefficient is displayed in Fig. 6(b). It
decreases with temperature increasing up to 800 K. The power
factor (S%>c) measures thermal efficiency without thermal ef-

fects. The power factor (PF) versus y and T are shown in

Figs. 7(a) and 7(b), respectively. The intensities of collec-
tive peaks around the Fermi level of CsYbF3 cancel the effect
due to opposite charge carriers while in an energy range from
0.8 eV to 3 eV the large number of peaks are detected, which
shows that the conversion of thermal heat into electrical en-
ergy is triggered by the electrons. The power factor decreases
with increasing T because both Seebeck coefficient and elec-
trical conductivity decease. To measure it, the actual efficiency
of the power factor of the material under study must be di-
vided by thermal conductivity, which is explored by the figure
of merit ZT = (§>0/x)T, where T is the absolute tempera-
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ture (see Figs. 8(a) and 8(b)).!33! Its value at Fermi energy and
0.5 eV are both zero and maxima are at 0.3 eV and 0.8 eV.
The values of ZT are increases linearly with temperature. The
ZT values of RbYbF3 are higher than those of CsYbFj; in the

whole temperature range. For the easy understanding of trans-
port properties, their values at 300 K are listed in Table 2. The
ZT value of RbYbF; is 0.82 and that of CsYDbFj3 is 0.80, which
shows their applications in heat conversion devices.

3 - 1.0
. (a) :  ——RbYbF, - (b) ®—8 RbYDF,
< : -
[ i —— CsYbF, = 0.8 B—u CsYbF,
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Fig. 7. Power factor of RbYbF3 and CsYbF; against (a) chemical potential and (b) temperature.
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Fig. 8. Figure of merit (ZT) of RbYbF3; and CsYbF; against (a) chemical potential and (b) temperature.
Table 2. Calculated room temperature values of electrical conductivity (o), thermal conductivity (k), Seebeck
coefficient (), power factor (652), and figure of merit (ZT') for fluoride-based perovskites RbYbF; and CsYbF3.
Perovskites /10" (Q-m-s)~! Kk/101% (W/mK)~! S/(wV/K) 652/10'2 (W/mK? - s) zr
RbYbF; 3.76 0.230 130.44 0.639 0.82
CsYbF; 3.86 0.235 128.60 0.638 0.81

4. Conclusions

We explored the electronic and transport properties of al-
kali metal-based halides. The RbYbF3; and CsYbF3 have ther-
modynamically stable cubic structures. The lattice constant
and bulk modulus are consistent with the results in the exist-
ing literature. The small band gap of 0.86 eV for RbYbF; and
0.83 eV of CsYbF; are important for thermoelectric charac-
teristics. The k/o is on the order of 1073, which confirms
the materials under study to possess the thermoelectric appli-
cations. Moreover, the results show n-type character. The fig-
ure of merit for RbYbF3 and CsYbF3 at room temperature are

0.82 and 0.80, which increase with the augment of tempera-

ture. Therefore, the compounds under study have large poten-

tial applications in thermoelectric generators and refrigerators.
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