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The structural, mechanical, thermal, and electronic structure properties of lead-free 
vacancy-ordered perovskites A2SnCl6 (A = Cs, Rb) were investigated by first-principles 
calculations under pressure in the DFT framework. DFT is used to study the effect of 
pressure (0–40 GPa) on these properties of A2SnCl6 (A = Cs, Rb) perovskites. The 
mechanical parameters show that these two perovskites in nature are mechanically stable, 
anisotropic, and ductile. It is shown that, as pressure increases, the electronic band gap of 
Cs2SnCl6 and Rb2SnCl6 increases from 3.495 eV to 4.958 eV and 3.446 eV to 4.722 eV, 
respectively. Electronic structure calculations show that Sn s orbitals and halogen Cl p 
orbitals mainly form the conduction band through combination, while the valence band 
consists only of halogen Cl p orbitals. The mechanical and electronic properties analysis 
proposes that these two perovskites are potential candidates for optoelectronic applications 
that work under changing pressure and altitude.  
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1. Introduction 
 
Using materials of high quality and stability is crucial to design efficient devices. 

Materials scientists have recently become interested in the production of low-cost materials that 
can function in extreme conditions. Potentially, compounds like perovskites will be critical in this 
situation [1]. Perovskites have a variety of characteristics, such as conducting, insulating, and 
semiconducting properties [2]. Also, these materials exhibit outstanding optical, ferroelectric, 
magnetic, thermoelectric, and charge-ordering features [3-7]. As a result of these properties, 
perovskite compounds can be used in many applications, including catalyst electrodes, sensors, 
and solar cells [8]. 

APbX3 halide perovskites have received considerable interest in the fields of sensitive 
photodetectors and high-power conversion efficiency because of their exceptional optical and 
electronic properties [9-11]. Many halide perovskites such as lead-halide perovskites (PEA)2PbI4, 
CsAX3 (A = Pb, Sn; X = Cl, Br), Cs2PbI4, CsPbI2Br, and CsPbBr3 have been examined with 
different experimental and theoretical methods [12-18]. Lead perovskites present a serious risk to 
human health, mental development, and the environment due to their toxicity [19-22]. This 
problem may be solved by substituting Pb with elements that are less harmful to humans and the 
environment, including tin (Sn), indium (In), and germanium (Ge) [23-28]. The electronic 
properties of Sn are comparable to those of Pb, making it a perfect substitution element for Pb 
within APbX3. 

Korbel et al. studied the photovoltaic, piezoelectric, and magnetic properties of 
compounds made up of ABX3, in which X is a nonmetallic element and A and B are a wide variety 
of elements [29]. It was found that 199 stable perovskites exist, of which 71 are new. A screening 
study using the density functional theory (DFT) method was conducted by Kar and Körzdörfer to 
identify the most suitable inorganic halide perovskites for solar cell applications [30]. The 
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researchers found 11 novel perovskites as suitable candidates, including two Cs-based, three K-
based, and six Rb-based materials. Tin halide perovskites (ASnX3) possess excellent 
optoelectronic properties due to long carrier diffusion length and low exciton binding energy [31-
34]. For photovoltaic applications, Krishnamoorthy et al. explored the lead-free halide perovskites 
AGeI3 (A = Cs, CH3NH3, HC(NH2)2) [35]. They discovered that germanium can be used as a 
replacement for lead in halide perovskite materials with good stability. The DFT method was used 
by Yunsheng et al. to examine the structural, electrical, and optical properties of RbSnCl3 [36]. 
Two new phases of Cm and Imm2 were predicted, which have potential for solar energy 
conversion and other optoelectronic applications. The two phases of RbSnBr3 (cubic and 
orthorhombic) were studied by Benyahia et al. [37]. They found that in this material, the Br 4P5-
to-Sn 5P2 transition has a band gap of 0.57 eV. 

Unfortunately, under ambient conditions, CsSnX3 perovskites are relatively unstable since 
Sn2+ can easily oxidize to Sn4+ [38,39]. In recent years, many efforts have been directed at 
resolving the instability problem and commercializing these superior optoelectronic halide 
perovskites [40-42]. Due to their outstanding properties in many applications, vacancy-ordered 
double perovskites have attracted the attention of many researchers [43-44]. 

A vacancy-ordered double perovskite crystal structure is formed by combining two 
ordinary ABX3 perovskites, yielding a material that changes from being an insulator to a 
superconductor [45-49]. Additionally, the natural stability of A2BX6 compounds is associated with 
their shorter bond lengths and stronger bond strengths than ABX3 compounds [50]. In this regard, 
the stability of Sn4+-based perovskites (Cs2SnX6) is significantly greater than that of Cs2SnX6-
based perovskites. In the visible and near-infrared (NIR) spectra, Sn-based perovskites exhibit 
good inferior optical properties compared with Pb-based perovskites [51,52]. In photovoltaic 
applications, Cs2SnX6 perovskites have great potential as light absorbers and hole transporters 
since they have the advantages of being nontoxic and highly stable under air and moisture 
exposure [53-59]. It is important for practical optoelectronics applications to understand the 
structural, mechanical, thermal, and electronic properties of perovskite. The structural properties 
and stress state of the perovskite layer are major factors affecting the absorption performance of 
double perovskite solar cells [60]. The bond strength also influences the Debye and melting 
temperatures. Additionally, matter can be transformed from one phase into another under pressure. 
However, neither theoretical nor experimental studies have focused enough on the properties of 
A2SnCl6 (A = Cs, Rb) under ambient and pressure-induced conditions. Therefore, for prospective 
real-life applications, the structural, mechanical, and electronic properties in pressure-induced 
states need to be reported. 

We present a study of lead-free vacancy-ordered perovskites A2SnCl6 (A = Cs, Rb) in the 
ground state and pressure-induced states (up to 40 GPa). The purpose of this study is to cover the 
gap in information about A2SnCl6 (A = Cs, Rb) under pressure and provide the literature with the 
missing theoretical data regarding these compounds. This will motivate experimental researchers 
to continue investigating these valuable perovskites for potential energy applications. 

There are four sections in this article: Section 1 includes some preliminary information 
about perovskites and the motivation for working on A2SnCl6 (A = Cs, Rb). Section 2 represents 
the computational method in detail. In Section 3, we show the results of the structural, mechanical, 
thermal, and electronic properties of the vacancy-ordered perovskites A2SnCl6 (A = Cs, Rb) under 
pressure, along with a discussion of these results. In the last section, a conclusion is drawn to 
highlight the future potential of this research. 

 
 
2. Computational methodology 
 
In this work, we investigate the structural, mechanical, thermal, and electronic properties 

using DFT [61-63] based calculations as implemented in the WIEN2k code [64]. The material is 
divided into nonoverlapping muffin-tin spheres split by an interstitial space in this method. The 
exchange−correlation functional in the Kohn−Sham equations is approximated by generalized 
gradient approximation (GGA) [65]. The basis set convergence is controlled by the cutoff 
parameter Rmt x kmax = 8.0, where Rm is the muffin-tin radius (MT) at which the atomic spheres do 
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not overlap and kmax is the largest reciprocal lattice vector. We set lmax (angular momentum vector) 
and Gmax (Gaussian factor) to 10 and 12, respectively. To validate the accuracy of calculations 
during the self-consistency cycle (SFC), convergence criteria such as for the energy, force, and 
charge are set to 0.00001 Ry, 1 mRy/a.u, and 0.0001 e, respectively. For sampling the first 
Brillouin zone, a mesh of 12 × 12 × 12 k-points is used during the calculation. Additionally, a 
denser 21 × 21 × 21 k-point mesh is considered to obtain more accurate results in calculating the 
density of states (DOS). 

 
 
3. Results and discussion  
 
3.1. Structural properties 
The lead-free vacancy-ordered perovskites A2SnCl6 (A = Cs, Rb) crystallize into the 

vacancy-ordered double perovskite structure with space group 𝐹𝐹𝐹𝐹3�𝑚𝑚 (No. 225) (Fig. 1). In Table 
1, we show the occupied Wyckoff positions of A2SnCl6 (A = Cs, Rb). Fig. 2 shows the optimized 
energy versus volume curves obtained by fitting the total energy of PBE-GGA to Murnaghan's 
equation of state (EOS) [66]. 

 

𝐸𝐸(𝑉𝑉) = 𝐸𝐸0 +
𝐵𝐵0𝑉𝑉
𝐵𝐵0`

�
(𝑉𝑉0/𝑉𝑉)𝐵𝐵0`

𝐵𝐵0` − 1
+ 1� −

𝐵𝐵0𝑉𝑉0
𝐵𝐵0` − 1

                                                   (1) 

 
The calculated lattice parameters 𝑎𝑎0 represented in Table 1 and compared with the 

available experimental and theoretical data. The calculated lattice parameters are found to be in 
good agreement with the available data. The lattice parameter decreases in response to the applied 
pressure. When uniform hydrostatic pressure is applied, the structure remains cubic throughout the 
calculation process without any phase change. 
 

 
 

 6SnCl2and (b) Rb 6SnCl2(a) Cs perovskiteFig. 1. Crystal structures of the considered metal halide 
compounds. 

 

a b 
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(a)                                                                                              (b) 

.6SnCl2and (b) Rb 6SnCl2Fig. 2. Energy vs. volume optimization curves for (a) Cs 

 
 

compounds.6 SnCl2and Rb 6SnCl2Table 1. Optimized lattice constants and Wyckoff positions for Cs 
 

Pressure 
(GPa) 

6SnCl2Cs 6SnCl2Rb Atom Wyckoff position 

 Optimized lattice parameter 
𝑎𝑎0 (Å) 

 x y z 

0 10.594 
a10.367 
b10.355 

10.283 
c10.137 
d10.121 

Sn   4a 0.0 0.0 0.0 

10 10.090 9.858 Cs/ Rb   8c 
   

0.25 0.25 0.25 

20 9.799 9.603   Cl   24e 0.245 0.0 0.0 
30 9.534 9.375     
40 9.480 9.323     

aRef. [67] bRef. [68] cRef. [69] dRef. [70] 
 
 
3.2. Mechanical properties 
By calculating the elastic constants of crystals, it is possible to predict their mechanical 

stability. Reliable elastic properties of solid materials can be calculated using first-principle 
methods. The independent elastic constants (C11, C12 and C44) and Cauchy pressure (Ccp = C12-C44) 
of the cubic perovskite compounds are calculated by finite strain method [71-74], which are 
presented in Fig. 3. The elastic constants satisfy the Born stability criteria in equation 2, indicating 
that these compounds are mechanically stable [75,76]. 

  
𝐶𝐶11 − 𝐶𝐶12 > 0,𝐶𝐶11 + 2𝐶𝐶12 > 0,𝐶𝐶44 > 0                                                        (2) 

  

     
 

(A = Cs, Rb). 6SnCl2with pressure for A cpand Cauchy pressure Cij Fig. 3. Variation in elastic constants C 
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(A = Cs, Rb) compounds. 6SnCl2Table 2. Calculated anisotropy factor A and superplasticity (δ) for A 
 

 6SnCl2Cs 6SnCl2Rb 
P (GPa) A δ A δ 

0 0.508 19.381 0.884 20.151 
10 0.416 39.633 0.412 40.951 
20 0.339 52.170 0.333 47.877 
30 0.306 61.102 0.309 57.890 
40 0.262 64.087 0.270 61.501 

 
 
An important feature of crystalline solids is elastic anisotropy A. Material that has a 

significant elastic anisotropy can easily develop microcracks. An in-depth understanding of the 
mechanical behavior of materials can therefore be gained by analyzing the elastic anisotropy. The 
Zener anisotropy factor A based on Cij is commonly used to calculate the cubic crystal elastic 
anisotropy [77]. Additionally, to check the plastic deformation of A2SnCl6 (A = Cs, Rb) with 
pressure, we calculate the superplasticity (δ) [78], which corresponds to the limit of the material at 
which plastic deformation occurs. Table 2 shows the calculated values of A and δ. 

 

𝐴𝐴 =
2𝐶𝐶44

𝐶𝐶11 − 𝐶𝐶12
                                                                                   (3) 

 

δ =
1

𝐶𝐶11 − 𝐶𝐶12
                                                                                  (4) 

 
Values smaller or larger than one of A indicate elastic anisotropy, while value of one 

indicate complete elastic isotropy. The level of anisotropy for these two perovskites A2SnCl6 (A = 
Cs, Rb) clearly increases as the pressure increases. In this study, the high values of δ under 
pressure indicate higher resistance to exhibiting plastic deformation. 

Using the elastic constants, some mechanical properties, including the bulk modulus (B), 
shear modulus (G), Young’s modulus (Y), Pugh’s ratio (B/G), and Poisson’s ratio (𝑣𝑣), are also 
calculated. The variation in these properties with pressure is shown in Fig. 4. 

 
𝐵𝐵 = 𝐶𝐶11+2𝐶𝐶12

3
                                                                            (5) 

 
G = 𝐶𝐶v+𝐶𝐶R

2
                                                                              (6) 

 
𝐺𝐺𝑣𝑣 = 𝐶𝐶11−𝐶𝐶12+3𝐶𝐶44

5
                                                                        (7) 

 
𝐺𝐺𝑅𝑅 = 5𝐶𝐶44(𝐶𝐶11−𝐶𝐶12)

4𝐶𝐶44+3𝐶𝐶11−𝐶𝐶12
                                                                       (8) 

 
𝑌𝑌 = 9BG

𝐺𝐺+3𝐵𝐵
                                                                            (9) 

 
𝑣𝑣 = 3𝐵𝐵−2𝐺𝐺

2(𝐺𝐺+2𝐵𝐵)
                                                                         (10) 

 
 
Under external stress, the material resistance to volume change is determined by its bulk 

modulus B. Also, it provides insight into the characteristics of the chemical bonds in crystals. As 
the pressure increases, the bulk modulus B of the A2SnCl6 (A = Cs, Rb) compounds increases. 
Under pressure, chemical bonds become stronger, making these compounds more resistant to 
volume changes. On the other hand, the shear modulus G indicates the difficulty of changing the 
shape and microhardness of the material. The shear modulus G of the A2SnCl6 (A = Cs, Rb) 
compounds increases monotonically with increasing pressure. In these compounds, shape changes 
under external pressure will be more difficult due to the increased microhardness. Solid materials 
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with a large Young's modulus are stiffer. Young's modulus increases with pressure, indicating that 
the compounds A2SnCl6 (A = Cs, Rb) are more resistant to elastic deformation and highly stiff.  

According to Pugh's ratio B/G, solid is considered brittle when this ratio is less than 1.75; 
otherwise, it is considered ductile. A material that has a higher Pugh's ratio has a higher ductility. 
Pugh's ratio separates ductile materials from brittle by a critical value of 1.75. The Pugh's ratio for 
A2SnCl6 (A = Cs, Rb) is greater than 1.75; therefore, these perovskites are ductile. The high Pugh's 
ratios of the A2SnCl6 (A = Cs, Rb) perovskites suggest that their ductility makes them suitable for 
flexible devices. A solid's Poisson's ratio υ gives some insight into the nature of interatomic forces. 
The central force interactions dominate bonding when Poisson's ratio between 0.25 to 0.50. 
However, if the ratio falls outside of this range, noncentral forces interactions dominate the force 
of the solid. The obtained Poisson’s ratio υ values for the A2SnCl6 (A = Cs, Rb) compounds 
indicate that the interatomic forces are central interactions in these materials. In addition, Poisson's 
ratio υ indicates the bonding nature in solids; covalent solids have a value of 0.1, and ionic 
materials have a value greater than or equal to 0.25 [79]. The A2SnCl6 (A = Cs, Rb) compounds 
have values greater than 0.25, indicating ionic bonding for these compounds. 

 
 

 
 

Fig. 4. Variation in the bulk modulus (B), shear modulus (G), Young’s modulus (Y), Pugh’s ratio and 
Poisson's ratio with pressure. 

 
 
3.3. Thermal properties 
Debye temperature θ𝐷𝐷 is a thermodynamic parameter that is related to elastic constants, 

bond strength, and melting temperature of materials. Based on the average sound velocity 𝑉𝑉𝑚𝑚, the 
Debye temperature is predicted [80]. 

 

θ𝐷𝐷 = 𝑉𝑉𝑚𝑚
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where h, 𝑘𝑘𝐵𝐵 , 𝑁𝑁𝐴𝐴, ρ, M represent Plank’s constant, Boltzmann’s constant, Avogadro’s number, the 
density of the solid, and the molecular weight, respectively; 𝑣𝑣𝑠𝑠 and 𝑣𝑣𝑙𝑙 stand for the shear sound 
velocity and longitudinal sound velocity, respectively. 

According to Kumar et al., the Deby temperature and melting temperature of 
semiconductors in groups II-VI and III-V are linearly related. Solids have a higher melting 
temperature when their Debye temperature is higher. The following expression can be used to 
calculate the melting temperature 𝑇𝑇𝑚𝑚 using elastic constant C11 [81].  

 
𝑇𝑇𝑚𝑚 = 553 𝐾𝐾 + (5.91 𝐾𝐾

𝐺𝐺𝐺𝐺𝐺𝐺
)𝐶𝐶11 ± 300𝐾𝐾                                                              (12) 
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The calculated Debye temperatures and melting temperatures of A2SnCl6 (A = Cs, Rb) are 
listed in Table 3. Obviously, the Debye temperature θ𝐷𝐷 increases with pressure. The Debye 
temperature represents the highest frequency of the lattice vibrations, which shows how strong the 
bonding between crystal atoms is. Cs2SnCl6 has a higher melting temperature than Rb2SnCl6, 
which agrees with the Debye temperature results. 

 
Table 3. Calculated Debye temperature 𝜃𝜃𝐷𝐷  

.(A = Cs, Rb) compounds 6SnCl2for A 𝑇𝑇𝑚𝑚and melting temperature  
 

Pressure (GPa) 
 0 10 20 30 40 

θ𝐷𝐷 (K) 6SnCl2Cs 205.318 278.511 310.438 336.195 336.205 
6SnCl2Rb 244.591 281.51 321.016 335.46 356.166 

𝑇𝑇𝑚𝑚 ± 300 (K) 6SnCl2Cs 863.227 1231.131 1505.522 1672.68 1866.657 
6SnCl2Rb 848.973 1251.501 1450.722 1620.05 1796.856 

 

3.4. Electronic properties 
Understanding the electronic structure of materials is important to comprehend their nature 

at the microscopic level. The electronic properties, including the band structures and density of 
states (DOS), of A2SnCl6 (A = Cs, Rb) compounds under various applied pressures (0−40 GPa) are 
calculated. Fig. 5 shows the calculated band structures for the first Brillouin zone along the high 
symmetry points for 0 and 40 GPa pressure. The calculated band structure clearly shows a natural 
direct band gap at the Γ point, where a valence and conduction band maximum-minimum at the Γ-
point, which is suitable for optoelectronic device applications. The band gap values, as obtained 
with the optimized lattice constants, are listed in Table 4. Pressure-dependent variation of the band 
gap is shown in Fig. 6. There is an inverse relationship between the lattice constants and the band 
gap. The band gap increases as the lattice constants decrease because the applied pressure shrinks 
the lattice dimensions, making the existing states more delocalized, which induces higher repulsive 
forces. The band structures of A2SnCl6 (A = Cs, Rb) indicate a band gap that is consistent with but 
lower than the experimentally measured band gap. This difference can be explained by the 
following key factor. A first-principles calculations often underestimate the band gap based on the 
choice of the exchange correlation functions; the other is the fact that there is difference in lattice 
constants between theoretical calculations and experimental measurements. However, the band 
gap increases with decreasing pressure.  

To understand the electronic structures in detail, the total density of states (TDOS) and 
partial density of states (PDOS) of A2SnCl6 (A = Cs, Rb) are calculated. Fig. 7 shows the density 
of states (DOS). The vertical dashed line at 0 eV illustrates the Fermi energy level (EF); the part 
above EF shows the valence band (VB), whereas that below shows the conduction band (CB). 
These two compounds clearly have very similar electronic structures. The DOS indicates that the 
VB consists of nonbonding Cl p orbitals, whereas the CB is derived from the antibonding states of 
Sn s and Cl p orbitals. Under the strong pd hybridization, the band gap increases because more 
repulsion is applied under pressure. Additionally, the strong hybridization between Sn and Cl 
plays a critical role in the stability of A2SnCl6 (A = Cs, Rb). 
 
 

(A = Cs, Rb) compounds. 6SnCl2(eV) for A 𝐸𝐸𝑔𝑔Table 4. Calculated band gap  
 

P (GPa) 6SnCl2Cs 6SnCl2Rb 
0 3.495 

a3.80 
3.446 

b3.85 
10 3.691 3.423 
20 4.13 3.807 
30 4.514 4.147 
40 4.958 4.722 

                                                              aRef. [82] bRef. [70] 
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calculated under 0 GPa and  6SnCl2and (b) Rb6 SnCl2of (a) Cs structure plotsBand Fig. 5.  
40 GPa pressure. 

 
 

 
 

Fig. 6. Band gap variation with pressure from 0 to 40 GPa. 
 

a b 
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Fig. 7. TDOS and PDOS under applied pressure. 
 
 
4. Conclusions  
 
In summary, first-principles analysis of the structural, mechanical, thermal, and electronic 

structures has been performed of the lead-free defect perovskites A2SnCl6 (A = Cs, Rb) under 
pressure using DFT. These calculations are consistent with previously available results, 
confirming their accuracy. The two compounds are mechanically stable, anisotropic, and ductile. It 
is found that with increasing pressure, Debye and melting temperatures increase. The electronic 
band structures show semiconductor characteristics of these compounds, where the band gap 
increases with increasing pressure. Under the applied pressure, the band structures indicate direct 
band gaps. According to the DOS, the CB mainly consists of Cl p orbitals which hybridized with 
Sn s orbitals, while only the Cl p orbitals contribute to the VB. The results indicate that these 
materials show good properties that allow them to be employed in photovoltaic and optoelectronic 
devices that operate at various pressures and altitudes. 
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