
1 
 

Electronic and magnetic properties of CoFeV0.5Mn0.5Si: experiment and theory 

Parashu Kharel,1,# Gavin Baker,1 Matthew Flesche,1 Adam Ramker,2  

Shah Valloppilly3, Paul M. Shand,2 and Pavel V. Lukashev2,*  

1Department of Physics, South Dakota State University, Brookings, SD 57007, USA 

2Department of Physics, University of Northern Iowa, Cedar Falls, IA 50614, USA 

3 Nebraska Center for Materials and Nanoscience, University of Nebraska, Lincoln, NE 68588, 

USA 

 

# parashu.kharel@sdstate.edu 

* pavel.lukashev@uni.edu 

 

Abstract 

Half-metallic Heusler alloys have attracted significant attention due to their potential 

application in spin-transport-based devices. We have synthesized one such alloy, 

CoFeV0.5Mn0.5Si, using arc melting and high-vacuum annealing at 600 oC for 24 hours. First 

principles calculation indicates that CoFeV0.5Mn0.5Si shows a nearly half-metallic band structure 

with a degree of spin polarization of about 93%. In addition, this value can be enhanced by the 

application of tensile strain. The room temperature x-ray diffraction patterns are indexed with the 

cubic crystal structure without secondary phases. The annealed sample shows ferromagnetic order 

with the Curie temperature well above room temperature (Tc = 657 K) and a saturation 

magnetization of about 92 emu/g. Our results indicate that CoFeV0.5Mn0.5Si has a potential for 

room temperature spin-transport-based devices. 
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I. Introduction 

The degree of spin polarization in electron transport is one of the key parameters taken into 

account for potential device applications in spin-based electronics.1 In recent years, two types of 

materials have attracted particular attention for spintronic applications – half-metals and spin-

gapless semiconductors (SGS). Both types of materials can potentially exhibit 100% spin 

polarization. The degree of spin polarization P is defined as 𝑃 =

(𝑁↑(𝐸𝐹) − 𝑁↓(𝐸𝐹))  (𝑁↑(𝐸𝐹) + 𝑁↓(𝐸𝐹))⁄ , where 𝑁↑↓(𝐸𝐹) is the spin-dependent density of states 

at the Fermi level, EF.2 Half-metals are the materials that have a semiconducting or insulating band 

structure for one spin, and metallic band structure for the opposite spin.3,4,5,6,7,8,9 Spin-gapless 

semiconductors exhibit semiconducting or insulating band structure for one spin, and gapless band 

structure for the opposite spin.10,11,12,13,14,15,16  

Materials that attracted particular attention as potential half-metals or spin-gapless 

semiconductors are Heusler alloys. This is mostly due to their high Curie temperature that is much 

larger than the room temperature.17,18 In addition, their electronic band structure and magnetic 

properties can be modified by tuning the elemental compositions. Recently, quaternary Heusler 

alloys CoFeMnSi and CoFeVSi have been suggested to exhibit spin-gapless electronic 

structures.19,20,21,22  Bainsla et al. performed a comprehensive experimental and computational 

study of CoFeMnSi and reported potential SGS properties in its completely ordered Y-type phase 

(prototype LiMgPdSn) based on the transport and spin-polarization measurements, as well as 

density functional calculations.20 Similarly, Ren et al. using first principles calculations have 

shown that CoFeVSi in XA structure (prototype Hg2CuTi) is spin-gapless semiconducting but it 

loses its SGS property with L21B disorder (Co-Fe disorder), becoming a normal ferromagnetic 

metal.22 CoFeMnSi exhibits both high magnetization (4.00 μB/f.u) and high Curie temperature (826 
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K).23 Although high Tc is desired, high magnetization is not preferred for spintronic applications. 

On the other hand, CoFeVSi exhibits relatively low magnetization (2.1 μB/f.u) but its Tc (260 K) 

is too low for room temperature applications.21 In the current work, we report the results of a 

combined experimental and theoretical investigation on CoFeV0.5Mn0.5Si, which is nearly half-

metallic with an equilibrium spin polarization of about 93%. Our goal is to develop a new alloy 

that exhibits a moderate magnetization and sufficiently high Tc for spintronic applications. 

 

II. Methods 

A. Experimental methods 

The CoFeV0.5Mn0.5Si bulk alloy was prepared using arc melting and vacuum annealing. 

Pieces cut from commercially available metal pellets matching the desired stoichiometry were 

melted on a water-cooled Cu hearth of an arc furnace in an argon environment. The arc melted 

ingot was annealed in a tubular vacuum furnace (∼10−7 torr) at 600 °C for 24 hours to further 

homogenize the sample. The crystal structure of the sample was analyzed using Rigaku 

MiniFlex600 x-ray diffractometer with Cu-Kα source (λ = 1.54 Å) and magnetic properties were 

measured using a Quantum Design VersaLab magnetometer. The elemental composition of the 

annealed sample was confirmed using Energy-dispersive x-ray spectroscopy (EDS) and the 

measured composition is Co1.00Fe1.00Mn0.51V0.51Si0.98, which agree well with the nominal 

composition. 

B. Computational methods 

All calculations were performed using the Vienna ab initio simulation package (VASP),24 

within the projector augmented-wave method (PAW)25 and generalized-gradient approximation 
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(GGA) proposed by Perdew, Burke, and Ernzerhof.26 The cut-off energy of the plane-waves was 

set to 500 eV, and we used the integration method by Methfessel and Paxton with a 0.05 eV width 

of smearing.27 The total energy and electronic structure calculations were performed with the 

energy convergence criteria of 10-3 meV. The Brillouin-zone integration was performed with a k-

point mesh of 12 × 12 × 12. Some of the results and figures were obtained using the MedeA® 

software environment.28 All calculations were performed using Extreme Science and Engineering 

Discovery Environment (XSEDE) resources located at the Pittsburgh Supercomputing Center 

(PSC),29 and at a local computer cluster located at the University of Northern Iowa (UNI). 

 

III. Results and discussion 

A. Computational results  

Figure 1(a) shows the atomic coordinates of CoFeV0.5Mn0.5Si. Here, in the 16-atom unit 

cell of CoFeMnSi (the atomic structure is reported in Ref. 20), we replace two Mn atoms with V. 

We note that all atomic configurations that result in 50% substitution of Mn with V are 

energetically equivalent in the considered geometry. The calculated density of states (DOS) of 

CoFeV0.5Mn0.5Si using equilibrium lattice parameters of 𝑎 = 𝑏 = 5.615 Å; 𝑐 = 5.642 Å are 

shown in Figure 1(b). Although there is a small tetragonal distortion in the unit cell, it is too small 

to be realized experimentally and the synthesized material should likely be cubic.  
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Figure 1: (a) Crystal structures of CoFeV0.5Mn0.5Si. Atoms are colored as indicated in the figure: 

Co – red, Fe – blue, Mn – green, V – yellow, Si – magenta (b) Calculated element- and spin- 

resolved density of states of bulk CoFeV0.5Mn0.5Si. The color scheme of atomic contributions is 

indicated in the figure and is consistent with the one used in (a). Calculated spin polarization (SP), 

magnetic alignment, and equilibrium lattice parameters are shown in the figure.  

     

CoFeMnSi is predicted to exhibit a nearly SGS electronic structure, with a minority-spin 

band gap of around 0.65 eV, and a gapless majority-spin state.20 As shown in Fig. 1(b), replacing 

half of the Mn atoms with V in CoFeMnSi destroys the gapless structure of the majority-spin 

states. Moreover, the energy gap of the minority-spin states of CoFeV0.5Mn0.5Si is also reduced as 

a small number of vanadium states populate the Fermi level. This leads to a nearly half-metallic 

band-structure with a spin polarization of about 93%. 
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Figure 2: Left panel: calculated out-of-plane lattice constant (black line and squares), and 

magnetization (blue line and circles) as a function of in-plane lattice constant of CoFeV0.5Mn0.5Si 

under biaxial strain. Right panel: calculated total density of states of CoFeV0.5Mn0.5Si under biaxial 

strain. In-plane lattice constants and calculated spin polarization (SP) figures are shown in the 

figure. Positive DOS (black line) and negative DOS (red line) correspond to the majority and 

minority spin states, respectively.  

 

The magnetic alignment of CoFeV0.5Mn0.5Si is ferromagnetic, similar to the one observed 

in CoFeMnSi. The calculated total magnetic moment of CoFeV0.5Mn0.5Si is 2.98 μB/f.u, where the 

contributions from Co, Fe and Mn moments are about 0.94 μB, 0.69 μB, and 2.87 μB, respectively. 

The magnetic moments of Si and V are negligible. This value of total magnetic moment is smaller 

than the value (4.00 μB/f.u) reported for CoFeMnSi20 and larger than that of CoFeVSi (2.1 μB/f.u)21, 

as expected. The integer value of the total magnetic moment is characteristic feature of a half- 

metal with 100% spin polarization.30 

For spintronic applications materials in the form of films are desired. In thin-film geometry, 

materials are often subjected to biaxial strain, which results from a lattice mismatch with a 
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substrate. Electronic and magnetic properties of materials may be very sensitive to mechanical 

strain, which, therefore, needs to be analyzed for potential practical applications. The effect of 

biaxial strain on the electronic and magnetic properties of CoFeV0.5Mn0.5Si are summarized in Fig. 

2. As illustrated in the left panel of Fig. 2, application of tensile strain increases the net 

magnetization of CoFeV0.5Mn0.5Si, and at the largest considered lattice parameter, the 

magnetization is almost an integer with a value of 3.00 μB/f.u. (12.00 μB per 16-atom cell). This 

may indicate a tendency towards half-metallicity as at 100% spin-polarization the total magnetic 

moment is an integer. This is confirmed by the calculated density of states and spin-polarization 

values, illustrated in the right panel of Fig. 2, where the in-plane lattice parameters and calculated 

spin-polarization values are shown. As indicated in this figure, the application of tensile strain 

increases the spin polarization, while the compressive strain reduces its magnitude. Specifically, 

at the largest considered in-plane lattice constant of 5.80 Å, the calculated spin polarization is 98%.  

 

B. Experimental results  

Figure 3 shows the room-temperature x-ray diffraction (XRD) pattern of the annealed 

CoFeV0.5Mn0.5Si alloy, which suggests that the sample is polycrystalline and crystallizes in a cubic 

Heusler structure. The XRD pattern contains both the fundamental and superlattice peaks expected 

for the ordered phase. The completely ordered quaternary Heusler alloys crystallize in the Y 

structure (prototype LiMgPdSn) but in practice, most of the synthesized alloys are found to 

crystallize in the disordered phases. In order to find the crystalline order and possible impurity 

phases, we analyzed the XRD pattern of the annealed sample by the Rietveld method.  As shown 

in Fig. 3, the best fit was obtained for cubic Heuslar Y structure similar to the one predicted for 

ordered parent compound CoFeMnSi. The lattice parameter and density of the alloy obtained from 
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the Rietveld analysis are 𝑎 = 5.667Å and = 6.81 𝑔 𝑐𝑚3⁄  , respectively. The experimental lattice 

parameter is close to the one predicted by our first principles calculations. 

 

 

 

 

 

 

 

Fig. 3: Room temperature x-ray diffraction pattern recorded on CoFeV0.5Mn0.5Si. The figure 

includes experimental data and Rietveld simulated pattern. 

 

Figure 4 summarizes the magnetic properties of CoFeV0.5Mn0.5Si, where the isothermal 

magnetization M(H) curve (a) and the thermomagnetic M(T) curve (b) are shown. The temperature 

dependence of magnetization measured between 50 K and 900 K indicates that CoFeV0.5Mn0.5Si 

exhibits a single magnetic transition at its Curie temperature of 657 K. This value of Tc is much 

higher than room temperature and lies between the reported values for CoFeMnSi (826 K) and 

CoFeVSi (260 K). Qualitatively, the behavior of Tc in this compound is consistent with the simple 

mean field approximation model, where the critical temperature is directly proportional to the 

number of neighboring magnetic dipoles.   
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Fig. 4: The temperature (a) and field (b) dependence of magnetization of annealed 

CoFeV0.5Mn0.5Si sample. The inset of figures (a) and (b) are the M(H) curve measured at 2K, and 

the dM/dT versus T showing the Curie temperature, respectively.   

 

As shown in Fig. 4(b), the magnetic hysteresis loops measured at 300 K and 2K (inset) 

indicate that CoFeV0.5Mn0.5Si is magnetically soft with the saturation magnetization of 92 emu/g 

(3.06 μB/f.u). The high field (3T) magnetization measured at 300 K is 83 emu/g. The value of 

saturation magnetization was expressed in terms of μB/f.u. using the lattice parameter and density 

of CoFeV0.5Mn0.5Si obtained from the Rietveld analysis of the XRD pattern. The experimental 

saturation magnetization of CoFeV0.5Mn0.5Si is in good agreement with the value of 2.98 μB/f.u. 

predicated by our first principles calculations for ferromagnetic spin order. The integral value of 

Ms is the characteristic feature of half-metallic compounds and have been reported for other half-

metallic and SGS compounds.31 

IV. Conclusions 

In summary, we have investigated the electronic, structural, and magnetic properties of 

CoFeV0.5Mn0.5Si alloy. First principles calculations indicate that CoFeV0.5Mn0.5Si is nearly half-

metallic with a degree of spin polarization of about 93%. The application of tensile strain may 



10 
 

further enhance this value. The arc-melted bulk sample exhibits a cubic Heusler structure without 

any impurity phases after annealing at 600oC for 24 hours. At room temperature, CoFeV0.5Mn0.5Si 

shows ferromagnetic order with high-field (3T) magnetization of 83 emu/g (Ms = 92 emu/g at 2K) 

and Curie temperature of 657 K. The observed magnetic and electronic structure properties 

indicate that CoFeV0.5Mn0.5Si has a potential for room temperature spin-transport-based devices. 
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