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The present paper reports the studies on Aluminum-based crystalline compounds AlTM 
(TM =Ru, Ir, Os and Rh).The random pseudobinary (A1-xBxC) compounds with 
compositions x = 0.25 and 0.5 have been investigated using Special Quasirandom 
Structures (SQS) approach. First principle calculations have been performed to investigate 
types of defect present in non-stoichiometric B2 AlTMphase. The results indicate that the 
Al-antisite defect and TM-antisite defect are the main defects present along Al-rich side 
and TM-rich side respectively. Additionally, at finite temperature along the Al-rich region, 
Al vacancies and along TM-rich side, TM vacancies which are the constituents of 
Schottky defect are the main thermal defects in B2 AlTM respectively. 
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1. Introduction 
 
Aluminium-based crystalline compounds of transition metals are the most important class 

among the high-performance structural materials, excellent strength at increased temperatures, 
resistance to oxidation and corrosion, relatively low density, and a high melting point are some of 
their attractive characteristics [1]. B2-type intermetallic with transition metals and Aluminum 
Among these alloys, AlTMs represents a unique class of materials that exhibit a wide range of 
fascinating physical phenomena [2]. 

The current paper is concerned with four Aluminum-based crystalline compounds of 
transition metals AlTM (TM =Ru,Ir,Os and Rh). The AlIr and AlRu alloys have an unusual 
combination of properties due to the good thermodynamic stability at high-temperature 
environment, these metalsalso exhibit strong resistance to oxidation and corrosion, coupled with 
an exceptionally high melting point of approximately 2323 K. [3-5 ]. The alloys AlOs and AlRh 
share a B2 crystal structure similar to AlCo [6]. They are recognized for their potential as 
structural materials suitable for diverse operational environments due to the low compressibility, 
high bulk modulus and high catalytic potential for a wide range of chemical reactions [7]. They are 
employed in high-friction applications, including electrical contacts, instrument pivots, and 
fountain pen tips etc[8]. 

Point defects constitute one of the key factors to determine properties and characteristics 
in a crystalline material where much of solid-state technology is associated with point defects [9], 
and indeed this topic is central to many of the researches in materials science [9,10]. Within the 
past few years, many works have concentrated their attention to the studies of defect structures in 
B2 phase for several intermetallic compounds [11-13]. 

Characterization of the defects in solids can be performed by employing either 
experimental measurements [14] or using first-principles calculations [15]. First-principles 
calculations are considered as a powerful approach that complements experiments and can be used 
as a predictive tool for the identification of defects in materials [11]. The first principle 
calculations can be performed using various methods such as the Special Quasirandom Structure 
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(SQS) [11,13] and the super cell approach [16, 17]. These methods are simple and applicable to 
the vast variety of crystals as only atomic numbers and crystal structure information are required 
for the application of these methods [13]. 

The main results of this study are the prediction of the specific types of isolated point 
defects found in B2 AlTM compounds; by determination of the enthalpy of formation as a 
function of composition using first principle calculation employing SQS approach. Al-antisite 
defect was found to be the predominant defect in Al-rich side, meanwhile the TM-antisite is the 
stable defect in (TM)-rich side. For the  AlRu and AlIr, we have a good agreement between our 
calculations and the  theoretical investigations by [18]and [19] respectively,  moreover, close 
agreement with experimental findings was observed in [20,]. In the case of AlOs and AlRh once 
more our calculations demonstrate strong concordance with both theoretical predictions and 
experimental observations, as referenced in [20, 22]. At finite temperature and using Wagner-
Schottky model, we found that the predominant thermal defects in the four alloys studied are of 
Schottky-type. 

 
 
2. Computational methodology 
 
2.1. Special quasirandom structure (SQS)  
The concept of the Special Quasirandom Structure (SQS), introduced by Zunger et al. 

[23], provides the most precise periodic super cell approximation to the actual disordered state for 
a specific number of atoms per supercell. Utilizing a special quasirandom structure (SQS) offers an 
efficient method for approximating random alloys. A wide range of physical properties of 
materials have been successfully estimated by combining SQS calculations with density functional 
theory (DFT). This combination is also widely employed in the study of point defects in materials. 
The SQS designs small-unit-cell periodic structures containing typically 8 to 32 atoms per unit 
cell. These structures are crafted to closely replicate the key local pair and multi-site correlation 
functions found in random substitution alloys [24,25]. Recently, this method has also been applied 
to both FCC and BCC transition metal systems, demonstrating its effectiveness[26]. The SQS 
approach has also been developed to investigate Formation enthalpy [27], Lattice parameters [28], 
Elastic [29], Magnetic [30], Electronic [31], Paramagnetic [32] and Piezoelectric properties [33]. 

In our study, SQS-4 (A0.5B0.5C) and SQS-16 (A0.75B0.25C) structures proposed by Jiang et 
al. [11] were utilized. From these structures, Al antisite (TM0.75Al0.25Al), Al vacancy 
(Al0.75Va0.25TM), TM antisite (Al0.75TM0.25TM) and TM vacancy (TM0.75Va0.25Al) in the SQS-
16 structure, and Al antisite (TM0.5Al0.5Al), Al vacancy (Al0.5Va0.5TM), TM antisite 
(Al0.5TM0.5TM) and TM vacancy (TM0.5Va0.5 Al) in the SQS-4 structure were generated.The 
enthalpies of formation for isolated point defects, as depicted in Fig. 1 and Fig. 2 with four 
branches, were determined by fitting the enthalpies of formation calculated at various 
concentrations. This fitting was accomplished using a quadratic function of the alloy composition 
[11]. 

 
2.2. Defects at different temperatures 
In the study of point defects in B2 AlTM alloys (where TM = Ru, Ir, Os, and Rh) were 

investigated. It is assumed that the defect concentration is sufficiently low to apply the Wagner-
Schottky model. According to this model, defects are treated as a gas of non-interacting point 
defects occupying well-defined sublattices [34, 35]. This approach enables the calculation of point 
defect concentrations based on variations in alloy composition and temperature. A canonical 
ensemble with a fixed number of Al and TM (Ru, Ir, Os, Rh) atoms has been employed. When 
vacancies are present and the total number of lattice sites is variable, it is more practical to use 
atomic concentration rather than site fraction to describe defect concentration [36-38]. This 
method provides a simpler representation and facilitates the analysis of defect concentrations 
within the alloy system. 

The equilibrium concentrations of point defects can be determined by minimizing the 
Gibbs free energy of the system. This minimization process, subject to mass balance constraints, 
results in a set of nonlinear equations, as described in reference [39]. These equations govern the 
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equilibrium point defects concentrations in the system and provide valuable insights into the 
thermodynamic behavior of the material. 

 
2.3. First-principles calculations details  
DFT calculations were carried out using the (PAW) pseudopotential method [40,41], 

applying the (PBE) generalized gradient approximation for the exchange-correlation functional 
[42]. These calculations were implemented within the Vienna ab-initio simulation package 
(VASP). We employed a plane-wave basis energy cutoff of 500 eV, and the k-point grids were 
generated using VASP's fully automatic meshing scheme [43], which produces centered 
Monkhorst-Pack grids [44].The Brillouin zone integration was conducted using the Methfessel-
Paxton technique with a smearing parameter of 0.1 eV. All computations were conducted utilizing 
the "Accurate" setting within VASP. Structural relaxation was achieved by allowing all degrees of 
freedom, including cell shape, atom positions, and volume, to relax using a preconditioned 
conjugate gradient (CG) method with default VASP convergence criteria. The relaxed structures 
obtained were analyzed using the SGROUP program [45] to ensure they retained their initial space 
group symmetry. 

 
 
3. Results and discussion 
 
3.1. Formation enthalpies 
The SQS method calculates the formation enthalpy of AlTM compounds for four types of 

point defects: Al antisite, TM antisite, Al vacancy, and TM vacancy. These enthalpies are 
individually plotted against the Al composition. 

 
 

 
 

Fig.1. Formation enthalpy of AlRu: comparison of our SQS results with supercell results, experimental and 
theoretical enthalpies. 

 
 
The formation enthalpy of B2 AlRu simulated using the SQS approach is depicted Fig.1. 

These results are compared with formation energies obtained from both the SQS approach and the 
supercell method, alongside experimental and theoretical enthalpies. The graph demonstrates a 
close agreement between our results and experimental findings [20], as well as theoretical 
calculations [18], with differences not exceeding 2 kJ/mol(≈ 0.021 eV/atom) for stoichiometric 
AlRu. Similar discrepancies have been reported in prior studies on metal oxides and organic 
systems, where differences exceeding 2.5 kJ/mol arose from varying computational parameters, 
including k-point density and basis set selection [21, 36, 37]. Furthermore, the graph reveals that 
in the Al-rich region of AlRu, Al antisite atoms exhibit greater stability compared to Ru vacancies, 
establishing them as the most energetically favorable type of point defect. Conversely, in the Ru-
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rich region, Ruantisites exhibit greater stability than Al vacancies. Consequently, Al antisites and 
Ruantisites emerge as the most stable point defects in AlRu. Overall, Fig.1 demonstrates that our 
calculations of formation enthalpies obtained using the SQS approach align well with those 
obtained through the 16, 32 and 54-atom supercell methods [16,46]. This agreement has also been 
supported by other studies [47], indicating a consensus on the order of formation energies for the 
most stable point defects. 

 

 
 

Fig.2. Formation enthalpy of AlIr: comparison of our SQS data with results of other SQS, experimental and 
theoretical enthalpies. 

 
 
Fig.2 presents the formation enthalpy of B2 AlIr, simulated using the SQS approach, and 

alongside energies of formation obtained through both the SQS approach and the supercell method 
[19]. Additionally, the graph compares the formation enthalpy of stoichiometric AlIr with 
experimental data [20] and theoretical work [19]. 

Fig.2 demonstrates a good agreement between our SQS calculations and both SQS and 
supercell results [19]. Although there are minor variations in the formation energies among the 
four types of defects, our SQS results, combined with those of [19], confirm that in the Al-rich 
region of AlIr, Al antisite atoms exhibit greater stability than Ir vacancies, making them the most 
favorable point defects in this context. Conversely, in the Ir-rich region, Irantisites are found to be 
more stable than Al vacancies, suggesting that both Irantisites and Al antisites are the most 
energetically stable types of point defects in AlIr compounds. 

 
 

 
 

Fig.3.Formation enthalpy of AlOs :comparison of SQS results with experimental  
and theoretical enthalpies. 
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Fig.3 displays the formation enthalpy of B2 AlOs, simulated using the SQS approach. It 

also compares the formation enthalpy of stoichiometric AlOs with experimental data from [20] 
and theoretical work from [22], revealing a discrepancy of 1 kJ/mol attributable to differences in 
calculation conditions. 

The graph showcases good agreement between our SQS results and those of [22], 
supporting the conclusion that in the Al-rich region of AlOs, Al antisite atoms are more stable than 
Os vacancies, making them the most stable point defects in this context. Conversely, in the Os-rich 
region, Osantisites are more stable than Al vacancies, suggesting that Al antisites and Osantisites 
are the most energetically stable point defects in AlOs. 

 

 
 

Fig.4. Formation enthalpy of AlRh :comparison of SQS data with experimental and theoretical enthalpies. 
 
 
Fig.4 demonstrates a good agreement in the formation enthalpy between our results and 

both the experimental data from [20] and theoretical results from [22], with differences not 
exceeding 1 kJ/mol for stoichiometric AlRh. These variations can be attributed to differences in 
calculation conditions. In the Al-rich phase of AlRh, the data suggests that Al antisite atoms are 
more stable than Rh vacancies, indicating a preference for Al antisite atoms as the energetically 
favored point defects. Conversely, in the Rh-rich region, Rh antisites show greater stability 
compared to Al vacancies. Therefore, Al antisites and Rh antisites are identified as the most stable 
point defects in AlRh. 

 
 

 
 

Fig.5.Formation Enthalpies of AlRu and AlIr diagram as at T= 0K compared with CALPHAD calculations 
results: (a) AlRu and (b) AlIr. 
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Fig.5 displays the formation enthalpies of the AlRu and AlIr systems, incorporating point 
defects, obtained using the SQS approach. Our findings are compared with enthalpies reported by 
Wen et al [48] for AlRu and Pan et al [49] for AlIr, using the CALPHAD method. For the 
stoichiometrics AlRu and AlIr, The comparison demonstrates strong agreement between our DFT-
SQS results and those derived from the CALPHAD approach. The similarity in the shape of curves 
confirms the validity of our results. The difference between the SQS results and the enthalpies 
calculated using the CALPHAD method is probably attributable to the presence of vacancies or 
antisites, which are not typically considered in the CALPHAD method. The inclusion of point 
defects in the AlRu and AlIr compounds leads to an increase in the formation enthalpies values for 
these alloys, but they still remain close to the results obtained from CALPHAD. 

 

 
 

Fig.6. Formation Enthalpies of AlOs and AlRh diagram at T= 0K compared with CALPHAD calculations 
results:(a) AlOs and (b) AlRh. 

 
 
In Fig.6, the formation enthalpies of the AlOs and AlRh systems, including point defects, 

obtained using the SQS approach, are plotted. These results are compared with enthalpies obtained 
by Colinet et al. [22] for AlOs and Hu et al. [50] for AlRh using the CALPHAD method. Our 
results agree with those obtained using the CALPHAD approach. The variation between the SQS 
results and the enthalpies calculated using the CALPHAD method is likely caused by the 
occurrence of vacancies or antisites, which are not accounted for in the CALPHAD. However, the 
inclusion of point defects in the AlOs and AlRh compounds leads to an increase in the formation 
enthalpies values for these alloys, but they still remain close to the results obtained from 
CALPHAD. A good agreement between our DFT-SQS results and those derived from the 
CALPHAD approach for the stoichiometrics AlOs and AlRh. The similarity in the shape of curves 
confirms the validity of our results. 

 
3.2. Lattice parameter 
Fig.7, 8, 9 and 10 illustrate the lattice parameter of B2 AlTM (TM = Ru, Ir, Os, and Rh) 

calculated using the SQS approach, compared with available experimental and theoretical data. 
These figures also show the lattice parameter calculated for AlTM compounds containing the two 
most stable types of point defects: Al antisite and TM antisite. Each defect type is plotted 
separately, resulting in two distinct branches. 

According to our results, AlTM (TM = Ru, Ir, Os, and Rh) exhibit the same types of point 
defects, with Al antisites dominating the Al-rich region and TM antisites dominating the TM-rich 
region, as shown in Figures 7 to 10, respectively. Consequently, It is evident that as the 
concentration of antisite defects increases, the lattice parameter also increases. This observation 
aligns with the findings of [16, 46], which investigated the volume evaluation of AlRu using the 
supercell approach with different sizes. 
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Fig. 7. Lattice parameter of B2 AlRu compared with available results. 
 
 

 
 

Fig. 8. Lattice parameter of B2 AlIr compared with available results. 
 
 

 
 

Fig. 9. Lattice parameter of B2 AlOs compared with available results. 
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Fig. 10. Lattice parameter of B2 AlRh compared with available results. 
 
 

Table1. Comparison of calculated formation enthalpies ∆𝑓𝑓𝐻𝐻 and lattice parameters (a) for AlRu, AlIr, AlOs, 
and AlRh in comparison with experimental and other theoretical results. 

 
Phase ∆𝒇𝒇𝑯𝑯(𝒆𝒆𝒆𝒆/𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂) a (nm) 
AlRu       Experiment 
 
 
 
                This work 
                Other calculations 
 
 
 
 
 

-0.649   [20] 
-0.643   [48] 
-0.644   [20] 
 
-0.639 
-0.647   [48] 
-0.672   [20] 
-0.604   [18] 
-0.734   [60] 
-0.603   [61] 
 

0.2988      [47] 
0.2992      [16] 
0.2994      [59] 
0.303        [47]                                                                                                         
0.30079 
0.295        [62] 
0.2967      [16] 
0.30088    [16] 
0.3005      [16] 
0.3            [63] 
 

AlIr         Experiment 
 
 
                This work 
                Other calculations 
 
 
 
 
 
 
 

-0.963   [20] 
 
 
-0.984 
-0.953   [19] 
-0.943   [20] 
-0.969   [36] 
 
 
 
 
 

0.29867    [52] 
0.2983      [64] 
0.2986      [53] 
0.30125 
0.3012      [19] 
0.3020      [49] 
0.3004      [49] 
0.3012      [19] 
0.302        [19] 
0.3028      [36] 
0.3            [63] 

AlOs       Experiment 
               This work 
               Other calculations 
 
 
 

-0.3995  [20] 
-0.3953 
 
 
 
 

 
0.3025 
0.3005       [55] 
0.3001       [49] 
0..30166    [57] 
 

AlRh       Experiment 
                This work 
                Other calculations 
 

-1.103    [20] 
-1.088 
-1.097    [65] 
 

 
0.3001 
0.298          [65] 
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The calculated formation enthalpies and lattice parameters for AlRu and AlIr show good 
agreement with both experimental and other theoretical values. For AlOs and AlRh, although there 
is limited directly comparable data available, the available results agree well with our calculations. 

The results for AlRu agree well with other reported data, confirming that both Al antisites 
and Ruantisites are stable point defects. For AlIr, while there is limited directly comparable data, 
the available results agree well with ours, suggesting that both Al antisites and Irantisites are stable 
point defects. As for AlOs and AlRh, no directly comparable data are available, but the calculated 
enthalpies of formation indicate that both Al antisites and the corresponding TM antisites (TM = 
Os, Rh) have the lowest enthalpies, thus suggesting that AlOs and AlRh exhibit Al antisite and Rh 
antisite defects as their stable point defects, respectively. 

 
 
Table2.The calculated formation enthalpies of isolated point defects for AlRu, AlIr, AlOs,  

and AlRhat T=0K. 
 

Defect𝑯𝑯𝒅𝒅(eV/defect)    
AlRu 
Al antisites𝐴𝐴𝐴𝐴𝑅𝑅𝑅𝑅1.7300.068       [17] 
Al vacancies 𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴5.3763.622    [17] 
Ruantisites𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴4.0432.123        [17] 
Ru vacancies 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅4.0680.912  [17] 
AlIr 
Al antisites𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼1.145 
Al vacancies 𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴2.952.570  [66] 
Irantisites𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴2.92                                          2.567  [66] 
Ir vacancies𝑉𝑉𝑉𝑉𝐼𝐼𝐼𝐼2.795 
AlOs 
Al antisites𝐴𝐴𝐴𝐴𝑂𝑂𝑂𝑂2.76 
Al vacancies𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴5.65 
Osantisites𝑂𝑂𝑂𝑂𝐴𝐴𝐴𝐴4.92 
Os vacancies   𝑉𝑉𝑉𝑉𝑂𝑂𝑂𝑂3.69 
AlRh 
Al antisites𝐴𝐴𝐴𝐴𝑅𝑅ℎ1.20 
Al vacancies 𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴                                         1.93 
Rh antisites𝑅𝑅ℎ𝐴𝐴𝐴𝐴1.39   
Rh vacancies 𝑉𝑉𝑉𝑉𝑅𝑅ℎ                                       2.45 

 
 

Table3.Formation enthalpies of complexdefects in stoichiometric B2 AlTM(TM=Ru,Ir,Os and Rh)  
 at T = 0 K. 

 
Defect                                                                    𝑯𝑯𝒅𝒅( eV/Defect) 
AlRu 
Triple Ru (0 → 2 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅+ 𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴)                         12.1794.338[16] 
Schottky (0→ 𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅 +𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴)   9.444                                      4.662   [16] 
Exchange (0 → 𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴+𝐴𝐴𝐴𝐴𝑅𝑅𝑅𝑅)   5.7733.462[16] 
riple Al (0→2𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴+𝐴𝐴𝐴𝐴𝑅𝑅𝑅𝑅)    12.482                                     8.447    [16] 
Interbranche Ru (𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴 →2𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴)  6.709 
Interbranche Al (𝐴𝐴𝐴𝐴𝑅𝑅𝑅𝑅 → 2𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅)                      6.406 
AlIr 
Triple Ir (0 → 2 𝑉𝑉𝑉𝑉𝐼𝐼𝐼𝐼+𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴)                                           8.51 
Schottky (0→ 𝑉𝑉𝑉𝑉𝐼𝐼𝐼𝐼+𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴)                                            5.745 
 Exchange (0→ 𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴+𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼)                                             4.065 
 Triple Al (0 →2𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴+𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼)                                          7.045 
 Interbranche Ir (𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴 →2𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴)                                      2.98 
 Interbranche Al (𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼 →2𝑉𝑉𝑉𝑉𝐼𝐼𝐼𝐼)                                    4.445 
AlOs 
 Triple Os (0→2 𝑉𝑉𝑉𝑉𝑂𝑂𝑂𝑂+𝑂𝑂𝑂𝑂𝐴𝐴𝐴𝐴)                                         12.3 
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Defect                                                                    𝑯𝑯𝒅𝒅( eV/Defect) 
 Schottky (0→ 𝑉𝑉𝑉𝑉𝑂𝑂𝑂𝑂+𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴)                                            9.34 
 Exchange (0→ 𝑂𝑂𝑂𝑂𝐴𝐴𝐴𝐴+𝐴𝐴𝐴𝐴𝑂𝑂𝑂𝑂)                                            7.68 
Triple Al (0→2𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴+𝐴𝐴𝐴𝐴𝑂𝑂𝑂𝑂)                                           14.06 
 Interbranche Os (𝑂𝑂𝑂𝑂𝐴𝐴𝐴𝐴 →2𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴)                                    6.38 
Interbranche Al (𝐴𝐴𝐴𝐴𝑂𝑂𝑂𝑂 →2𝑉𝑉𝑉𝑉𝑂𝑂𝑂𝑂)                                     4.62 
AlRh 
Triple Rh (0→ 2𝑉𝑉𝑉𝑉𝑅𝑅ℎ+𝑅𝑅ℎ𝐴𝐴𝐴𝐴)                                          6.29 
Schottky (0→ 𝑉𝑉𝑉𝑉𝑅𝑅ℎ+𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴)                                             4.38  
Exchange (0→ 𝑅𝑅ℎ𝐴𝐴𝐴𝐴+𝐴𝐴𝐴𝐴𝑅𝑅ℎ)                                            2.59 
Triple Co (0→2𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴+𝐴𝐴𝐴𝐴𝑅𝑅ℎ)                                            5.06 
Interbranche Rh (𝑅𝑅ℎ𝐴𝐴𝐴𝐴 →2𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴)                                     2.47 
Interbranche Al (𝐴𝐴𝐴𝐴𝑅𝑅ℎ →2𝑉𝑉𝑉𝑉𝑅𝑅ℎ)                                     3.70 
 
 
The formation enthalpies several types of complex point defects at T = 0 K are given in 

Table 3 for B2 AlTM.As shown, the complex defects in the ground state are of exchange type in 
AlRu , one Ruantisite is replaced by one Al antisite. It can be observed that complex defects in 
AlOs are of interbranche Al type, which means that The occurrence of one Al antisite is matched 
by the disappearance of two Os vacancies. As can be seen in Table3 also, the interbrancheIr and 
Rh defects have lower formation enthalpies than the other defects in AlIr and AlRh respectively, 
where two Ir and Rh vacancies appearance is associated with one Ir and Rh antisires respectively. 
The difference between our results and the available data for AlRu due to the calculations methods 
used to obtain the results of this work and those of [16] which are the SQS and the supercell 
approachs respectively. 

 
3.3.Structures of defects at different temperatures 
Fig.11, 12, 13and 14 illustrate the thermal defect concentrations calculated using the SQS 

approach in B2 AlTM (TM = Ru, Ir, Os, and Rh) at temperatures T=2133K, T=2293K, T=1673K, 
and T=1773K, respectively. The concentrations of these thermal defects are determined by 
applying the Wagner-Schottky model, utilizing the enthalpies of defect formation listed in Table 2. 
The results are then plotted as a function of the Aluminum composition. 

 
 

 
 

Fig.11.Equilibrium thermal defects concentrations in B2 AlRu at T=2133 K. 
 
 
In Fig.11, For the Al-rich region of AlRu, the primary defects are Ru vacancy atoms. 

Conversely, in the Ru-rich region of AlRu, the predominant defects are Al vacancies, with each 
unit of Al vacancies corresponding to one unit of Ru vacancies. These vacancies constitute the 
Schottky-type defect. The defect structures in Al-rich side are of triple Ru-type, where 
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2𝑥𝑥(𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅) ≈ 𝑥𝑥(𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴)also the concentration of Ru antisites decreases with the increasing of Ru 
vacancies concentration. In Ru-rich side, the defects also are of  triple Al-type where2𝑥𝑥(𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴) ≈
𝑥𝑥(𝐴𝐴𝐴𝐴𝑅𝑅𝑅𝑅), where the Al antisites concentration increases with the decreasing of  Al vacancies 
concentration.There is a complete abscence of Al antisites and Ru antisites in Al-rich side and Ru-
rich side respectively, their elevated concentrations form a peak at x=0.5 and decrease rapidly with 
deviation from stoichiometry. 

 
 

 
 

Fig. 12 Equilibrium thermal defects concentrations in B2 AlIr at T=2293 K. 
 

 
In Fig.12, for the Al-rich region the primary thermal defects observed are Ir vacancies, 

while in the Ir-rich region they are Al vacancies, both representing Schottky defects. Additionally, 
in the Ir-rich region, the thermal defect structures include triple Al-type configurations, where 
approximately twice the concentration of Ir vacancies 2𝑥𝑥(𝑉𝑉𝑉𝑉𝐼𝐼𝐼𝐼) ≈ 𝑥𝑥(𝐼𝐼𝐼𝐼𝐴𝐴𝐴𝐴), it is equivalent to the 
concentration of Ir atoms replacing Al atoms. Here, the concentration of Al antisites decreases 
with an increase in the concentration of Al vacancies. On the other side, in the Al-rich side, the 
defects are of Schottky-type. The peak observed at x=0.5 represents high concentrations of 
Irantisites and Al antisites, which decrease with deviation from stoichiometry. 

 
 

 
 

Fig.13.Equilibrium thermal defects concentrations in B2 AlOs at T=1673 K. 
 
 
In Fig.13, The main thermal defects observed are Os vacancies in the Al-rich region and 

Al vacancies in the Os-rich region, both classified as Schottky defects. In this specific case, one 
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unit of Al vacancies is equivalent to one unit of Os vacancies. Schottky-type defects characterize 
the thermal defect structures observed in both the Al-rich and Os-rich sides. The peak observed at 
x=0.5 corresponds to a high percentage of Osantisites and Al antisites concentrations, which exist 
only in the Al-rich side and Ir-rich side, respectively. These concentrations decrease as we move 
away from stoichiometry. 

 
 

 
 

Fig.14.Equilibrium thermal defects concentrations in B2 AlRh at T=1773 K. 
 
 
In Fig.14, The main thermal defects observed are Rh vacancies in the Al-rich region and 

Al vacancies in the Rh-rich region, consistent with the findings reported by Medasaniet al.[67]. 
The exchange of vacancies between Al and Rh corresponds to a Schottky-type defect. In both the 
Al-rich and Rh-rich sides, the defect structures consist of triple Al-type and triple Rh-type, 
respectively, where approximately twice the concentration of Rh vacancies 2𝑥𝑥(𝑉𝑉𝑉𝑉𝑅𝑅ℎ) is equivalent 
to the concentration of Rh atoms replacing Al atoms 𝑥𝑥(𝐴𝐴𝐴𝐴𝑅𝑅ℎ), and similarly for Al vacancies. 
Here, the concentration of Al antisites and Rh antisites decreases with an increase in the 
concentration of Al vacancies and Rh vacancies in the Al-rich region and Rh-rich region, 
respectively. Additionally, the concentrations of Rh antisites and Al antisites, which appear only in 
the Al-rich region and Rh-rich region, respectively, pass through a peak at x=0.5 and decrease as 
we move away from stoichiometry. 

Indeed, Fig.11,12,13 and 14 indicate that the major thermal defects in B2 AlTM are the Al 
vacancies and TM vacancies in the Al-rich side and TM-rich side, respectively, which constitute 
the Schottky defect. This is characterized by the reaction x(VaAl)=x(VaTM), where one unit of Al 
vacancies is exchanged by one unit of TM vacancies. However, the values of Al and TM vacancies 
concentrations plotted in Fig. 14 do not achieve equality as defined in this reaction. Specifically, 
(Va(Ru,Os)) < 𝑥𝑥(VaAl) and x(Va(Ir,Rh)) > 𝑥𝑥(VaAl). This discrepancy may be attributed to the 
behavior of Al antisites and TM antisites. Interestingly, their concentrations peak at the 
stoichiometric composition. Consequently, the predominance of Al and TM antisites 
concentrations at the stoichiometric composition leads to the formation of a peak at this point 
(x=0.5), which impacts the concentrations of Al and TM vacancies.Another possible reason for 
this discrepancy could be the complete absence of Al antisites and TM antisites in the Al-rich 
region and TM-rich region, respectively, compared to their existence. This disrupted behavior, 
combined with the factors mentioned previously, contributes to obtaining these results in the study 
of thermal defects for the AlTM (TM = Ru, Ir, Os, and Rh) alloys. 
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4. Conclusion 
 
In this study, the defect types and structure of stoichiometric binary B2 Aluminium-based 

crystalline compounds of transition metal, particularly platinum-group metals are presented. The 
formation enthalpies of isolated point defects in AlTM alloys across various concentrations using 
the (SQS) approach have been calculated. The Al-antisites are the major point defects in the Al-
rich region, while the TM-antisitesare the stable point defects along the TM-rich side. At finite 
temperature, the predominant thermal defects found using Wagner-Schottky model in the studied 
alloys are of Schottky-type. Overall, it can be concluded that the elements belonging to the same 
family (transition metals) or the same subfamily (platinum-group metals) and forming compounds 
based on the same element have the same behavior and show the same type of stables point defects 
at T = 0 K and finite temperature. The discrepancy between the results from the present study and 
some previous studies is due to the formation of antisites and vacancies, which are not taken into 
consideration in those studies. However, despite this discrepancy, our results remain close to the 
results from the literature. 
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