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A B S T R A C T 

Physical properties of chromium-doped halide double perovskites (DPs) Cs2GeX6 (X = Cl, Br) are investigated using density functional theory (DFT) as 

implemented in the WIEN2k code. These materials are of interest for solar cells and photovoltaics owing to their non-toxicity and ecological sustainability. 

The structural, electronic, magnetic, and thermoelectric characteristics of pristine and Cr-doped A2BX6 (A = Cs; B = Ge; X = Cl, Br) halides are examined. 
The negative formation energies and the tolerance factors confirm the thermodynamic and structural stability of these compounds. The band gap of 

Cs2GeCl6 is 4.5 eV and that of the doped Cs2Ge0.75Cr0.25Cl6 is 4.1 eV, whereas the band gap of Cs2GeBr6 is 3.0 eV and that of the doped Cs2Ge0.75Cr0.25Br6 is 

2.5 eV. Cs2Ge0.75Cr0.25Cl6 and Cs2Ge0.75Cr0.25Br6 exhibit an indirect band gap in the spin-up channel and a direct band gap in the spin-down channel. Cr 
doping increases the equilibrium lattice parameters of Cs2GeCl6 and Cs2GeBr6 (Cs2GeCl6: 10.32 Å, Cs2Ge0.75Cr0.25Cl6: 10.55 Å, Cs2GeBr6: 10.65 Å, and 

Cs2Ge0.75Cr0.25Br6: 10.85 Å). Both Cr-doped compounds, Cs2Ge0.75Cr0.25Cl6 and Cs2Ge0.75Cr0.25Br6, possess the same integer total magnetic moment of 3 μB, 

indicating ferromagnetic semiconducting behavior. The thermoelectric properties were evaluated in terms of the electrical conductivity, electronic thermal 

conductivity, Seebeck coefficient, and power factor. The computed power factors (PF/τ) at 200 K are 1.90            and 1.85           , and 

3.98            and 4.09            at 800 K for Cs2Ge0.75Cr0.25Cl6 and Cs2Ge0.75Cr0.25Br6, respectively. The positive Seebeck coefficients 

indicate p-type conduction, and the room-temperature ZT values of 0.79 and 0.78 highlight the potential of these materials for thermoelectric applications. 

Keywords: Cr-doping, Structural property, Electronic property, Thermoelectric property, Magnetic property, Density functional theory  

 

1. Introduction 

The recently obtained results show that double halide 

perovskites are promising materials for luminescence and 

photovoltaics. Despite great progress in materials science, a 

problem remains in accurately defining "perovskite." 

Therefore, perovskite materials are defined here with the 

additional specification of "heavier halides," i.e., Cl, Br, and 

I. It is necessary to specify the distinguishing features of 

halide perovskites within this definition and point out crystal 

structures that are not regarded as perovskites despite being 

close to this class in terms of structural characteristics [1]. 

The rapid growth of the world population, combined with 

the use of modern electronics and other technologies, leads 

to a constant need for energy that is hardly supplied using 

conventional sources. Therefore, much work has focused on 

improving the efficiency of various renewable technologies 

[2, 5], including thermoelectric devices and solar cells. To 

improve the performance of solar cells and other 

photovoltaic devices, properties of halide double perovskite 

materials should be optimized [6, 10]. Double halide 

perovskites are considered highly efficient and reliable 

materials in solar cells and photovoltaics [11, 12]. They exist 

as organic–inorganic and purely inorganic perovskites, but 

double perovskites are mostly produced from the inorganic 

composition of the mentioned compounds. Their unusual 

structure and physical properties make them of great interest 

in materials science research [13]. Initially, organic–

inorganic halide perovskites were employed as sensitizers in 

dye-sensitized solar cells (DSSCs), but their low efficiency 

and poor stability limited large-scale application [14, 15]. 

Subsequent research has shown that using inorganic 

halide double perovskite (HDP) materials can increase 

device efficiency and stability. For example, several 

investigations compare the efficiency of HDP-based solar 

cells with that of traditional silicon-based photovoltaics [16]. 

Halide double perovskites can also be used in thermoelectric 

generators to recover waste heat produced by commercial 

electronic and mechanical equipment. The Pb-free double 

perovskites A2BX6 (e.g., A = K, Rb, Cs; B = Ge) are 

promising materials for renewable energy and alternatives to 

hybrid halide perovskites [17]. In conventional halide 

perovskites, Pb has long been regarded as indispensable for 

achieving high device efficiency and stability. Lead is highly 

poisonous and can threaten people's health [18]. A further 

disadvantage of Pb-based perovskites is their instability 

under long-term solar irradiation. Double halide perovskites 

are among the most promising compounds for solar cells and 

similar technologies and will most likely be used to 

manufacture lasers, solar cells, photovoltaic absorbers, and 

light-emitting diodes [19]. That is why scientists strive to 

replace Pb with other elements, such as Ge
2+

 and Sn
2+

, which 

are more environmentally friendly and can improve 

efficiency and stability. However, these divalent ions are 

unstable because they are easily oxidized to the 4+ state         

[20, 21]. Replacing Pb
2+

 with Bi
3+

 and Sb
3+

 does not improve 

performance [22, 23]. The future of these materials may lie 

in homovalent [24] and heterovalent [25] substitution. 

The formation of a direct bandgap is another commonly 

observed characteristic of double perovskite halides. Their 

properties can be tuned by controlling the stoichiometric 

ratio between the constituent elements [26, 28]. Stabilizing a 
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particular crystal structure through composition tuning is one 

clear benefit. To improve stability and effectiveness, it is 

necessary to increase the number of possible cation 

substitutions in these materials. This can be achieved with 

vacancy-ordered double perovskite halides A2BX6, in which 

every second B-site cation of the A2B2X6 (i.e., doubled 

ABX3) structure is removed [29].  

Because of the interesting magnetic ordering and tunable 

electronic properties of double perovskites, some                       

Cr-containing compositions, such as Nd2FeCrO₆ and 

La2CrCoO₆, have been reported as good candidates for 

spintronics [30]. Despite this progress, Cr-substituted lead-

free double perovskites still lack detailed investigation, 

especially using a single approach to study their stability, 

magnetic ordering, electronic structure, thermoelectric 

properties, and optical properties [31]. In addition, studies 

that explore all these properties using a first-principles 

approach are relatively rare. Recent first-principles studies 

have shown that optical, electrical, and photovoltaic 

properties of double perovskites can be tuned by varying 

composition and engineering the electronic structure. In this 

regard, Zhang et al. studied the energy band gaps and 

electronic structures of CsGeX3 (X=Cl, Br, I) materials in 

the visible range. Other optical properties of Cs2SnI6, 

including a 1.6 eV bandgap, were studied in terms of their 

applicability in photovoltaic devices [32]. Considerable 

progress has been made in applying halide double 

perovskites to solar energy harvesting [33]. Brik and Kityk 

modeled the lattice constants of an extensive group of 

A2BX6 cubic crystals (A = K, Cs, Rb, Tl; B = tetravalent 

cation; X = F, Cl, Br, I) in terms of the ionic radii and 

electronegativities of their constituent ions [34]. Halide 

perovskites are promising materials for thermoelectric 

devices and photovoltaics because of their environmentally 

friendly compositions. Motivated by these studies and by our 

previous first-principles work on halide double perovskites 

[35], the present work uses DFT to investigate the effect of 

25% Cr substitution at the Ge site on the structural, 

electronic, magnetic, and thermoelectric properties of 

Cs2GeX6 (X = Cl, Br). 

2. Methodology 

DFT is a widely used method for computing the 

structural, electronic, and transport properties of crystals. We 

used the WIEN2k code [36], based on the full-potential 

linearized augmented plane wave plus local orbitals (FP-

LAPW+lo) method, to calculate the properties of the 

undoped and Cr-doped compositions. The ground-state 

structural properties were determined by optimizing the unit-

cell volume and relaxing the atomic positions, and the 

electronic and transport properties were then calculated 

using the optimized structural parameters. The Kohn–Sham 

equations were solved self-consistently within the WIEN2k 

package. Geometry optimization has been performed with 

GGA-PBE [37], and electronic structure calculations have 

been performed with the well-known modified Becke-

Johnson (mBJ) exchange potential [38], which is known to 

produce much better predictions of band gaps of 

semiconductors and insulators than conventional GGA. The 

unit cell was divided into non-overlapping muffin-tin (MT) 

spheres around each atom and an interstitial region; within 

the MT spheres, the wave functions are expanded in atomic-

like functions (radial functions multiplied by spherical 

harmonics), whereas plane waves are used in the interstitial 

region. For convergence, lmax = 10 and RMT × Kmax = 8 were 

used, where RMT is the smallest muffin-tin radius and Kmax is 

the largest reciprocal-lattice vector in the plane-wave 

expansion. Spin-polarized calculations were performed for 

the Cr-doped compositions, which were modeled by 

replacing one of the four Ge atoms in the conventional cubic 

cell with Cr (25% doping). The transport properties were 

calculated with the BoltzTraP code [39] using a dense mesh 

of 4000 k-points. 

3. Results and Discussion 

3.1 Structural properties 

This paper explores the structure of the halide double 

perovskite material A2BX6 (A = Cs; B = Ge; X = Cl, Br), 

which adopts a face-centered cubic structure with the space 

group Fm-3m (No. 225). Figures 1(a) and 1(b) show the 

crystal structures of pristine and Cr-doped A2BX6 (A = Cs; B 

= Ge; X = Cl, Br), i.e., the vacancy-ordered double 

perovskites Cs2GeCl6 and Cs2GeBr6 with Cr concentrations 

of 0% and 25% at the Ge site. Both structures are face-

centered cubic, and the Fm-3m (No. 225) space group is 

employed throughout the calculations. The atomic positions 

Cs (0.25, 0.25, 0.25), Ge (0.00, 0.00, 0.00), and Cl/Br (0.20, 

0.00, 0.00) are used [17], and Cr is introduced by 

substituting Ge, as shown in Figure 1(b). With increasing Cr 

concentration, the lattice parameters of Cs2GeCl6 and 

Cs2GeBr6 increase. The computed lattice parameters are: 

Cs2GeCl6: 10.32 Å, Cs2Ge0.75Cr0.25Cl6: 10.55 Å, Cs2GeBr6: 

10.65 Å, and Cs2Ge0.75Cr0.25Br6: 10.85 Å. As shown in 

Figures 1(a) and 1(b), the structure can be viewed as a B-

site-deficient ABX3 perovskite built from BX6 octahedra, 

with the A-site cations filling the cavities between the 

octahedra. Each [BX6] octahedron in the A2BX6 structure is 

isolated; each A-site cation is coordinated by 12 halide 

(Cl/Br) anions, whereas each B-site cation is octahedrally 

coordinated by 6 halide anions. The BX6 octahedra are the 

essential building blocks of the cubic structure, and all 

structures remain cubic before and after doping. The 

optimized structural parameters obtained with GGA-PBE are 

listed in Table 1. To the best of our knowledge, no 

theoretical or experimental data are available for the Cr-

doped compositions for comparison. The structural stability 

of the studied materials was further assessed using the 

Goldschmidt tolerance factor (t) and the octahedral factor 

(μ), defined as [40]: 

Tolerance factor =   
     

√        
          (1) 

Octahedral factor =   
  

  
           (2) 

Here, rA, rB, and rX are the ionic radii of the A, B, and X 

ions in the ABX3 perovskite structure. An ideal cubic 
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perovskite structure corresponds to t = 1, and the octahedral 

factor is an additional criterion describing the stability of the 

BX6 octahedra. Both factors are empirical and neglect the 

chemical interactions between the constituents; 

consequently, the stability domain of ABX3 depends on the 

chemical composition. For halide perovskites, the perovskite 

structure is generally expected to form when 0.813 < t < 

1.107 and 0.442 < μ < 0.895. The estimation of tolerance and 

octahedral factors assumes that all ions, including the 

organic ones, are perfect hard spheres and that ionic radii do 

not depend on temperature. Nevertheless, these factors 

provide a simple and instructive estimate of perovskite 

stability. In the current work, perovskite crystal stability is 

estimated using both tolerance and octahedral criteria. These 

criteria were developed for ABX3-type perovskites in which 

the A, B, and X ions have coordination numbers of 12, 6, 

and 6, respectively. The ionic radii of the B and X ions were 

taken from Shannon [41], whereas those of the A-site cations 

were adopted from the literature [42] because Shannon's 

tabulation does not provide complete data for 12-coordinated 

ions. The tolerance and octahedral factors were calculated 

using the values   = 1.88 Å,   = 0.73 Å,    = 1.81 Å, and 

   =1.96 Å,    =0.80 Å [42]. The calculated values are: 

Cs2GeCl6: t= 1.02, μ= 0.40 and Cs2GeBr6: t= 1.01, μ= 0.37. 

The t values lie well within the stability range, indicating 

that the cubic structure is favored. The μ values are slightly 

below the lower limit of 0.442 established for ABX3 

perovskites; however, these ABX3-based criteria are not 

directly transferable to vacancy-ordered A2BX6 compounds 

with isolated octahedra [6], and the stability of the studied 

structures is further supported by their negative formation 

energies (Table 1). 
 

Table 1: Calculated lattice constant (ao), bulk modulus (Bo), formation energy (ΔHf), band gap (Eg), and total and atomic magnetic moments (M, in μB) of 

Cs2Ge1-xCrxX6 (x= 0, 0.25).  

Compound ao(Å) Bo(GPa) ΔHf (eV) Eg (eV) Mtot MCr MCs MGe MCl/Br 

Cs2GeCl6 10.32 64.31 -2.45 4.5 - - - - - 

Cs2Ge0.75Cr0.25Cl6 10.55 52.16 -2.24 4.1 3.000 0.632 -0.009 0.2584 1.500 

Cs2GeBr6 10.65 48.42 -2.30 3.0 - - - - - 

Cs2Ge0.75Cr0.25Br6 10.85 36.46 -2.15 2.5 3.000 0.650 -0.007 0.2650 1.650 

 

 

Fig. 1:   Optimized cubic crystal structures of A2BX6: (a) pristine Cs2GeX6 and (b) Cs2Ge0.75Cr0.25X6 (A = Cs; B = Ge; X = Cl, Br); the substituted Cr site is 

circled

We used formation energies to study the thermodynamic 

stability of A₂BX₆ perovskites (A = Cs; B = Ge; X = Cl, Br). 

The formation energy is the difference between the total 

energy of the compound and the sum of the energies of its 

individual elemental constituents [43]. It is calculated as 

follows: 

      
         

         
          

          (3) 

where   
     ,   

 ,   
 , and   

  denote the ground-state 

total energies of the A2BX6 compound and of the elemental 

constituents A, B, and X in their most stable standard 

structures, respectively; for the Cr-doped compositions, the 

corresponding term for elemental Cr is included. We carried 

out a comprehensive geometry optimization for each system 

under consideration, i.e., locating the volume at which the 

material's energy is lowest. When describing the stability of 

a compound, the sign and size of its formation energy are 
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most often cited in the literature. A negative formation 

energy indicates that the compound is thermodynamically 

stable with respect to its elemental constituents, whereas a 

positive value indicates instability, and a more negative 

formation energy corresponds to a more stable compound. 

The formation energies of all studied compounds are 

summarized in Table 1. All values are negative, indicating 

that the compounds are thermodynamically stable. Among 

the Cs2Ge1-xCrxX6 (x = 0, 0.25) perovskites, Cs2GeCl6 is the 

most stable. After Cr doping, the stability of both Cs2GeCl6 

and Cs2GeBr6 perovskites decreases slightly, although the 

Cr-doped chloride remains more stable than the Cr-doped 

bromide. 

3.2 Electronic properties 

To explain the electronic behavior, we studied the spin-

polarized band structure, total density of states (TDOS), and 

partial density of states (PDOS) for Cs2Ge1-xCrxX6 

compounds at x = 0 and x = 0.25. The results of spin-

dependent band structure and TDOS for both the spin-up and 

spin-down configurations are illustrated in Figures 2–4, 

where the spin-resolved PDOS is further decomposed into 

atomic and orbital contributions. The band gaps calculated 

with the mBJ potential are 4.5 eV for Cs2GeCl6, 4.1 eV for 

Cs2Ge0.75Cr0.25Cl6, 3.0 eV for Cs2GeBr6, and 2.5 eV for 

Cs2Ge0.75Cr0.25Br6. 

 

Fig. 2: Band structures of Cs2Ge0.75Cr0.25Cl6 and Cs2Ge0.75Cr0.25Br6 with up-spin and down-spin channels 

 The Fermi level (EF) is set to 0 eV. The total and partial 

DOSs for the spin-up and spin-down channels were also 

computed with the mBJ potential. As shown in Figure 2, 

Cs2Ge0.75Cr0.25Cl6 and Cs2Ge0.75Cr0.25Br6 exhibit an indirect 

band gap in the spin-up channel, whereas in the spin-down 

channel both the valence band maximum (VBM) and the 

conduction band minimum (CBM) are located at the Γ point, 

giving a direct band gap. The band gap values of the four 

A2BX6 compounds studied are listed in Table 1. 

Figure 2 shows the spin-polarized band structures of the 

Cr-doped A2BX6 perovskites calculated with the mBJ 

potential along the high-symmetry directions W–L–Γ–X–

W–K of the Brillouin zone. Both doped compounds are 

semiconducting in both spin channels. For the 25% Cr-

doped Cs2GeCl6/Br6 compounds, the spin-up channel has an 
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indirect band gap owing to the nearly flat bands at the top of 

the valence band, whereas in the spin-down channel the 

VBM and CBM are both located at the Γ point (0, 0, 0).

 

Fig. 3: Total and partial DOSs of Cs2Ge0.75Cr0.25Cl6 with up-spin and down-spin channels

Figures 3 and 4 show that the valence band is formed 

mainly by the halogen p states (Cl-3p/Br-4p), whereas the 

conduction band is dominated by Cs states with smaller 

halogen p contributions. In the TDOS and PDOS of Cs2Ge1-

xCrxX6 (x = 0, 0.25), the pronounced peaks between −1.5 and 

6 eV indicate hybridization between the halogen p and Cs-s 

orbitals, and the significant hybridization of the Cs-s, Cr-3d, 

and halogen p orbitals produces the peaks just below the 

Fermi level. Cs2GeCl6 and Cs2GeBr6 are both 

semiconductors, and they remain semiconducting after 25% 

Cr substitution at the Ge site, as shown by the DOS plots. 

The PDOS of halide perovskites elucidates the role of each 

orbital in the band structures and reveals evidence of 

hybridization inside the double halide lead-free perovskites. 

Figures 3 and 4 show the PDOS (with 25% Cr doping) for 

Cs2Ge0.75Cr0.25Cl6 and Cs2Ge0.75Cr0.25Br6. The PDOS analysis 

suggests that the valence band maximum is mainly 

composed of contributions from the p states of Cl/Br, but 

also shows mixing with Cr-3d states, indicating strong 

covalent bonding between chromium and the halide 

elements. In contrast, the conduction band is dominated by 

Cs states with smaller halogen p contributions, while the Cr-

3d contribution near the conduction-band edge is small. The 

energy range from −4 to 0 eV corresponds to the upper 

valence band, and the range above the band gap corresponds 

to the lower conduction band. As seen in Figures 3 and 4, the 

halogen (Cl/Br) p states in both spin channels are the 

dominant contributors to the upper valence band, whereas 

their contribution to the conduction-band edge is smaller. 

Incorporating Cr creates localized 3d electronic states that 

strongly hybridize with neighboring anion p-orbitals, 

changing the electronic band dispersion near the Fermi level. 

Hybridization decreases the band gap and increases spin 

polarization, which is desired for spintronics. It has also 

been discussed that the extent of band-gap modification 

depends on the exchange interaction and crystal-field 

splitting of Cr 3d states [44]. 

3.3  Magnetic properties 

The total and atom-resolved magnetic moments (Mtot, 

MCs, MCl/Br, MGe, MCr) are listed in Table 1. Figures 2, 3, and 

4 show the band structures, TDOS, and PDOS for 

Cs2Ge0.75Cr0.25Cl6 and Cs2Ge0.75Cr0.25Br6. We then evaluate 

the magnetic moment using the GGA + mBJ potential 

approach and discuss the atomic contributions. Both doped 

compounds have an integer total magnetic moment of 3 μB 

per unit cell within the GGA + mBJ scheme, which is 

characteristic of ferromagnetic semiconductors. The 

relatively large contribution of the halogen atoms (MCl/Br) to 

the total moment reflects the spin-polarized halogen p states 

hybridized with the Cr-3d states [45]. The small 

contributions of the Cs and Ge atoms reflect their states 
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lying far from the Fermi level, whereas the Cl and Br states 

are prominent near the Fermi level, as reflected in the PDOS 

calculated with the GGA + mBJ scheme. Table 1 shows the 

results of our calculations for the total and individual 

magnetic moments of the atoms. 

 

Fig. 4: TDOS and PDOS of Cs2Ge0.75Cr0.25Br6 with up-spin and down-spin channels

3.4 Thermoelectric properties 

The band structure determines the thermoelectric 

behavior of a material, which makes band-gap engineering 

an effective tool for tuning it. Thermoelectric (TE) materials 

convert waste heat directly into electrical energy, and 

because of this energy-conversion capability they are 

currently attracting intense research interest [46]. The 

thermoelectric transport properties were calculated using the 

BoltzTraP code [39], which solves the semiclassical 

Boltzmann transport equations in the constant relaxation 

time approximation (CRTA). These calculations use the 

band structure data obtained from the first-principles 

calculations, where an energy-independent relaxation time 

(τ) is used, along with the rigid band approximation to 

account for doping effects. In such a case, the Seebeck 

coefficient (S) does not depend on τ, whereas the electrical 

conductivity (σ) and electronic thermal conductivity (κe) are 

obtained only as the ratios σ/τ and κe/τ, respectively. Within 

this approach, scattering mechanisms are not treated 

explicitly. The thermopower (Seebeck coefficient) is the 

electromotive force generated per unit temperature 

difference across a material; it is a key indicator of 

thermoelectric performance and is governed by the 

electronic band structure [47]. The thermoelectric efficiency 

is quantified by the dimensionless figure of merit ZT = 

S
2
σT/κ, where   =        is the total thermal conductivity, 

i.e., the sum of the lattice (κl) and electronic (κel) 

contributions. Optimizing these transport parameters 

requires an understanding of electron and phonon transport 

in TE materials. In terms of Boltzmann transport theory, a 

number of transport coefficients, namely, the electrical 

conductivity, Seebeck coefficient, electronic thermal 

conductivity, and power factor, have been calculated to 

study the electronic transport characteristics of the Cs2Ge1-

xCrxX6 (x = 0, 0.25) perovskites within the assumptions of 

the constant relaxation time and rigid band approximations 

[48]. These transport coefficients include electrical 

conductivity (σ/τ), Seebeck coefficient (S), and electronic 

thermal conductivity (κe/τ). The results are shown in Figures 

5 and 6. 

 

Fig. 5: (a) Electrical conductivity (σ/τ) and (b) electronic thermal 

conductivity (κe/τ) of Cs2Ge0.75Cr0.25Cl6 and Cs2Ge0.75Cr0.25Br6 

A compound is p- or n-type depending on whether holes 

in the valence band or electrons in the conduction band are 
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the majority charge carriers. When calculating the 

thermoelectric characteristics of Cs2Ge1-xCrxX6 (x = 0, 0.25) 

double perovskites, the BoltzTraP code is employed (see 

Section 2). The electrical conductivity of Cs2Ge0.75Cr0.25Cl6 

and Cs2Ge0.75Cr0.25Br6 is shown in Figure 5(a). At 200 K, the 

values obtained from Figure 5(a) are, for Cs2Ge0.75Cr0.25Cl6, 

    = 0.60              and for Cs2Ge0.75Cr0.25Br6,     

= 0.30             . The electrical conductivity 

increases with temperature because more carriers are 

thermally excited at higher temperatures. At 800 K, the 

values are, for Cs2Ge0.75Cr0.25Cl6,     = 1.40  
            and for Cs2Ge0.75Cr0.25Br6,     = 1.25 

            . Heat is conducted by both electrons and 

phonons, so the thermal conductivity is given by   = 

                 , where         and           are the 

phononic and electronic thermal conductivity coefficients, 

respectively. Because BoltzTraP evaluates only the 

electronic part, only the electronic contribution to the 

thermal conductivity is considered here, and the lattice 

(phonon) contribution is neglected [49]. Figure 5(b) shows 

the calculated electronic thermal conductivity. At 200 K, the 

values are, for Cs2Ge0.75Cr0.25Cl6,             = 0.50 

           and for Cs2Ge0.75Cr0.25Br6,             = 

0.40           . As seen in Figure 5(b), κe/τ increases 

rapidly with temperature. At 800 K, the values are, for 

Cs2Ge0.75Cr0.25Cl6,             = 4.40            and 

for Cs2Ge0.75Cr0.25Br6,             = 4.50           . 

This increase follows that of the electrical conductivity, as 

expected from the Wiedemann–Franz law. Overall, the 

calculated values suggest that the studied materials can be 

used for thermoelectric devices. 

 

Fig. 6: (a) Seebeck coefficient (S) and (b) power factor (σS2/τ) of 

Cs2Ge0.75Cr0.25Cl6 and Cs2Ge0.75Cr0.25Br6 

In a thermoelectric system, the temperature difference 

between two junctions of dissimilar conductors creates a 

voltage difference, and the Seebeck coefficient, S, 

determines its effect on device efficiency. As shown in Fig. 

6(a), the Seebeck coefficient of Cs2Ge0.75Cr0.25Br6 decreases 

monotonically with temperature over 200–800 K, whereas 

that of Cs2Ge0.75Cr0.25Cl6 increases slightly up to about 500 

K and then decreases; the decrease at high temperatures is 

attributed to the thermal excitation of additional carriers. The 

positive sign of S indicates that both materials are p-type 

semiconductors in which holes are responsible for charge 

transport. It can be noted that the values of the 

thermoelectric parameters found are consistent with the 

electronic structure. The large value of the Seebeck 

coefficient comes from the semiconducting nature of the 

materials, as well as the presence of the sharp density of 

states peaks at the band edges. Electrical conductivity 

depends on the dispersion of the bands near the Fermi level; 

the larger the dispersion, the higher the conductivity. 

It should be noted that the temperature dependence of the 

electronic thermal conductivity corresponds to the 

dependence of electrical conductivity, since both are 

associated with charge-carrier motion according to the 

Wiedemann-Franz law. Computed Seebeck coefficients of 

Cs2Ge0.75Cr0.25Cl6 and Cs2Ge0.75Cr0.25Br6 at 200 K are 1.73 × 

10
3
 and 2.13 × 10

3
 μV/K, respectively. At 800 K, these 

materials yield Seebeck coefficients of 1.70 × 10
3
 μV/K and 

1.80 × 10
3
 μV/K for Cs2Ge0.75Cr0.25Cl6 and 

Cs2Ge0.75Cr0.25Br6, respectively. The material 

Cs2Ge0.75Cr0.25Br6 has relatively large Seebeck coefficients 

compared with those of Cs2Ge0.75Cr0.25Cl6, which is 

consistent with its lower electrical conductivity (Figure 5(a)) 

and reflects the usual inverse relationship between S and σ. 

In thermoelectricity, two main parameters determine a 

material's efficiency in energy generation: electrical 

conductivity and the Seebeck coefficient, commonly 

represented by the power factor (PF/τ = S²σ/τ). The 

temperature dependence of the power factor is shown in Fig. 

6(b). The PF/τ of both compounds increases almost linearly 

from 200 to 650 K; above 650 K, it continues to increase for 

Cs2Ge0.75Cr0.25Br6, whereas it tends to saturate for 

Cs2Ge0.75Cr0.25Cl6. The calculated PF/τ values of 

Cs2Ge0.75Cr0.25Cl6 and Cs2Ge0.75Cr0.25Br6 at 200 K are 

1.90            and 1.85            , 

respectively. At 800 K, the values are 3.98            

for Cs2Ge0.75Cr0.25Cl6 and 4.09            for 

Cs2Ge0.75Cr0.25Br6. Additionally, the room-temperature ZT 

was calculated using ZT = σS
2
T/κ, giving values of 0.79 and 

0.78 for Cs2Ge0.75Cr0.25Cl6 and Cs2Ge0.75Cr0.25Br6, 

respectively, which indicates that both doped compositions 

are promising for thermoelectric devices. Because the lattice 

thermal conductivity is neglected, these ZT values should be 

regarded as upper limits. 

4. Conclusions  

In the current research, density functional theory (DFT) 

within the FP-LAPW+lo method was applied to investigate 

the structural, electronic, magnetic, and thermoelectric 

properties of pristine and 25% Cr-doped A₂BX₆ (A = Cs, B = 

Ge, X = Cl, Br) halides. The results indicate that the 
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equilibrium lattice parameters of Cs2GeCl6 and Cs2GeBr6 

increase with Cr doping, with computed values of Cs2GeCl6: 

10.32 Å, Cs2Ge0.75Cr0.25Cl6: 10.55 Å, Cs2GeBr6: 10.65 Å, 

and Cs2Ge0.75Cr0.25Br6: 10.85 Å. The negative formation 

energies and the tolerance factors confirm the 

thermodynamic and structural stability of the compounds. 

The computed band gap of Cs2GeCl6 is 4.5 eV, that of 

Cs2Ge0.75Cr0.25Cl6 is 4.1 eV, that of Cs2GeBr6 is 3.0 eV, and 

that of Cs2Ge0.75Cr0.25Br6 is 2.5 eV. Cs2Ge0.75Cr0.25Cl6 and 

Cs2Ge0.75Cr0.25Br6 exhibit an indirect band gap in the spin-up 

channel and a direct band gap in the spin-down channel. 

With 25% Cr doping, the total magnetic moments of 

Cs2Ge0.75Cr0.25Cl6 and Cs2Ge0.75Cr0.25Br6 are identical (3 μB), 

indicating ferromagnetic semiconducting behavior of interest 

for spintronic applications. The room-temperature figure of 

merit is calculated to be 0.79 for Cs2Ge0.75Cr0.25Cl6 and 0.78 

for Cs2Ge0.75Cr0.25Br6, indicating that these compounds are 

promising thermoelectric materials, and the positive Seebeck 

coefficients confirm p-type conduction. 
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