The influence of pressure on half-metallicity, magnetism and thermomechanical properties of Fe-based Heusler alloys
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Abstract
The half-metallicity of Heusler alloy is quite sensitive to high pressure and disorder. Therefore, we systematically studied the half-metallic nature, magnetism and thermomechanical properties of FeCrTe and FeCrSe Heusler alloys under high pressure using ab initio calculations based on density functional theory (DFT). The ground state lattice constants for FeCrTe and FeCrSe alloys are 5.93 and 5.57 Å, consistent with available theoretical results. The formation energy, cohesive energy and elastic constant confirmed the thermodynamically and mechanical stability of both compounds. The FeCrTe and FeCrSe alloys showed half-metallic character with the band gap of 0.68 and 0.58 eV at 0 Gpa pressure respectively and magnetic moments of 2.01 µB for both alloys using GGA approximation. The elastic properties have been scrutinized and found that FeCrTe is ductile and FeCrSe is brittle at 0 Gpa pressure. Under pressure, FeCrSe turn into brittle above 10 Gpa pressure. Moreover, the average sound velocity Vm, Debye temperature ƟD and heat capacity CV were predicted under pressure. These outcomes would advantage in integrating Fe-based half-Heusler alloys in spintronic devices.
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Introduction
The half-metallicity is the most interesting concept in magnetoelectronic, also known as spintronic for the researchers dealing with first-principles calculations[1,2]. The half-metallic nature has been observed in various materials like Chromium dioxide[3,4], Zinc blende[5], Wurtize[6], double perovskite[7], and Heusler alloys[8–10]. Among these half-metallic materials, the Heusler alloys have attracted many theoretical and experimental researchers due to their unique electronic structures. The half-Heusler alloys are a group of ternary intermetallic compounds with an AgAsMg-type C1b structure. The L21 structure befits so called the C1b type structure of half-Heusler compounds (XYZ) when the X position (1/2, 1/2, 1/2) is vacant and X atom is positioned at A (0, 0, 0), Y atom at B (1/4, 1/4, 1/4) and Z atom occupies D (3/4, 3/4, 3/4).  The NiMnSb half-Heusler alloy[11] has discovered by using ab-initio calculations and the energy gap arises in these materials by the d-d orbitals hybridization amid the transition elements. 
The half-Heusler alloys (also known as semi-Heusler) have attracted much due to the potential application in magnetoelectoronic devices.  Zhang et al[12] studied the 488 unreported ABX compounds, 235 compounds are predicted to be thermodynamically stable by using first-principles thermodynamics. The electronic structure of these predicted stale ABX compounds is calculated. The Fe-based semi-Heusler alloys have been studied by density functional theory (DFT) calculations. The FeCrAs and FeCrSb[13] alloys showed half-metallic behavior. Sasioglu et al[14] computed the interatomic exchange interactions and Curie temperature in NiCrZ (Z = P, Se and Te) half-Heusler alloys. The Frozen-magnon method was used to investigate the interactions in NiCrZ alloys. They found high spin-polarization and Curie temperature of these Heusler alloys. The NiCrGa half-Heusler alloy[14] has been synthesized by arc melting technique and they found half-metallic behavior by ab-initio method. The experimentally observed structural and magnetic properties are found to be significantly different from computationally predicted properties of the C1b structure. They also found that the NiCrGa alloy has significantly atomic disorder and due to atomic disorder, the spin-polarization is reduced.
Moreover, the effect of pressure on the magnetism and half-metallic character of the half-Heusler alloys has been intensively investigated. The CoCrBi[15] has transformed from metal to half-metal and half-metal to metal at 7.45 and 295 Gpa pressure respectively. From elastic constants estimation, the alloy is mechanically unstable above 47.6 Gpa pressure. Habbak et al[16] investigated the physical properties of Pt-based Heusler alloys utilizing GGA and LSDA. The PtMnSb and PtCrSb alloys turn in to half-metallic at 6 Gpa and 27 Gpa respectively using GGA scheme. The energy band gap increases with increasing the pressure of TiCoSb half-Heusler alloy and the increase of band gap is because of the electrons of Ti-3d and Co-3d.  The electronic properties of the NiXSn( X = Zr, Hf) alloys[17] have investigated by ab-initio calculations and they have computed a conversion from the indirect band gap to direct band gap  at 50 Gpa and 127 Gpa for NiZrSn and NiHfSn alloys respectively. The CuMnSb semi-Heusler alloy[18] has been measured under pressure and they found that the Neel temperature of CuMnSb increase with pressure. The semi-metallic cubic phase turns in to the semi-metallic tetragonal phase near 8 Gpa.
In this study, we account the electronic, magnetic, mechanical and thermal properties of C1b-type FeCrTe and FeCrSe semi-Heusler alloys under high pressure by ab-initio estimations based on generalized gradient approximation (GGA) technique. Based on the pieces of literature, there are few theoretical calculations and experimental reports on the half-metallicity, magnetism and thermo-mechanical properties of FeCr-based Heusler alloys under high pressure. The half-metallicity is increased by increasing the pressure to 50 Gpa. The Fe-based half-Heusler alloys have high energy band gaps and half-metallic gaps under high pressure therefore, these half-Heusler alloys could be potential materials for spin-dependent devices. 
Computational details
The density functional theory (DFT) with Generalized Gradient Approximation of Perdew-Burke-Ernzerhof (GGA+PBE)[19] to treat the exchange-correlation energy was used as it is executed in the Cambridge Serial Total Energy Package (CASTEP)[20,21] code to perform electronic structure calculations. The K-points for these compounds are used to sample the irreducible Brillouin zone. The 12×12×12 irreducible points governed from the Monkhorst-pack technique[22] were used for FeCrTe and FeCrSe half-Heusler alloys. The cut-off energy 450 eV is fixed for all the calculations after numerous tests. The cut-off energy and K-points confirm the convergence of total energy for FeCrTe/Se alloys to be less than 10-5 eV/atom. The hydrostatic pressure form 0 - 50 Gpa was set up during the geometry optimization. The Broyden-Fletcher-Goldfarb-Shanno (BFGS)[23] scheme was utilized to find the enhanced structure. The ultra-soft pseudo-potential and a plane wave basis set[24] were used for the Fe and Cr atoms. Finally, we have computed the Debye temperature, mean sound velocity and heat capacity by using elastic constants.
Results and discussion
Structural stability
The structural properties of the half-Heusler alloys FeCrTe and FeCrSe with C1b structure have investigated at the ferromagnetic phase by using DFT calculations. The primitive cell of FeCrTe and FeCrSe half-Heusler alloys are depicted in Figure 1. The optimized lattice parameters are 5.93 Å and 5.57Å for FeCrTe and FeCrSe alloys respectively, presented in Table 1. The computed lattice constants of FeCrTe/Se alloys are well matched with available theoretical results (see Table 1). We also investigated the thermodynamic structural stability of FeCrTe/Se half-Heusler alloys by calculating the formation energy and cohesive energy. 
The formation energy (EForm) is used to find the thermodynamical structure stability and determine the probability of experimental synthesis. The computed EForm for FeCrTe and FeCrSe half-Heusler alloys are presented in Table 1 and compared with available results[25]. 
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where  is the total energy per unit formula for FeCrTe/Se alloys; ,  and are the energies per atom in Fe,Cr, Te and Se bulk structure. The obtained results revealed that both half-Heusler alloys are thermodynamically stable and can be synthesis by experimentally.
The Cohesive energy (ECoh) is used to identify the structural stability of the alloys. The energy required to break the crystal into isolated atom is known as cohesive energy. The ECoh are investigated by using the expression.
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where  is the total energy of the alloys and EFe, ECr and ETe/Se are the energy of isolated atoms. The investigated cohesive energy of FeCrTe and FeCrSe are found to be -2.79 and -2.83 eV/atom at optimized state. The negative values of ECoh confirm the structural stability therefore FeCrTe and FeCrSe are stable at optimized state.                    
Electronic and magnetic properties
The electronic structures of FeCrTe and FeCrSe half-Heusler alloys have investigated at 0 - 50 Gpa pressure, utilizing GGA functional at optimized state. The band structure and density of states (DOS) of FeCrTe/Se alloys are depicted in Figure 2(a) - (b), and 3(a) - (b) respectively. From Fig. 2 (a) – (b) and 3 (a) – (b) shows the half-metallic ferromagnetic behavior of FeCrTe/Se at high pressure. Both alloys are found to be half-metallic material with a band gap of 0.68 eV for FeCrTe and 0.58 eV for FeCrSe at 0 Gpa pressure and room temperature. The energy band gap is increased as the pressure increase and we observed similar behavior of half-metallic gap for both alloys.  The valence band maximum (VBM) and conduction band minimum (CBM) in minority-spin electrons are located at the Gamma (G) point and along X point respectively which means there is an indirect band gap along G-X for FeCrTe alloy under 0-50 Gpa pressure but we found the direct band gap for FeCrSe alloy at 0 Gpa pressure and indirect band gap for FeCrSe at 10-50 Gpa pressure. The energy band gap is decreased after 40 Gpa pressure for FeCrTe/Se alloys. From electronic band structure, especially for the energy band gap in minority electrons, we found that the VBM is continuously shifted downward while the CBM is also shown the similar behavior, leading to the increase of the band gap in the minority electrons up to 40 Gpa pressure, as shown in Figure 2(a) - 3(a), which is agreed by the total density of states as shown in Figure 2(b)-3(b).



In order to further understand the behavior of the electronic states, the spin-polarized total and atomic DOS of FeCrTe/Se alloys are illustrated in Figure 2(b)-3(b). The Fe-3d and Cr-3d states play a crucial role in the vicinity of the Fermi level. From figure 2(b)-3(b), we observed that the states Fe-3d and Cr-3d have the main contribution near the Fermi level in the spin-up states. The Cr-3d states dominated the region from -1.10 to 1.0 eV in the majority spin electrons, also from -2.80 to - 0.87 eV regions in the minority spin electrons. The electronic states are governed by Fe-3d states from -2.80 to 1.90 eV region as well as from -0.84 to 0.27 eV region in the majority spin electrons and from 1.66 to 2.60 eV region in the minority spin electrons at 0 Gpa pressure for FeCrTe alloy. Similarly for FeCrSe alloy, the Cr-3d states dominated the region from -2.88 to 2.15 eV in the majority electrons and from 1.12 to 2.53 eV in the minority spin electrons. The Fe-3d states governed from -2.7 to 0.30 eV in the majority spin electrons as well as from -2.93 to – 1.29 eV in the minority spin electrons at 0 Gpa pressure. We observed that the Fe-3d and Cr-3d states dominate regions almost the same from 0 to 50 Gpa pressure for both alloys. The spin-polarization ratio (p) for Heusler alloys is calculated by using the formula,  where  and  are spin-up and spin-down density of states (DOS) at the Fermi level, respectively. The spin-polarization for FeCrTe and FeCrSe is found to be 100% at 0-50 Gpa pressure which shows that FeCrTe/Se alloys are perfect half-metal.
To elucidate the nature of the pressure effect, we have computed the total and atomic magnetic moments of FeCrTe and FeCrSe half-Heusler alloys under high pressure. The magnetic moments are presented in Table 2. The magnetic moments of Fe, Te and Se atoms are always negative of FeCrTe/Se alloys.  With pressure increases, their magnetic moments decrease. Therefore the total magnetic moment is mainly contributed by Cr atoms for both alloys. The atomic magnetic moment decreases with the increase of pressure but there is an innocently effect on the total magnetic moment of FeCrTe/Se alloys. The total magnetic moment is nearly equal to an integer value of 2 µB through 0-50 Gpa pressure which is the typical behavior of the Heusler alloys. The FeCrTe/Se alloys have 20 valence electrons (Zt) and the total magnetic moment (Mt) obeys the Slater-Pauling rule[26,27], Mt = Zt-18.
Mechanical properties

Three elastic constants (Cij) together with the bulk modulus B, shear modulus G, Young’s modulus Y, Poisson’s ratio   and Pugh’s ratio B/G are computed under the pressure range from 0 to 50 Gpa for FeCrTe and FeCrSe alloys and listed in Tables 3 and 4 . For cubic structure, the mechanical stability condition is given below:  
C11 > 0, C44 > 0, (C11 – C12) > 0, (C11 + 2C12) > 0, C12 < B < C11[28]



The computed elastic constants satisfy the above mechanical stability condition and the predicted values indicate that FeCrTe and FeCrSe half- Heusler alloys are mechanically stable at 0-50 Gpa pressure at optimized state. From Tables 3 and 4, the C11 and C12 increase with increasing pressure and C44 have the highest value at 50 Gpa pressure. The increase of moduli and elastic constants with pressure make the material robust and tougher to compress. To predict the ductile/brittle nature of the material, we used the Pugh’s ratio[29], larger than 1.75, indicating that material considered is ductile. Our predicted result shows that the FeCrTe is brittle at 0 Gpa pressure and ductile at 10 - 50 Gpa pressure. The FeCrSe alloy found to be ductile through the whole pressure range 0 - 50 Gpa pressure. We also used  to identify the ductile properties of the materials, which usually ranges from 0.25 to 0.50. The investigated agreed with B/G ratio thus we found the same conclusion from the and B/G ratio with increasing pressure for FeCrTe/Se Heusler alloys. Moreover, we also investigated Young’s modulus of FeCrTe/Se half-Heusler alloys, which is used to characterize the stiffness of the materials. From Tables 3 and 4, the stiffness of the FeCrTe/Se are increased with increasing pressure.
Thermal properties
The elastic constant can be used to predict the Debye temperature, which is closely related to physical properties like melting temperature, heat capacity and thermal conductivity. The Debye temperature can be predicted in terms of the average sound velocity[30].
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where h is the Planck’s constant, kB is the Boltzmann’s constant, n is the number of atoms per formula unit, NA is the Avogadro’s number and M is the molecular weight,  density and  the average sound velocity. For polycrystalline materials, the average sound velocity can be investigated by using the following relation[30].
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The longitudinal () and transverse () velocities of the materials can be predicted using the shear modulus G and the bulk modulus B from Navier’s equation[31].
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The computed average sound velocity and Debye temperature for FeCrTe/Se half-Heusler alloys at 0 – 50 Gpa pressure are listed in Table 5. The density for FeCrTe and FeCrSe alloy increases with increasing the pressure at room temperature. The investigated Debye temperature is 373.69 K for FeCrTe and 320.97 K for FeCrSe at 0 Gpa pressure. The Debye temperature of FeCrSe alloy is always larger than that of FeCrTe at 10-50 Gpa pressure but FeCrTe has a higher Debye temperature than that of FeCrSe at 0 Gpa pressure. 
In addition, we investigated the heat capacity of FeCrTe/Se alloys at 0 – 50 Gpa pressure using the Quasi-harmonic Debye model and depicted in Figure 4. We studied the heat capacity in the temperature range of 0 – 1000 K for FeCrTe and FeCrSe alloys. The heat capacity of FeCrTe and FeCrSe alloys are increased smoothly below the 300 K through the whole pressure range 0 – 50 Gpa. At low temperatures, the heat capacity is proportional to the T3 law. After 300 K, Cv is almost constant, where it tends to the Dulong and Petit limit[32], common for all solid materials.
Conclusions
Using the first-principles calculations based on DFT as well as quasi-harmonic Debye model, the structural stability, half-metallicity, magnetism, elastic and thermal properties of FeCrTe and FeCrSe half-Heusler alloys were determined under pressure. It is found that the ground state lattice constants of FeCrTe and FeCrSe are 5.93 and 5.57 Å, which are in agreement with the available computational results. The perfect half-metallicity for FeCrTe and FeCrSe Heusler alloys have observed at 0 - 50 Gpa pressure. It is observed that the band gap of 0.68 and 0.58 eV for FeCrTe/Se alloys respectively at the minority spin-band and magnetic moments of 2.01 µB for both alloys at 0 Gpa pressure which obeys the Slater-Pauling rule. Pressure dependence mechanical properties such as elastic properties, bulk modulus, shear modulus, Young’s modulus, Poisson’s and B/G ratio are also computed and results indicate that the FeCrTe is ductile whereas FeCrSe is brittle at 0 Gpa pressure. In addition, average sound velocity, Debye temperature and heat capacity are also investigated and the Debye temperature of FeCrSe alloy is always larger than that of FeCrTe at 10-50 Gpa pressure. The obtained results may provide a valuable reference for future experimental work.
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Tables and figures 
Table 1 Investigated lattice parameters a, formation energy EForm and cohesive energy ECoh of FeCrTe/Se half-Heusler alloy at 0 Gpa pressure
Table 2 Total and atomic magnetic moments of FeCrTe/Se at 0-50 Gpa pressure

Table 3 The computed elastic constants Cij, bulk modulus B, shear modulus G, Young’s modulus Y, Poisson’s ratio  and B/G ratio of FeCrTe at 0-50 Gpa pressure

Table 4 The computed elastic constants Cij, bulk modulus B, shear modulus G, Young’s modulus Y, Poisson’s ratio  and B/G ratio of FeCrSe at 0-50 Gpa pressure
Table 5 The computed density ρ, transverse sound velocity Vt, longitudinal sound velocity Vl, average sound velocity Vm and Debye temperature ƟD for FeCrTe/Se alloys at 0 – 50 Gpa pressure
Figure 1 primitive cell of a) FeCrTe and b) FeCrSe
Figure 2 (a) Band structure of FeCrTe at 0- 50 Gpa pressure
Figure 2 (b) Total and atomic density of states of FeCrTe at 0 – 50 Gpa pressure
Figure 3 (a) Band structure of FeCrSe at 0- 50 Gpa pressure
Figure 3 (b) Total and atomic density of states of FeCrTe at 0 – 50 Gpa pressure
Figure 4 Heat capacity (Cv) versus Temperature (K) of FeCrTe and FeCrSe at 0 - 50 Gpa pressure
Table 1
	Alloy
	a (Å)
	Ref. a(Å)
	Eform(eV/atom)
	Ecoh(eV/atom)


	FeCrTe
	5.93
	5.87[33]
	-3.03
	-2.79

	FeCrSe
	5.57
	5.50[25]
	-0.90
	-2.83



Table 2
	
	
	
	FeCrTe
	
	
	
	
	FeCrSe
	
	

	Pressure(Gpa)
	
	µFe
	µCr
	µTe
	µtotal
	
	µFe
	µCr
	µSe
	µtotal

	0
	
	-1.93
	4.10
	-0.16
	2.01
	
	-1.62
	3.75
	-0.12
	2.01

	10
	
	-1.47
	3.62
	-0.16
	1.99
	
	-1.24
	3.34
	-0.10
	2.00

	20
	
	-1.17
	3.32
	-0.16
	1.99
	
	-1.00
	3.09
	-0.09
	2.00

	30
	
	-0.94
	3.10
	-0.15
	2.01
	
	-0.83
	2.92
	-0.09
	2.00

	40
	
	-079
	2.94
	-0.15
	2.00
	
	-0.71
	2.79
	-0.09
	1.99

	50
	
	-0.67
	2.82
	-0.15
	2.00
	
	-0.61
	2.69
	-0.08
	2.00




Table 3
	Pressure
	C11
	C12
	C44
	B
	GV
	GR
	G
	Y
	
 
	B/G


	0
	170.44
	50.67
	66.31
	90.60
	63.60
	63.56
	63.58
	154.58
	0.21
	1.42

	10
	248.00
	88.49
	72.68
	141.66
	75.46
	77.64
	76.55
	194.59
	0.27
	1.85

	20
	320.96
	133.51
	68.67
	196.00
	78.69
	76.89
	77.79
	206.10
	0.32
	2.51

	30
	373.60
	171.29
	22.18
	238.73
	53.77
	32.25
	43.01
	121.72
	0.52
	5.55

	40
	442.92
	216.68
	55.79
	292.10
	78.77
	69.97
	74.37
	205.65
	0.38
	3.92

	50
	519.25
	264.75
	118.36
	349.58
	121.91
	121.76
	121.83
	327.47
	0.34
	2.86



Table 4
	Pressure
	C11
	C12
	C44
	B
	GV
	GR
	G
	Y
	
 
	B/G


	0
	153.61
	61.28
	31.00
	91.91
	37.06
	35.68
	36.37
	96.39
	0.32
	2.52

	10
	252.01
	116.04
	89.77
	161.36
	81.05
	79.57
	80.31
	206.64
	0.28
	2.00

	20
	329.44
	175.15
	73.92
	226.58
	75.21
	75.17
	75.18
	203.07
	0.35
	3.01

	30
	368.93
	199.47
	57.99
	255.96
	68.68
	66.36
	67.52
	186.18
	0.37
	3.79

	40
	441.44
	255.59
	94.20
	317.54
	93.69
	93.68
	93.68
	255.87
	0.36
	3.38

	50
	491.31
	291.95
	108.06
	358.40
	104.70
	104.54
	104.62
	286.02
	0.36
	3.42



Table 5
	
	
	
	
	FeCrTe
	
	
	
	
	
	FeCrSe
	
	

	Pressure(Gpa)
	
	ρ (gm/cm3)
	Vl(m/s)
	Vt(m/s)
	Vm(m/s)
	ƟD (K)
	
	ρ (gm/cm3)
	Vl(m/s)
	Vt(m/s)
	Vm(m/s)
	ƟD (K)

	0
	
	7.48
	4842.06
	2915.47
	3253.78
	373.69
	
	7.14
	4434.44
	2256.95
	2628.77
	320.97

	10
	
	8.19
	5455.18
	3057.24
	3482.94
	411.48
	
	7.71
	5901.48
	3227.43
	3698.63
	463.31

	20
	
	8.68
	5876.21
	2993.65
	3489.53
	420.32
	
	8.12
	6344.19
	3042.79
	3589.53
	457.48

	30
	
	9.10
	5704.02
	2174.02
	2642.95
	324.03
	
	8.46
	6395.05
	2825.08
	3373.93
	436.77

	40
	
	9.44
	6437.93
	2806.80
	3362.14
	416.47
	
	8.76
	7106.87
	3270.17
	3886.05
	508.95

	50
	
	9.73
	7254.15
	3538.51
	4158.62
	520.35
	
	9.02
	7429.59
	3405.68
	4043.50
	534.76 
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Figure 4
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