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We analyse a detailed investigation of structure, electronic, optical, magnetic and thermoelectric properties of
(Cs, Rb, K)2MnFg double perovskites with cubic Fm3m space group. The calculation method was the augmented
plane-wave functions plus local orbitals as implemented in the WIEN2k code and the GGA followed by the most
accurate GGA-mBJ as exchange potentials. The precision of our K,MnFg, RboMnFg and CsaMnFy lattice constant
compared with their available experimental data is in the range 1.2 % to 3.6 %. The calculated band gap of
KoMnFg, RbaMnFs and CsaMnFg materials advantages them for use in light-emitting diode technology. These
materials exhibit ferromagnetic behavior. The negative formation energy, free Helmholtz energy and the
dispersion of phonons confirm their thermal, thermodynamic and dynamic stability. The calculated band gap of
K,MnFg, RboMnFg and Cs,MnFg materials advantages them for use in light-emitting diode technology. The p-type
charge carriers, direct band gap, and flat conduction and valence bands make them as good thermoelectric
materials. The major contribution to the magnetization comes from the unfilled Mn-3d orbital. The high static
dielectric constant reduces the recombination rate of charge carriers and the presence of absorption peaks in the
ultraviolet region are advantageous in the exploitation in the optoelectronic field. The flat valence and con-
duction bands, high p-type conductivity, good thermoelectric parameters, as well as non-toxicity make these
compounds mainly attractive in the thermoelectric application.

1. Introduction the photoluminescent characteristics in the red emission region of syn-

thesized cubic KsMnFg particles [1]. Researches have been carried out

The study of the properties cited in title allows us to explore the
overall performance of AsMnFg (A = Cs, Rb, K) double perovskites.
These compounds belong to the cubic Fm3m space group in which A take
8e (1/4, 1/4, 1/4) site,Mn has Wyckoff’s site 4b (0, 0, 0), while F anion
occupy 24a (u, 0, 0) site, where u is a displacement parameter having
various value for each compound. Fluorinated materials made of alkali
metals are of particular interest in research because they have high lu-
minosity, low cost and good thermal stability. R. Kasa et al. investigated
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on the infrared and Raman spectra of KoMnFgand Cs,MnFg obtained in
the solid and in solutions of anhydrous HF [2]. We present the reaction
for the chemical synthesis of elemental fluorine K;MnFg prepared by the
controlled reduction of potassium permanganate in 50 % aqueous
hydrofluoric acid [3]:

2K2MHO4 + 2KF + 10HF + 3H,0, —>2K2MHF6 +8H,0 + 30,

The perovskite materials under study are used in ferroelectric,
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semiconductor, superconductor, catalytic and thermoelectric applica-
tions [4-7]. But they have a disadvantage in that their total magnetic
moment in the magnetically ordered state is low. There is a class of
materials such as complex iron oxides with excellent electronic prop-
erties that also show promise for practical applications [8]. Magnetic
perovskites possess semi-metallic properties with a high Curie temper-
ature, a quantized magnetic moment and a maximum spin polarizability
[9]. The magnetic character of these perovskites is suitable for their use
as spin filters, spin valves, magnetic sensors and memory [10,11]. It is
reported that the study carried out by Bode shows that RboMnF takes
the cubic structure between 70 °C and 100 °C, otherwise the hexagonal
shape is preserved. The yellow fluorides KoxMnFs with an hexagonal
structure, the cubic Rb,MnFg and CsoMnFg are initially obtained in the
form of powders stable in air by fluorination of AgMn(SO,),[12].
KsMnFg is considered a precursor compound of red fluoride-saturated
phosphors, which struggle for structural stability. The electronic struc-
ture of AsMnFg (A = Cs, Rb, K) was characterized using the exchange
correlation functionals (WC-GGA), (mBJ) and GGA + U [13]. S.V. Tru-
khanov et al. studied the cation order-disorder on the crystal structure
of other quaternary perovskites (Pr, Nd, Sm, Gd, Tb)BaMn20¢.,, which is
tetragonal for y = 0 and 1 as well as magnetic state, critical temperature,
spontaneous magnetic moment per Mn ion and electrical resistivity
[14]. The band gap and absorption coefficient in tetragonal perovskites
extracted from the transmission spectra increase with decreasing tem-
perature [15]. The large spontaneous polarization and room tempera-
ture multiferroic properties are discovered in doped M-type
hexaferrites SrFejp4InyOqi9 (x = 0.1; 0.3; 0.6 and 1.2). Thus, the
magnetoelectric characteristics of M—type hexaferrites are more
advanced than those of the well-known multiferroic BiFeO3 orthoferrite
at room temperature [16]. The existence of spontaneous polarization in
SrFej 2 4Iny0;9 hexaferrites remains controversial, which is explained by
the displacement of Fe ion from the center of an O octahedron in the unit
cell [16]. Manganese-doped MnyFes3;O4 (x = 0.0, 0.2, 0.6, 0.8) spinel
ferrites were produced via co-precipitation using the ethanolamine [17].
M-—type BaFejj 9Alp 1019 hexaferrite was successfully synthesized by
solid state reactions [8]. Nanocrystalline manganite Lag s50Bag.5oMnOs
was synthesized by an optimized sol-gel method [18]. (Pr, Nd, Sm, Eu,
Gd, Tb)BaMn20¢_, compounds have been synthesized by the topotactic
reduction-oxidation method [14]. Cs,TIBilg material cubic double
perovskite structure with space group Fm-3 m, direct band gap of 1.37
eV and strong optical absorption in the visible energy range of solar
spectrum can be a potential candidate for perovskite based solar cell
[19]. Cs2AgBiBrg with high light absorption coefficient, good stability
can be applied in a variety of photovoltaic devices, such as solar cells,
photocatalysis, sensors [20]. The double perovskite material of
CsoNaREClg-type, utilizing rare-earth (RE) ions as trivalent element,
displays rich optical properties, including visible and infrared light
emission through down-shifting, as well as up-conversion emission and
radiation-induced emission make it a promising material for optoelec-
tronic devices such as detectors, light-emitting diodes, lasers and energy
storage batteries [21].

Our contribution will concentrate on thermal, thermodynamic and
dynamic stability through formation energy, Helmholtz free energy and
phonon frequencies. We analyse also the detailed investigation of
elastic, electronic, optical, magnetic and thermoelectric properties of
AoMnFgs (A = Cs, Rb, K) double perovskites with a cubic structure. The
results obtained from the study of these materials show hight static
dielectric constant, which reduces the recombination rate of charge
carriers and favors their use in optoelectronic devices. The adequate
band gap, high static refractive index, ultraviolet energy absorption and
power conversion efficiency make them ideal materials for applications
in solar cells and thermoelectric field. Perovskite materials show
adequate optoelectronic characteristics, so they become a promising
solution in the field of photovoltaics. Our goal is to implement nano-
photonic concepts to increase the performance of perovskite solar cells.
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2. Computational details

The calculation method was the augmented plane-wave functions
plus local orbitals as implemented in the WIEN2k code [22] and the GGA
followed by the most accurate GGA-mBJ potentials for self-consistency
approximations as exchange potential [23]. The GGA-mBJ exchange
potential is used in the electronic characterization [24], where the
electron—electron correlation effect is treated by the DFT [25]. The plane
wave cut-off value (RyT.-Kmay), the muffin-tin radii (R p.1) of A(Cs, Rb, K)
and k-meshes for the Brillouin zone integration as reported in Table 1
ensure perfect convergence. For the calculation of optical and thermo-
electric properties, we use k-meshes = 10000, while for elastic constants
k = 5000 is sufficient. The maximum radial expansion I,ox = 10 au™!
expresses the charge density and potential. The cut-off energy that
separates valence and core states was — 8 Ry and 10> e was used as
charge convergence. Valence electrons participate in the formation of
chemical bonding, while core electrons influence the chemical reactivity
of an atom. The electronic configuration is noticed as Cs: [Xe] 6 sl, Rb:
[Kr] 5 sl, K: [Ar] 4 sl, Mn: [Ar] 3d® 4 s® and F: [He] 2 sz, 2p5. Ry in-
fluences the electronic characteristics, but its effect is not significant
compared to that of GGA-mBJ exchange potential. The formation energy
translates the binding force of a solid, and it is the energy needed to
dispatch the solid into isolated atoms when all the bonds are broken. We
take note that GGA-mBJ corrects the formation energy, transition energy
level, lattice constant, electrostatic potential, valence band maximum
and total energy.

3. Results and discussions
3.1. Structural characterization and stability

AsMnFs(A = Cs, Rb, K) take the cubic crystal structure with space
group Fm3m(No : 225). The crystal structure is depicted in Fig. 1. Mn
atoms are located at the octahedral center 4a (0; 0; 0),F atoms occupy
the corners (0; 0; u = 0.2296) and A atoms are in the spaces between the
octahedrons 8c (1/4; 1/4; 1/4). The structural study is characterized by
volume optimization, where the energy of the unit cell is minimized
with respect to the volume and adjusted by the Birch-Murnaghan
equation of state. For a stable specific volume, whose energy reaches a
minimum value called fundamental energy, the lattice constant, bulk
modulus and its pressure derivative, ground state energy and formation
energy are shown in Table. 2. The lattice constant accuracy of the cubic
KyMnFg, RboMnFg and CspMnFg according to their available experi-
mental data are estimated between (1.2 to 3.6) % [26]. The bulk
modulus values of cubic KoMnFg, RbaMnFg and Cso,MnFg agree well with
those reported using the semi-empirical model [27], where the error is
in the range (2.6 to 6.6) %. The pressure derivative of bulk modulus and
minimum energy of A(Cs, Rb, K)2MnFg are in good concordance with
those reported in reference [13]. The formation energy translates the
binding force of a solid, and it is the energy needed to dispatch the solid
into isolated atoms when all the bonds are broken. The negativity of the
formation energy of a material reflects its thermal stability.

[FA2MnFs _ pAaMnFs Ein _pMn _ E;For 1)
‘form - “tot 2 tot 6

Helmbholtz free energy were calculated with harmonic approxima-
tion as a function of temperature as shown in Fig. 2. The negative value

Table 1
The values of RyrxKmax, Ryt of each constituent and k-point of A,MnFg (A = Cs,
Rb, K) using GGA.

Type-1 RyrxKmax Rur (A) Ryr (Mn) Ryt (F) k-point
CsyMnFg 9 2.50 1.82 1.64 1000
K,MnF, 9 2.50 1.68 1.52 1000

RbyMnFg 9 2.50 1.81 1.64 1000
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Fig. 1. Schematic representation of A;MnFg (A = Cs, Rb, K) structure.

Table 2
Lattice constant (ap), bulk modulus (B) and its pressure derivative (B), minimum
energy (Eo) and formation energy Efoma of AoMnFg (A = Cs, Rb, K).

ao (A) B (GPa) B Eo (Ry) Efom.
(eV)
CsoMnFg 9.10 51.22 5.356 —34677.98295 —4.37
8.972 52.71 5.00 —34678.003
[26] [27] [13] [13]
9.033 51.87
[13] [13]
KyMnFg 8.3247 66.85 3.859 —5925.333698 —4.49
8.22 [26] 71.31 5.0 [13] —5921.672 [13]
[27]
RbyMnFg 8.656 64.42 2.96 —15442.759270 —4.52
8.528 62.74 5.00
[26] [27]
50 —
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Fig. 2. Helmholtz free energy as a function of temperature for A,MnFs (A = Cs,
Rb, K).

and the decrease of Helmholtz free energy when the temperature is
enhanced for all double perovskites indicate the thermodynamic sta-
bility of these double perovskites. This stability is more pronounced in
the sequence Cs—Rb—K. We display in Fig. 3 the phonon dispersion
diagrams along some of the high symmetry lines of their corresponding
Brillouin zones and total densities of states for A,MnFg (A = Cs, Rb, K)
double perovskites using GGA-mBJ functional. RbMnFs and CsyMnFg
show no imaginary phonon modes throughout the Brillouin zone (all
frequencies are positive) confirming their dynamical stability. While
K,MnF has one line with negative frequencies, but it has a tendency to
dynamical stability.

3.2. Elastic constants and mechanical characteristics

The elastic constants are calculated by the nonlinear using the
Charpin method [28]. A(Cs, Rb, K),MnFg double perovskites with cubic
symmetry have three parameters C1, C12 and C44 as reported in Table 3,
along with their mechanical characteristics estimated through these
constants. The shear modulus, bulk modulus, anisotropy factor, Young’s
modulus, Poisson’s and By/Gy ratios for AsMnFg (A = Cs, Rb, K) as well
as their Voigt and Reuss limits are reported in Table 3. Elastic constants
and bulk modulus satisfy the stability criteria
C11 +2C12)0,C44)0,C11 —C12)0,C12(B(C11 and therefore these double
perovskites are mechanically stable. Elastic moduli of these double pe-
rovskites being very low, this leads to their easy deformation and less
resistance to stretching or bending. Shear and bulk moduli, as well as
their Voigt and Reuss limits of KsMnFs and Rb,MnFs, are higher than
those of Cs;MnFg, which indicates that K,MnFg, and RboMnFg are harder
and stiffer compared with Cs;MnFg. Also, young’s modulus confirms the
larger resistance to uniaxial deformation of Cs;MnFs and RbaMnFs. We
note that the bulk modulus is located between shear modulus and
Young’s modulus for K,MnFg and RbaMnFe, signifying that these two
compounds allow uniaxial deformation more easily than volumetric
deformation. A high B/G ratio is associated with ductility, whereas a low
value corresponds to the brittleness. The critical value separating ductile
and brittle material is 1.75.CsoMnFg and K,MnFg are ductile, while
Rby;MnFg is brittle. The values of Poisson’s ratio v > 0.25 support forces
as central type in all compounds. According to condition for anisotropy,
all studied double perovskites are anisotropic and the anisotropy is more
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Fig. 3. Phonon band structures and DOS of A;MnFs (A = Cs, Rb, K) using GGA-mBJ.

Table 3
Elastic constants, shear modulus, bulk modulus, anisotropy factor, Young’s
modulus, Poisson’s coefficient and By/Gy ratio for A,MnFg (A = Cs, Rb, K).

CsoMnFg K>MnFs RbyMnFg
Cy1 (GPa) 75.76 135.45 157.65
C12 (GPa) 37.35 50.33 32.53
C44 (GPa) 17.27 40.42 33.41
Gy (GPa) 18.04 41.27 45.07
Gg (GPa) 17.99 41.25 41.06
Gy (GPa) 18.02 41.26 43.06
By (GPa) 50.15 78.70 74.24
A 0.89 0.94 0.53
Ey (GPa) 48.33 105.40 112.45
Egr (GPa) 48.21 105.35 104.02
Ey (GPa) 48.27 105.38 108.27
w 0.33 0.27 0.24
VR 0.33 0.27 0.26
Vi 0.33 0.27 0.25
Bu/Gy 2.78 1.90 1.72

pronounced in RboMnFg. Figs. 4-6 show 3D surface of Young’s modulus,
bulk modulus and Poisson’s ratio of K,MnFg, RboMnFg and CsaMnFg
double perovskites. It is presented by a contour along each graph in
different directions using GGA-mBJ functional. We note that all pa-
rameters are isotropic, except Poisson’s ratio and Young’s modulus of
RbyMnFg and CsaMnFg are anisotropic.

3.3. Electronic band structures

The band structure plots for A;MnFg (A = Cs, Rb, K) compounds in
both spin directions using mBJ-GGA are presented in Fig. 7. The valence
band maximum and the conduction band minimum lie at the ' sym-
metry point, suggesting a direct band gap nature. The band gap in terms
of the spin-resolved band structure using GGA and mBJ-GGA are re-
ported in Table 4. Semiconductors A(Cs, Rb, K)2MnFg have flat con-
duction and valence bands in both spins. The wide band gap character in
spin dn mode is observed, this difference between the majority and
minority spins is due to the hybridization of the Mn—3d and F —2p
states. The GGA calculation underestimates the band gap, then we use
the mBJ-GGA in order to predict the correct band gap. The density of
states plots, as shown in Fig. 8 explain the contribution of different
atomic states to the band structure for A;MnFg (A = Cs, Rb, K). The
partial density of states calculations of the selected double perovskites
with spin polarized indicate that the major contribution to the TDOS is
due to the K—3p,Rb—4d,Cs —4p,Mn —3d and F—2p sites. The band
centered in the upper valence band is mainly due to F —2p site with a
minor contribution from Mn —3d state in both spin directions. The lower
conduction band is empty and the first occupied conduction band is due
to F —2p and Mn —3d. The electronic band structure and density of states
show that all studied double perovskites exhibit semiconductor char-
acter in spin up and spin down direction. While, Cs;MnF¢ is half
metallic, exhibiting semiconductivity in spin up direction and metallic
behavior in spin down direction [29,30]. The zero value of the state
density explains that the materials under study are semiconductors. The
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Fig. 4. 3D surface of the Young’s modulus for (a) CsoMnFg, (b) KoMnFg, (c) RboMnFg,

(a) (b) (c)

Fig. 5. 3D surface of the Bulk modulus for (a)CsyMnFg, (b) KoMnFg, (c)RboMnFg.

Fig. 6. 3D surface of the Poisson’s coefficient for (a) Cs;MnFg, (b) K2MnFs, (c) Rb,MnFs.

wide band gap observed in these double perovskites suggest their use as 3.4. Optical properties
excellent materials for light emitting diode technology. Cs2TIBilg ma-

terial cubic double perovskite structure with space group Fm-3 m, direct Fig. 9 summarizes the plots of real (a) and imaginary (b) parts of the
band gap of 1.37 eV and strong optical absorption in the visible energy dielectric function, refractive index (c), extinction coefficient (d), energy
range of solar spectrum can be a potential candidate for perovskite based loss (e), absorption coefficient (f), reflectivity (g) and optical conduc-
solar cell [19]. tivity (h) of AsMnFg (A = Cs, Rb, K) as a function of photon energy using

GGA-mBJ. The real part explains the electronic polarizability, while the
imaginary part informs us about absorption. The static dielectric
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Fig. 7. The electronic band structure spin up and dn A;MnFs (A = Cs, Rb, K) using mBJ-GGA.

Table 4
Band gap of A,MnFg (A = Cs, Rb, K) using GGA and mBJ-GGA.
GGA GGA-mBJ
up Dn up dn
CsoMnFg 2.717 3.818 4.783 5.064
2.79 [13] 6.34 [13]
KyMnFg 2.685 3.752 4.978 5.138
2.79 [13] 3.85[13] 5.26 [13] 5.42 [13]
RbyMnFg 2.72 3.78 4.997 5.145
2.4 [13] 3.5[13] 5.13 [13] 5.36 [13]

constant is 2, 2.2 and 3.1 for K;MnFg, CsoMnFgand RboMnFg. The real
part becomes negative for an energy 12 eV, 22 eV and 25 eV for
CsyoMnFg, RboMnFgand KoMnFg.The dielectric function process an
excited field who opposes to the external field with lower frequency. The
high value of the static dielectric constant reduces the recombination
rate of charge carriers and the presence of peaks in the ultraviolet region
indicate that these materials are used in the optoelectronic field. The
imaginary part of the dielectric function is connected to the absorption
inside the material. The critical point of the imaginary part called energy
threshold designates the band gap due to the electronic transition be-
tween the valence band and the conduction band in the GGA-mBJ
approximation for both spins. The refractive index gives information
on the amount of light refracted by a material. The static refractive index
is 1.25, 1.35 and 1.85 for K,MnFg, CssMnFg and Rb,MnFg. It reaches a
maximum value in the extreme ultraviolet region 2.16, 2.12, 3.7 and 2.6
and decreases up to where it reaches the unity value. The real part shape
of the dielectric constant is identical to that of the refractive index. The

refractive index has an inverse relation with band gap. The extinction
coefficient starts at the threshold energy. CsaMnFg, KoMnFg and
RbsMnFghave a maximum of extinction coefficient 1.5, 2 and 5.5, and it
decreases until it disappears. The extinction coefficient and the imagi-
nary part of dielectric function have a similar appearance. There is no
loss for energy below the band gap. The maximum loss are 0.8 %, 1.5 %
and 3.5 % for RboMnFg, CsoMnFg and K,MnFg, therefore, losses are
negligible. The first absorption region in the ultraviolet energy range
was observed from 5 eV to 10 eV for A,MnFs (A = Cs, Rb, K). The light
absorption threshold is 5.064 eV, 5.138 eV and 5.145 eV in spin dn and
4.783 eV, 4.978 eV and 4.997 eV in spin up for Cs;MnFg, KoMnFg and
Rb,MnFg using GGA-mBJ. Peaks existing in the absorption spectra
correspond to the electronic transitions from bonding states to the anti-
bonding states. CsyAgBiBrg with its high light absorption coefficient,
good stability can be applied in a variety of photovoltaic devices, such as
solar cells, photocatalysis, sensors [20]. The static reflectivity values are
0.02 %, 0.03 % and 0.1 for K;MnFe,CsoMnFe and RboMnFe. The reflec-
tivity spectra have two parts, the first one in the range 0 to 5 eV, where
the variation is almost constant, the second in the range 5 to 30 eV,
where the reflectivity passes through a set of maximum and minimum.
High dielectric constant and optical absorption of the double perovskites
under study make them perform better in solar cells. Optical conduc-
tivity shows the transportation of electrons in the present of electro-
magnetic radiations. The maximum peaks of 6(®) for AoMnFg (A = Cs,
Rb, K) occur in ultra-violet region of photon spectra. The double
perovskite material of CsoNaRECl¢-type, utilizing rare-earth (RE) ions as
trivalent element, displays rich optical properties, including visible and
infrared light emission through down-shifting, as well as up-conversion
emission and radiation-induced emission make it a promising material
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Fig. 8. The density of states of A,MnFs (A = Cs, Rb, K) computed by mBJ-GGA.

for optoelectronic devices such as detectors, light-emitting diodes, lasers
and energy storage batteries [21].

3.5. Magnetic properties

We have performed the spin polarized DFT calculations with GGA
and mBJ-GGA approximations in the study of magnetic properties for
AsMnFg (A = Cs, Rb, K). The calculation of the magnetic moment is used
in determining the magnetic nature of these double perovskites. These
compounds exhebit ferromagnetic character with major contribution to
the magnetization comes from the unfilled Mn-3d orbital. The calculated
interstitial, atomic and total magnetic moment for A(Cs, Rb, K) ,MnF are
reported in Table 5 using GGA and mBJ-GGA. We notice that both ap-
proaches give the same total magnetic moment. The partial magnetic
moments and the interstitial magnetic moment have the same direction,
which explain the ferromagnetic comportment. Magnetic calculations
reveal strong ferromagnetic nature of these compounds [29,30]. AoMnFg
(A = Cs, Rb, K) double perovskites have an integer magnetic moment
according to the Slater-Pauling rule. The partial magnetic moments in
the interstitial region have the same direction. Stoichiometry is an
important factor in complex oxides. The deviation in the concentration
of the original cations modifies the charge state of the transition metal
cations, hence the modification of the magnetic and electrical parame-
ters [31]. Vacancies in 3D metals lead to the formation of a weak
magnetic state, change their charge state, which affect magnetic and
electrical parameters such as total magnetic moment, Curie point, con-
ductivity and the band gap [32]. A spin glass is a magnetic state of a
substance having particular properties. The most important is the
divergence between the relative orientation of magnetic moments and

their exchange interactions. The condition for the formation of a spin
glass cluster occurs when there is a random distribution of values and
signs of exchange interactions. For a classical spin glass, the external
magnetic field causes a transition to a ferromagnetic state and changes
the divergence temperature of the Zero Field Cooling (ZFC) and Field
Cooling (FC) of the specific magnetic moment according to the power
law T = a + bH"[33,32]. This criterion determines the nature and
mechanism of the formation of an inhomogeneous magnetic state [34].
Structural separation into two phases occurs with strong competition of
the ferro and anti ferromagnetic interactions between Mn magnetic
moments. As a result, there is a new magnetic state, where a cluster spin
glass is reflected in the magnetic ordering and the freezing of magnetic
moments. The increase in the average crystallite size causes a non-
monotonic increase in the Curie point and in the spontaneous magnetic
moment [35,18]. It is reported that ferrite content significantly affects
magnetoelectric behaviour [35]. The anomalous behavior of the mag-
netic properties is explained by the competition between two size ef-
fects, namely, the frustration of the indirect exchange interactions and
the crystal lattice [18]. At zero external field, the magnetic state is a
cluster spin glass, which results from frustration exchange interactions.
An increase in external magnetic field leads to fragmentation of ferro-
magnetic clusters and then to an increase in the degree of polarization of
local spins of manganese and the emergence of long-range ferromag-
netic order [36]. The stability of the spin glass under pressure is asso-
ciated with restrictions on the maximum possible size of ferromagnetic
clusters in the presence of vacancies [37]. The formation of the spin glass
is due to competition between ferromagnetic double exchange interac-
tion and antiferromagnetic superexchange interaction, enhanced by
positional disorder in the sublattice [37].
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Fig. 9. The real (a) and imaginary (b) parts of the dielectric function, refractive index (c), extinction coefficient (d), energy loss (e), absorption coefficient (f),
reflectivity (g), optical conductivity (h) as a function of photon energy energy for AoMnFs (A = Cs, Rb, K) double perovskites using mBJ- GGA.
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Table 5
Calculated interstitial, atomic magnetic moment and total atomic magnetic moment for A,MnFs (A = Cs, Rb, K).
Approximation Minterstitial/at. (1p) mp/at. () myp/at. (pp) mg/at. (jig) Miotal
(1)
CsaMnFg GGA 0.21839 0.00206 2.57812 0.03323 3.00
3.00 [13]
GGA-mBJ 0.11160 0.00274 2.65278 0.03836 3.00
KyMnFg GGA 0.31988 0.00127 2.48484 0.03217 3.00
3.00 [13]
GGA-mBJ 0.17719 —0.00021 2.59022 0.03884 3.00
Rb,MnFg GGA 0.22107 0.00145 2.57594 0.03334 2.99998
3.0 [13]
GGA-mBJ 0.09501 0.00022 2.65278 0.04196 3.00

3.6. Thermoelectric characteristics

Seebeck coefficient, electrical conductivity, thermal conductivity
and figure of merit are calculated by Boltzmann transport theory with
BoltzTraP code in mBJ-GGA with spin-up and spin-dn. The results of the
thermoelectric parameters as a function of temperature relating to the
semiconductors AoMnFg (A = Cs, Rb, K) are depicted in Figs. 10 and 11.
The temperature range is chosen 0 to 1000 K. The Seebeck values of
AoMnFg (A = Cs, Rb, K) are positive throughout this temperature range
for both spins, therefore the conductivity comes from p-type charge
carriers. The Seebeck value decreases with increasing temperature in all
studied perovskites, but in the temperature range 100 K to 1000 K, its
effect is not harmful and especially in the case of the RbyMnFs com-
pound. Seebeck coefficient traduces thermoelectric performance of
materials and describes the ratio of voltage difference to that of tem-
perature difference computed under linear response regime. Higher
magnitudes are resulted in the sequences Ko MnFg—CsoMnFs—Rby,MnF,

High values of Seebeck are obtained in the case of spin-dn. At room
temperature, the Seebeck of K;MnFg, Cs;MnFs and Rb,MnFs is 1800
pVK~L, 1000 pvK ™! and 600 pvK~! (185 pVK~!, 175 pVK~! and 125
pVK 1) for spin-dn (spin-up). The o is related to carrier concentration by
the relation ¢ = ney, where y, e and n are the mobility, electronic charge
and carrier concentration of compounds. The electrical conductivity ¢
increases up to room temperature, then it decreases continuously in the
case of spin-up. The maximum electrical conductivity observed is 4 x
10* (@ms)™%, 3 x 10* (@ms)™! and 2.2 x 10* (Qms)™! for KoMnPFs,
CsyMnFg and RboMnFg. We report room temperature values of 6 as 2.2 x
10* (@ms) 7}, 2.7 x 10* (Qms)~! and 3.5 x 10* (Qms)~! for RboMnFs,
CsyMnFg and KoMnFg. For the spin-dn, the electrical conductivity in-
creases continuously with increasing temperature for RboMnFg and is
practically zero for Cs,MnFg and KosMnFg. The thermal conductivity of a
material is due to the electronic (k) and phonons (kph) contributions. In
accordance with the BoltzTraP code, we ignore the contribution of
phonons (ky) and only consider the electronic part (kej) of the thermal
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Fig. 10. Effect of temperature on (a) Seebeck, (b) electrical conductivity, (c) thermal conductivity and (d) figure of merit ZT for AoMnFs (A = Cs, Rb, K) within mBJ-

GGA approximation and Spin-up.
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the mBJ-GGA approximation for Spin-dn.

conductivity. In the case of spin-up, the electronic conductivity increases
until room temperature, then keeps a practically constant value up to
700 K for RboMnFg and KoMnFs then increases again. Whereas for
CsaMnFg, it decreases beyond the room temperature. For the spin-dn, the
electronic conductivity appears at 200 K for Rb,MnFs and 400 K for
K2MnFg and CsaMnFg respectively and then increases continuously, with
a weaker increase for KoMnFg and CspMnFg. The efficiency of the
transport properties of semiconductors is characterized by a dimen-
sionless quantity which is the figure of merit ZT. Its mathematical
expression is ZT = L,:TT, where S,0,T and k are Seebeck, electrical con-
ductivity, absolute temperature and thermal conductivity of material,
which is due to the electronic (k) and phonons (kpy) contributions. A
high value of ZT requires high values of S, 6 and T and a minimum
thermal conductivity k. The contribution of phonons (kpy) to thermal
conductivity is unknown. The figure of merit of KoMnFj is close to unity
and unaffected by temperature, while for RbyMnFs and CsoMnFy it is
reduced to nearly 0.90 at high temperature.

4. Conclusion

We performed ab initio calculations within the mBJ-GGA approxi-
mation for finding new materials with preferred elastic, electronic, op-
tical, magnetic and thermoelectric characteristics. Structural stability of
Ao,MnFs (A = Cs, Rb, K) was confirmed from computed formation en-
ergy, Helmholtz free energy and phonon dispersion diagrams. The
calculated lattice constant and bulk modulus are consistent with their
experimental results. The spin polarized band structure and density of
states indicate that all studied double perovskites have wide band gap in
both spin configurations. Semiconductors A,MnFs (A = Cs, Rb, K) have
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flat conduction and valence bands in both spins. A;MnFg (A = Cs, Rb, K)
double perovskites have an integer magnetic moment according to the
Slater-Pauling rule. Electronic band structures and density of states
show that these semiconducturs are p-type carriers. The calculated
thermal conductivity of CsoMnFg and Rbo,MnFg is sufficiently low to
allow the compounds under study to have a good electrical conductivity.
The figure of merit of the three compounds calculated at high temper-
atures, the flat valence and conduction bands, high p-type conductivity,
high Seebeck and ZT, as well as non-toxicity make these compounds
mainly attractive in the thermoelectric application. Our hope is that the
results obtained in this work serve as a reference for future projects on
the compounds under study.
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