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Abstract

:

The structural, dynamical, electrical, magnetic, and thermoelectric properties of CoMRhSi (M = Cr, Mn) quaternary Heusler alloys (QHAs) were investigated using density functional theory (DFT). The Y-type-II crystal structure was found to be the most stable configuration for these QHAs. Both CoCrRhSi and CoMnRhSi alloys possess a half-metallic behavior with a 100% spin-polarization as the majority spin channel is metallic. On the other hand, the minority spin channel is semiconducting with narrow indirect band gaps of 0.54 eV and 0.57 eV, respectively, along the   Γ − X   high symmetry line. In addition, both CoCrRhSi and CoMnRhSi alloys possess a ferromagnetic structure with total magnetic moments of 4 μB, and 5 μB, respectively, which are prominent for spintronics applications. The thermoelectric properties of the subject QHAs were calculated by using Boltzmann transport theory within the constant relaxation time approximation. The lattice thermal conductivities were also evaluated by Slack’s equation. The predicted values of the figure-of-merit (ZT) for CoCrRhSi and CoMnRhSi were found to be 0.84 and 2.04 at 800 K, respectively, making them ideal candidates for thermoelectric applications.
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1. Introduction


The shortage of fossil fuels and increased global warming have created a demand for renewable energy sources. Thermoelectric materials, which directly convert waste heat or temperature gradient into electricity, have garnered a great deal of attention in recent years. Based on the range of temperature of operation, conventional thermoelectric materials are classified into three categories: (1) Bi2Te3 compounds with for T < 150 °C, (2) TAGS [(AgSbTe2)1–x(GeTe)x] and PbTe-based compounds for 150 °C < T < 500 °C, and (3) SiGe for T > 500 °C [1]. Over time, half-Heusler alloys have also been investigated for their thermoelectric applications [2]. At the other end of the spectrum, Heusler alloys have also found wide applications in spintronics, a branch of nanoelectronics that relies on the spin of an electron rather than its charge. These devices operate on the principle of quantum tunneling and spin-transfer torque for MRAM applications [3]. Hence, Heusler alloys represent an important class of material for thermoelectric and spintronics applications.



Half-metallic ferromagnetic materials have attracted considerable attention in the last few years owing to their unique physical characteristics. These materials display a metallic behavior near the Fermi energy surface in one spin channel and a semiconducting behavior near the Fermi energy level in the other spin channel, which yields a perfect spin polarization of 100% [4]. As a result, these materials could produce highly spin-polarized currents that could potentially improve the efficiency of spintronics devices. Numerous materials, for instance Heusler alloys, perovskites, and chalcogenides, have been reported to have a half-metallic behavior [5,6,7,8]. Several Heusler alloys (HAs) have been investigated theoretically for their half-metallicity and high Curie temperatures [9,10,11] that were further confirmed experimentally [12,13]. There are three groups of HAs that can be classified based on their chemical structures: full-Heusler alloys (FHAs), half-Heusler alloys (HHAs), and quaternary-Heusler alloys (QHAs). The FHAs have a space group of   F m   3  ¯  m   with prototype structure, such as Cu2MnAl, and four interpenetrating cubic lattices. The chemical formula of these alloys is X2YZ, where X and Y correspond to transition metal atoms and Z refers to an s-p atom [14]. The structure of HHAs is similar to that of FHAs, except for a missing an X atom that leads to a C1b structure with an XYZ chemical formula and an   F   4  ¯  3 m   space group [15]. The chemical formula of the QHAs is XX′YZ with a Y-type structure (LiMgPdSb prototype structure) and a space group of   F   4  ¯  3 m   (no. 216) [16,17]. The QHAs have applications in spin-dependent electronics, including spin filters, spin valves, and thermoelectric devices [18,19].



Several studies have indicated that QHAs possess significant thermoelectric properties, such as high transport coefficients (Seebeck coefficient and electrical conductivity), variable lattice thermal conductivity, and a good thermoelectric performance [20,21,22,23,24]. This leads to promising figure of merit (ZT) values where ZT is defined as follows [25]:


    Z T =     S   2   σ T   (   κ   e   +   κ   L   )   .  



(1)







In this equation, S,   σ ,   T ,   κ   e   , a n d     κ   L     refer to the Seebeck coefficient, electrical conductivity, absolute temperature, electronic thermal conductivity, and lattice thermal conductivity, respectively. To obtain a high value of figure of merit ZT, alloys should have a high S and   σ   values, whereas     κ   L      should be as low as possible [26].



There are several studies on the subject of the thermoelectric properties of QHAs. For instance, Alqurashi and Hamad predicted ZT values of 1.13, 0.62, and 0.92 for VTiRhSi, VTiRhGe, and VTiRhSn alloys, respectively, at 800 K [24]. Previous computations predicted maximum S values of 44.3 and 53.44 μV/K for CoRuMnAs and CoRhMnAs alloys, respectively [11]. Promising power factor values of 07.56 × 10−5 and 21.05 × 10−5 Wm−1K−2s−1 at 300 K were predicted for LaCoCrAl and LaCoCrGa QHAs, respectively [27]. Other calculations predicted ZT values of 0.61 and 0.71 for CoFeTiGe and CoFeCrGe, respectively [28]. Furthermore, the PdZrTiAl alloy was found to be a half-metallic ferromagnet with a 100% spin polarization and a 3 μB total magnetic moment [29]. Alqurashi et al. [30] predicted a similar half-metallic ferromagnetic behavior for VTiRhGa and VTiRhIn QHAs with a 100% spin polarization and a 3 μB total magnetic moment.



In this work, we report on ab initio investigations based on DFT to calculate the structural, dynamical, electronic, magnetic, and thermoelectric properties of novel CoMRhSi (M = Cr, Mn) quaternary Heusler alloys. To the best of our knowledge, this study investigates and reports the formation of these alloys along with spintronic and thermoelectric properties for the first time. The paper is organized as follows: in Section 2 the computational methodology is described, Section 3 presents the results and discussions, and Section 4 is devoted to the conclusions.




2. Computational Methodology


The structural optimization and energetic calculations are performed using the DFT method as implemented in VASP code [31]. The cut-off energy is selected to be 520 eV, while the total energy tolerance is 10−8 eV. The total energy calculations are performed using a 22 × 22 × 22 k-mesh. The formation energy is calculated based on the results of the total energy. The phonon calculations using the Phonopy package are considered to investigate the dynamical stability of the QHAs [32]. For these calculations, a supercell of 4 × 4 × 4 is used with a 4 × 4 × 4 k-mesh and cut-off energy of 500 eV. The supercell of QHAs unit-cell contains 256 atoms. The electronic and magnetic properties were computed within the full-potential linearized augmented plane wave (FP-LAPW) method as implemented in WIEN2k code [33]. The generalized gradient approximation (GGA) within Perdew–Burke–Ernzerhof (PBE) formalism was utilized to treat the exchange–correlation potential [34]. The Kmax × RMT value was selected to be 9, where Kmax is the highest reciprocal lattice vector of the plane wave expansion and RMT is the smallest atomic muffin tin radius. The RMT values were selected as 2.3, 2.2, 2.1 and 1.8 atomic units (a.u.) for Co, M (M = Cr, Mn), Rh, and Si atoms, respectively. The total energy and force tolerances were set to 10−4 Ry and 1 mRy/au, respectively. We adopted the VASP pseudopotential code for the structural optimization and WIEN2K full-potential code for the electronic and magnetic properties. For instance, in the case of structural optimization, VASP uses a smaller basis set which leads to faster calculations [35]; whereas, for electronic and magnetic properties, all electron calculations (WIEN2k) give more precise results [36].



The transport coefficients are considered by applying the Boltzmann transport theory as implemented in BoltzTraP code [37,38]. The S, σ, and κe parameters are estimated using the following equations [24,39]:


    S   α β     T , μ   =   1   e T Ω   σ   α β       T , μ      ∫          σ  ¯    α β       ε     ε − μ     −   ∂   f   0     T , ε , μ     ∂ ε     d ε  



(2)






    σ   α β     T , μ   =   1   Ω    ∫          σ  ¯    α β     ε     −   ∂   f   0     T , ε , μ     ∂ ε     d ε  



(3)






    κ   α β   0   ( T , μ ) =   1     e   2   T Ω   ∫     σ  ¯    α β     ε   ( ε − μ   )   2     −   ∂   f   0     T , ε , μ     ∂ ε       d ε  



(4)







Here α and β are tensor indices; μ, Ω, and     f   0     are the chemical potential, unit cell volume, and the Fermi–Dirac distribution function, respectively. The thermoelectric properties are calculated by using 36 × 36 × 36 centered k-mesh. The σ and κe were computed within the constant relaxation time (τ) approximation, which was selected to be 0.5 × 10−15 s. This value was utilized for comparable structures for instance VTiRhZ (Z = Si, Sn, In) and FeRhCrZ (Z = Si, Ge) [24,40]. Slack’s formula was used to compute the lattice thermal conductivity (κl) as follows [41,42,43]:


    κ   l   = A     M  ¯    Θ   D   3     V   1 / 3       γ   2     n   2 / 3   T   ,  



(5)




where, A =     2.43 ×   10   − 6     1 −   0.514   γ   +   0.228     γ   2        , and     M  ¯  ,     Θ   D   ,   V  ,   γ  , n, and T are the average atomic mass, Debye temperature, volume per atom, Grüneisen parameter, number of atoms in the primitive unit cell, and temperature, respectively. The     Θ   D       and   γ   are estimated by calculating the elastic constants of CoMRhSi (M = Cr, Mn) QHAs. It is important to note that the Debye temperature can also be calculated from the vibrational density of states spectra, which could lead to a different value of     Θ   D    . However, there are reports as presented in reference [44] that the results of these two methods give a comparable output.



To compute the elastic constant, the IBRON was selected to be 6 in order to calculate the fourth-order elastic moduli tensor. The above IBRON number uses finite differences to calculate second derivatives of the Hessian matrix (second order derivative of energy with respect to atomic positions) by performing a total of six distortions to the crystal structure. The shear (G) and bulk (B) moduli were calculated based on the Voigt–Reuss–Hill approximations [45,46] that are defined as



Voigt average:


    G   V   =   1   5         C   11   −   C   12     + 3   C   44      ,   and     B   V   =   1   3       C   11   + 2   C   12      ,  



(6)







Reuss average:


    G   R   =   5   C   44       C   11   −   C   12       3     C   11   −   C   12     + 4   C   44      ,   and     B   R   =       C   11   +   C   12       C   11   − 2   C   12   2     3     C   11   −   C   12        ,  



(7)







Hill average:


  G =   1   2       G   V   +   G   R      ,   and   B =   1   2       B   V   +   B   R      ,  



(8)







Using G and B from Equation (8), Young’s modulus (E) and Poisson’s ratio (  v  ) are calculated by [45,46] such that


  E = (   9 B G   3 B + G   ) ,  



(9)






  v = (   3 B − 2 G   2   3 B + G     ) ,  



(10)







Moreover, the     Θ   D     and (  γ  ) are estimated as follows [45,46]:


    Θ   D   =   h     k   B           3 n ρ   N   A     4 π M       1 / 3     v   m   ,  



(11)






  γ =   9 − 12       v   t   /   v   l       2     2 + 4       v   t   /   v   l       2     .  



(12)







The parameters h,   ρ ,       N   A   ,    kB, and M refer to the Planck constant, density, Avogadro’s number, the Boltzmann constant, and the molecular weight, respectively. In addition,     v   m    ,     v   l     and     v   t     are the average, transverse, and longitudinal sound velocities, which are given by [47,48] as follows:


    v   t   =    G   ρ     



(13)






    v   l   =    Y ( 1 − v )   ρ ( 1 + v ) ( 1 − 2 v )     



(14)






    v   a   =       1   3       2     v   t   3     +   1     v   l   3           −   1   3      



(15)







The lattice thermal conductivity (    κ   l    ) values are computed by substituting     Θ   D     and   γ   values into Equation (5).




3. Results and Discussions


3.1. Structural Properties


The CoMRhSi (M = Cr, Mn) QHAs have a face-centered cubic LiMgPdSn (Y-type) configuration with (1:1:1:1) stoichiometry and a space group of   F   4  ¯  3 m   (no. 216). Figure 1 illustrates the atomic configurations of these QHAs structures, Y-type-I, Y-type-II, and Y-type-III. The Wyckoff positions of the atoms in the three types are 4a (0,0,0), 4c (1/4, 1/4, 1/4), 4b (1/2, 1/2, 1/2), and 4d (3/4, 3/4, 3/4), see Table 1. The values of convex hull for both compounds, as predicted using OQMD, are −1.864 eV/f.u. for CoCrRhSi and −2.08 eV/f.u. for CoMnRhSi. The total energy calculations were performed for both QHAs in their three configuration types. These calculations predicted the Y-type-II configuration as the most stable structure of CoMRhSi (M = Cr, Mn) QHAs, see Table 2. These findings are consistent with prior calculations [49]. To determine if these QHAs can be synthesized experimentally and to confirm their thermodynamical stability, the formation enthalpy per formula unit is calculated using the following equation [50]:


    E   f o r m   =   E   t o t   − (   E   C o   b u l k   +   E   R h   b u l k   +   E   M n , C r   b u l k   +   E   S i   b u l k   ) ,  



(16)




where     E   t o t     is the equilibrium total energy per formula unit of the CoCrRhSi and CoMnRhSi alloys, and     E   C o   b u l k    ,     E   R h   b u l k    ,     E   Y   b u l k    , and     E   Z = S i   b u l k     are the total energies per atom in the bulk structure. In general, the negative value of the formation enthalpy indicates the feasibility of synthesizing the QHAs. The formation enthalpies of the CoCrRhSi and CoMnRhSi alloys are   − 1.32   and   − 1.91   eV/f.u., as shown in Table 3. These values agree with other previous calculations of similar structures such as CoNbMnSi (−1.74 eV/f.u.) and CoMoMnSi (−1.90 eV/f.u.) [48]. Moreover, the lattice parameters are found to be 5.78 Å and 5.83 Å for CoCrRhSi and CoMnRhSi as indicated in Table 3. These findings are in good agreement with the previously reported theoretical calculations [51,52].




3.2. Phonon Calculation


The analysis of the dynamical phonon properties of the CoMRhSi (M = Cr, Mn) alloys is presented here. The phonon dispersion curves (PDCs) provide information about the dynamical stability of the system. These phonon dispersion curves show only positive frequencies, indicating that both alloys are dynamically stable as indicated in Figure 2. The phonon dispersion curves of CoMRhSi (M = Mn, Cr) alloys exhibit twelve phonon branches since the primitive cell consists of four atoms. There are three acoustic phonon modes (one longitudinal (LA) and two transversal acoustic (TA)), and nine optical branches (three longitudinal (LO) and six transverse optical (TO)). These results are in good agreement with previous investigations on CoFeCrGe and CoFeTiGe QHAs [28].




3.3. Mechanical Properties


The mechanical properties of CoMRhSi (M = Mn, Cr) alloys are presented by investigating the mechanical stability for the cubic configuration that is achieved by fulfilling the Born–Huang criteria [50] as follows:


    C   44   > 0 , (   C   11   −   C   12   ) > 0  ,       C   11   + 2   C   12     > 0 ,   a n d     C   12   < B <   C   11    ,  



(17)




where the three independent elastic constants (C11), (C12), and (C44) are referred to longitudinal compression, transverse expansion, and the share modulus predictor, and B refers to the Bulk modulus. The inequality conditions that are shown in Equation (17) are fulfilled for these alloys and thus the mechanical stability is confirmed. The results are summarized in Table 3. The B values were predicted to be 216.88 and 211.45 GPa for CoRhCrSi and CoRhMnSi alloys.



The three independent elastic constants were used to calculate the shear modulus (G), Young’s modulus (E), Cauchy pressure (Cp), Poisson’s ratio (ν), and the anisotropy factor (A). The results of these calculations are shown in Table 3. The above G, Cp, and A parameters are defined as follows [50,51,52]:


      G = ( G   V   +   G   R   ) / 2  



(18)






    C   p   =   C   12   −   C   44    



(19)






  A = 2   C   44   / (   C   11   −   C   12   )  



(20)







    G   R     and     G   V     in Equation (18) are the shear moduli of Reuss, and Voigt. The E (G) values were calculated as 185.23 GPa (68.35 GPa) and 216.13 GPa (81.29 GPa) for CoRhCrSi and CoRhMnSi alloys. The large positive E and G values indicate that these alloys are rigid. These findings are consistent with prior predictions for CoCrScAl, CoCrScSi, CoCrScGe, and CoCrScGa alloys [53]. The Pugh’s ratio (B/G) values of CoCrRhSi and CoMnRhSi alloys are 3.17 and 2.60, which are more than the standard value (B/G > 1.75 [54]). These results indicate that the alloys have a ductile nature behavior, and are in good agreement with prior calculations [28,50]. Moreover, the Cauchy pressure is calculated to explain the bonding of the alloys. If the Cauchy pressure is negative, the material is classified to have a covalent bonding. For metallic bonding, the Cauchy pressure is positive [50]. According to the present results, the Cp values of the CoCrRhSi and CoMnRhSi alloys were calculated as 86.31 and 69.05 GPa, which indicates a metallic bonding behavior for these alloys. In addition, the anisotropy factor, A, is calculated to test the anisotropy of the materials. If A values are different than unity, the materials are anisotropic [55]. The present calculation for A was found to be less than unity, which indicates the alloys are anisotropic materials. These results agree with previously reported calculations for ZrTiRhGe and ZrTiRhSn [56].



In order to provide an understanding of the heat resistance of the material, the melting point (    T   m e l t    ) is calculated using the following formula [29,54,57]:


    T   m e l t   =   553   K +     5.91   K   G P a       C   11     ± 300   K .  



(21)







This formula shows that the melting temperature depends on the longitudinal compression (C11) of the alloys. As a result, the alloy with the larger longitudinal compression has a higher melting temperature. In this case, the CoCrRhSi alloy possesses a higher melting temperature as indicated in Table 3. The values of     T   m e l t     are found to be 2624 and 2547 K for CoCrRhSi and CoMnRhSi alloys, which are in good agreement with those obtained previously for CoFeCrGe (2584 K) and CoFeTiGe (2484 K) [28].




3.4. Electronic and Magnetic Properties


The band structure, total density of states (TDOS), and magnetic properties of CoMRhSi (M = Mn, Cr) QHAs are investigated as shown in Figure 3 for the CoMRhSi (M = Mn, Cr) alloys. The results presented in this figure show that the electronic bands of the majority spin channel overlap with the Fermi level, which indicates a metallic behavior. However, the minority spin channel shows a semiconducting behavior with an indirect band gap between the Γ and X high-symmetry points at the valence band maximum (VBM) and the conduction band minimum (CBM), respectively. The band gap values in the minority spin channels were found to be 0.54 eV and 0.57 eV for CoCrRhSi and CoMnRhSi. These results are in agreement with other calculations [48,56,57,58,59,60,61]. The spin polarization of QHAs can be determined using the following relationship [62,63]:


  P =     ρ   ↑     ( E   f   ) −   ρ   ↓     ( E   f   )     ρ   ↑     ( E   f   ) +   ρ   ↓     ( E   f   )   × 100 ,  



(22)




where     ρ   ↑     ( E   f   )   and     ρ   ↓     ( E   f   )   are the majority and minority spin densities of states at the Fermi level     ( E   f   )  . Thus, both the CoCrRhSi and CoMnRhSi alloys were found to have a 100% spin polarization due to the absence of the states at the minority spin channel. This is not the case for the majority spin channel, as indicated in Figure 3. The present results for the above alloys are in good agreement the results obtained for CoRhMnSi by Ghosh et al. [63]. This indicates that these alloys may demonstrate potential applications in spintronics.



The magnetic structure of the QHAs was tested for three states: ferromagnetic, antiferromagnetic, and paramagnetic. The results show that the ferromagnetic state was found to be the most stable for these alloys. Table 4 presents the total and local magnetic moments of the CoMRhSi QHAs. Both the CoCrRhSi and CoMnRhSi alloys exhibit integer values of 4 μB and 5 μB. A similar value of the net magnetic moment of 5 μB for CoRhMnSi was obtained by Ghosh et al. [64]. These values are found to follow the Slater–Pauling rule for half-metallicity that is described as:     M   t o t   = (   Z   t o t   − 24  ) μB, where     M   t o t     and     Z   t o t     refer to the total magnetic moment and the number of the total valence electrons. The significant contribution of the total magnetic moment of 2.41 and 3.31     μ   B     for the CoCrRhSi and CoMnRhSi alloys comes from the Cr and Mn atoms. The Co, Rh, and M (M = Cr, and Mn) atoms have a ferromagnetic coupling between their local magnetic moments in the two QHAs.



The linear relationship between the Curie temperature (TC) and the total magnetic moment is one of the methods that can be used to calculate TC as follows [65,66,67]:


    T   C   = 23 + 181   M   t o t   ,  



(23)




where,     M   t o t     is the total magnetic moment. Based on this equation, the     T   C     values of the CoCrRhSi and CoMnRhSi alloys are found to be 747 and 928 K, which means the ferromagnetic structure is retained for temperatures much higher than room temperature. However, it is important to note that this is just one of the methods to estimate the TC and, very often, the results deviate from the experimental output. Hence, these values just serve as an estimate of the actual values of the transition temperature.




3.5. Transport Properties and ZT


The transport properties were calculated for the CoMRhSi (M = Mn, Cr) QHAs’ stable structures. The calculations were performed using Boltzmann transport theory with a constant relaxation time approximation [38]. The total S and   σ   of the majority and minority spin channels are calculated by using the two-current model as [27]:


  S =     S   ↑       σ   ↑   +   S   ↓       σ   ↓       σ   ↑   +   σ   ↓     .  



(24)







Here     S   ↑         S   ↓       a n d     σ   ↑       ( σ   ↓   )   represent the Seebeck coefficient and electrical conductivity for the majority (minority) spin channels.



The results of the total Seebeck coefficient are shown in Figure 4a,b as a function of the chemical potential (E-Ef) at 300 and 800 K. The figure shows that the total S values of these alloys increase by increasing the temperature. The CoMnRhSi alloy has higher values of the total S than those of the CoCrRhSi alloy. The values of the total electrical conductivity   ( σ )   as a function of (E-Ef) at 300 and 800 K are depicted in Figure 4c,d. As seen in the figures, the n-type doping level shows higher   σ   values than those of the p-type. Moreover, the temperature effect on   σ   values appear to be minimal. Figure 4e,f exhibit the power factor (PF) as a function of (E-Ef) at 300 and 800 K. The PF values are found to be higher as the temperature increases with maximum values of 20.2 × 1011 and 31.1 × 1011 (W/m K2 s) for the CoCrRhSi and CoMnRhSi alloys at 800 K.



Figure 5a,b present the electronic thermal conductivity (κe) of CoMRhSi (M = Mn, Cr) QHAs as a function of (E-Ef) at 300 and 800 K. From these figures, one can notice that the κe values of the CoMnRhSi alloy are higher than those of the CoCrRhSi alloy. The values of the lattice thermal conductivity (κl) of CoMRhSi (M = Mn, Cr) QHAs are calculated based on the Slack equation. The computed parameters     Θ   D    ,   γ   ,   v   m    ,     v   t    , and      v   l     are presented in Table 5. The     Θ   D     (  γ  ) values of the CoCrRhSi and CoMnRhSi alloys are found to be 420.78 (2.19) and 454.28 K (1.97). These results are in good agreement with the previous calculation [46]. Figure 5c presents κl as a function of temperature. The κl values are found to be 1.10 and 0.69   W / m · K   at 800 K for the CoCrRhSi and CoMnRhSi alloys, which are significantly low as compared to those of other QHAs such as CoFeCrGe (11.01   W / m · K   and CoFeTiGe (12.26   W / m · K  ) [28]. Figure 6 show the figure of merit ZT values as a function of (E-Ef) at 300 K and 800 K. The CoRhMSi (M = Mn, Cr) alloys have higher ZT values at 800 than those at 300 K. The highest ZT values at 800 K are the n-type 0.84 and the p-type 2.04 for CoCrRhSi and CoMnRhSi, respectively.





4. Conclusions


Density functional theory calculations were performed to investigate the structural, thermodynamic, dynamical, mechanical, electronic, magnetic, and thermoelectric properties of CoRhMSi (M = Mn, Cr) QHAs. Based on the total energy, phonon and elastic constant calculations, the Y-Type-II structure of CoRhMSi (M = Mn, Cr) QHAs was found to be the most stable configuration. Both CoCrRhSi and CoMnRhSi QHAs are predicted to be half-metallic with indirect band gaps of 0.542 and 0.576 eV in the minority spin channel, which yields a 100% spin polarization. The total magnetic moment of the CoCrRhSi and CoMnRhSi alloys was found to be 4.00 and 5.00     μ   B    . In addition, the Curie temperatures of the CoCrRhSi and CoMnRhSi alloys were calculated to be 747 and 928 K. The half metallicity and the ferromagnetic structure with Curie temperatures higher than the room temperatures of CoRhMSi (M = Mn, Cr) QHAs appear to be promising for spintronic applications.



The thermoelectric properties for CoMRhSi (M = Mn, Cr) QHAs were obtained using the semi-classical Boltzmann transport theory. The maximum power factor values for CoCrRhSi and CoMnRhSi QHAs at 800 K are 20.2 × 1011 and 31.1 × 1011 (W/m K2 s). The highest ZT values of the CoMnRhSi and CoCrRhSi alloys were also found to be 2.04 and 0.84 at 800 K. As a result, these alloys have the potential to be utilized in high-temperature thermoelectric applications.
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Figure 1. The three different types of the quaternary Heusler alloy primitive cells. 
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Figure 2. Phonon dispersion relation of (a) CoRhCrSi and (b) CoRhMnSi QHAs. 
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Figure 3. The electronic band structures and total density of states (TDOS) of (a) CoCrRhSi and (b) CoMnRhSi QHAs. The solid and dotted lines represent the majority and minority spin channels, respectively. 
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Figure 4. (a,b) The Seebeck coefficient (S), (c,d) electrical conductivity (σ), and (e,f) power factor (S2σ) as a function of the chemical potential at temperatures of 300 K, 800 K for the CoRhMSi (M = Mn, Cr) QHAs. 
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Figure 5. (a,b) The electronic thermal conductivity (κe) as a function of the temperature for CoRhMSi (M = Mn, Cr) as a function of the chemical potential at 300 K and 800 K, respectively. (c) The lattice thermal conductivity (    κ   l    ) as a function of temperature for the CoRhMSi (M = Mn, Cr) alloys. 
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Figure 6. Calculated figure of merit (ZT) as a function of the chemical potential at (300 K, 800 K) for the CoRhMSi (M = Mn, Cr) alloys. 
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Table 1. The Wyckoff positions (4a, 4c, 4b, and 4d) of the elements in CoMRhSi (M = Cr, Mn) QHAs for three types of configurations.
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	Y
	4a

(0,0,0)
	4b

(1/2, 1/2, 1/2)
	4c

(1/4, 1/4, 1/4)
	4d

(3/4, 3/4, 3/4)





	Type-I
	Co
	Rh
	Y
	Z



	Type-II
	Co
	Y
	Rh
	Z



	Type-III
	Rh
	Co
	Y
	Z










 





Table 2. The total energy in eV of CoMRhSi (M = Cr, Mn) QHAs in the three types of configurations.
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	Alloys
	Type-I
	Type-II
	Type-III





	CoCrRhSi
	−29.719
	−30.633
	−30.145



	CoMnRhSi
	−29.187
	−30.749
	−29.918










 





Table 3. The formation energy     E   f o r m   ( e V / f . u . )  , lattice constant a (Å), elastic constants Cij (GPa), bulk modulus B (GPa), Young’s modulus E (GPa), isotropic shear modulus G (GPa), anisotropy factor A, Pugh’s ratio B/G, Cauchy pressure Cp (GPa), anisotropy factor A, and the melting temperature Tmelt (K) of CoMRhSi (M = Mn, Cr) QHAs.






Table 3. The formation energy     E   f o r m   ( e V / f . u . )  , lattice constant a (Å), elastic constants Cij (GPa), bulk modulus B (GPa), Young’s modulus E (GPa), isotropic shear modulus G (GPa), anisotropy factor A, Pugh’s ratio B/G, Cauchy pressure Cp (GPa), anisotropy factor A, and the melting temperature Tmelt (K) of CoMRhSi (M = Mn, Cr) QHAs.





	
Physical Parameter

	
CoCrRhSi

	
CoMnRhSi






	
     E   f o r m     

	
−1.32

	
−1.91




	
a

	
5.78

	
5.83




	
C11

	
335.89

	
334.40




	
C12

	
145.23

	
141.94




	
C44

	
58.91

	
72.14




	
B

	
216.88

	
211.45




	
238.85 a)




	
E

	
185.23

	
216.13




	
G

	
68.35

	
81.29




	
B/G

	
3.17

	
2.60




	
3.39 a)




	
Cp

	
86.31

	
69.05




	
A

	
0.61

	
0.74




	
Tmelt

	
2624

	
2574








a) Ref [43].













 





Table 4. The calculated band gap values Eg (eV), spin polarization P (%), total magnetic moment mtotal (μB), local magnetic moments per atom mi (μB) (i = Co, Cr, Mn Rh, Z) for the CoRhMSi (M = Cr, Mn) alloys.
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Compound

	
Eg (eV)

	
P (%)

	
      m   C o      

    [   μ   B   ]    

	
      m   R h      

    [   μ   B   ]    

	
      m   Y      

    [   μ   B   ]    

	
      m   S i      

    [   μ   B   ]    

	
      m   t o t a l      

        μ   B        






	
CoCrRhSi

	
0.54

(minority)

	
100

	
1.15

	
0.36

	
2.41

	
−0.02

	
4.00




	
4.00 a)




	
CoMnRhSi

	
0.57

(minority)

	
100

	
1.25

	
0.44

	
3.31

	
−0.02

	
5.00








a) Ref [43].













 





Table 5. The Debye temperature     Θ   D     (K), average sound velocity     v   m     (m/s), transverse sound velocity     v   t     (m/s), longitudinal sound velocity     v   l     (m/s), density ρ (kg/m3), and Grüneisen parameter γ for CoRhMSi (M = Mn, Cr) QHAs.






Table 5. The Debye temperature     Θ   D     (K), average sound velocity     v   m     (m/s), transverse sound velocity     v   t     (m/s), longitudinal sound velocity     v   l     (m/s), density ρ (kg/m3), and Grüneisen parameter γ for CoRhMSi (M = Mn, Cr) QHAs.














	Alloys
	

      Θ   D      








	

      v   m      








	

      v   t      








	

      v   l      








	

    ρ    








	

    γ    













	CoCrRhSi
	420.78
	3274.84
	2909.84
	6176.90
	8186.08
	2.19



	CoMnRhSi
	454.28
	3533.46
	3151.32
	6250.75
	8073.10
	1.97
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