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Chapter 6 
 

Electronic structure and magnetism of 

MnFeP1-xSix compounds 

 

6.1 Introduction 

The magnetocaloric effect is related to the variation of magnetization with temperature, 

which may be expected to be large in materials whose magnetic moments are large. 

Therefore, study of the magnetization provides important information concerning 

magnetocaloric properties of materials. Recently, we have studied experimentally the 

structure, magnetism and magnetocaloric effect of MnFeP1-xSix compounds, and have 

found that these compounds exhibit large magnetic-entropy changes. Of prime importance 

is the fact that these compounds do not contain any toxic components, so that they are 

suitable for magnetic-cooling application at room temperature [1]. In this chapter, we will 

theoretically investigate the electronic structure and magnetism of MnFeP1-xSix compounds. 

In section 6.2, the electronic structure and magnetism of these compounds will be studied 

by the virtual-crystal approximation (VCA) [2] in the frame work of density-functional 

theory (DFT). We use the augmented-plane-wave plus local-orbital method (APW+lo) [3-

5], implemented in the WIEN2k latest version of the original WIEN code [6]. In section 

6.3, the electronic structure and magnetic properties of MnFeP1-xSix compounds are studied 
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by means of ab initio band-structure calculations with the localized-spherical-wave (LSW) 

method [7,8] using the super-cell approach.   

 

6.2 Electronic structure and magnetic properties of MnFeP1-xSix 

compounds calculated with the virtual-crystal approximation 

 

6.2.1 Theoretical aspects and details of the calculations 

In this work, we focus our calculations on MnFeP1-xSix compounds in the composition 

range 0.44 ≤ x ≤ 0.60 which crystallize in the hexagonal Fe2P-type structure (space 

group mP 26 ).  

First-principle methods have been applied to obtain information about the ground-

state electronic structure and the magnetism of the compounds. The ground-state 

electronic structure was calculated based on DFT [9] within the local-spin-density 

approximation (LSDA) [10]. Full potential APW + lo is applied, and the calculations 

were performed using the following parameters. The non-overlapping atomic sphere radii 

of Mn, Fe, P, and Si are 2.1, 2.1, 1.9, and 1.9 a.u. (1 a.u. = 0.529177 Å), respectively. 

States less than 6 Ry below the Fermi energy were considered as valence states. 

Assuming that the 3d and 4s states of Mn and Fe can be treated as band states, the 3p 

states are treated as semi-core states, and all other states with energy lower than 3p states 

are treated as core states. For P and Si, the 3s and 3p states are treated as band states, and 

the other states are treated as core states. The Brillouin-zone integrations were performed 

on a 152 special k-points mesh with the tetrahedron method [6]. The positions of Mn and 

Fe in the crystal structure are determined by minimizing the forces at the experimental 

values of the lattice parameters a and c, and those of P and Si are treated using the VCA.  

 

6.2.2 Calculation of the magnetic moment 

Table 6.1 shows the experimental saturation magnetization at 5 K (MExp), experimental 

saturation magnetization corrected for impurity (MCorr), and calculated values of the 

magnetic moments (MCal) of MnFeP1-xSix compounds as a function of the Si 



Chapter 6: Electronic structure and magnetism of MnFeP1-xSix compounds 

 

 91 

concentration. We find reasonable agreement between the experimental and the 

calculated values.  

 
Table 6.1: Variation of the experimental saturation magnetization at 5 

K (Mexp), saturation magnetization corrected for impurity (Mcorr), and 

calculated magnetization (Mcalc) of MnFeP1-xSix compounds. 

 
 

 

 

There are some compositions (0.50 ≤ x ≤ 0.56) where we achieve a maximum 

value of the magnetic moment both experimentally and in the calculations. However, the 

experimentally obtained magnetic moments are lower than the calculated ones. This can 

be explained as follows: from electron-probe microprobe analysis (EPMA) and x-ray 

diffraction data from the samples, a second phase, cubic Fe2MnSi, was found which 

hampers the determination of the intrinsic values of the magnetic moments of the 

MnFeP1-xSix compounds. Composition analysis by EPMA shows that there is about 20 

% of this second phase. The corrected magnetization values Mcorr seem to be in a better 

agreement with the calculated values. However, we do not achieve a perfect agreement 

between these two results. This is because the calculations were performed using the 

VCA, which seems to be too crude for the MnFeP1-xSix system, and the uncertainty of 

the percentage of the second phase may lead to a large uncertainty in Mcorr and to 

differences between Mcorr and Mcalc 

 

 

x Mexp 
(µB/f.u.) 

Mcorr 

(µB/f.u.) 
Mcalc  

(µB/f.u.) 

0.44 3.5 3.8 4.07 

0.48 3.6 3.9 4.11 

0.50 3.8 4.1 4.23 

0.52 3.8 4.1 4.24 

0.56 3.7 4.1 4.27 

0.60 3.6 3.9 4.22 
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The drawback of the VCA is that in this approximation, we introduce effective 

atoms with effective atomic numbers. The structural disorder of P (Si) atoms at the 2c 

and 1b sites are treated by occupying these sublattices by atoms with an effective atomic 

number Zeff (x) = 15 – x. It means that we have completely neglected the difference in 

chemical properties of P and Si. 

 

6.2.3 Calculation of the density of states of MnFeP0.50Si0.50 

In Fig. 6.1, the calculated LSDA spin-up density of states (DOS) of MnFeP0.5Si0.5 is 

presented, as obtained by using the experimental lattice parameters.  
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Figure 6.1: Spin-polarized LSDA-calculated spin-up DOS of MnFeP0.5Si0.5. 

The Fermi level is at zero energy.  

 

The occupied part of the DOS can be decomposed into two regions. The first region 

ranges from -12.4 to -9.0 eV. The second region, which is the main valence-band group, 

has its bottom at -6.9 eV. There is a gap of 2.1 eV ranging from – 9.0 to – 6.9 eV. In Fig. 
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6.2, the partial (atom-projected) DOS (PDOS) of the constituting atoms of MnFeP0.5Si0.5 

is shown for spin up. Compared to the total spin-up DOS in Fig. 6.1, we see that the first 

region of the total spin-up DOS arises mainly from the contribution of Si-3s and P-3s 

states (Figs. 6.2 c and d). The main valence-band group represents predominantly the 

Mn-3d and Fe-3d states which are strongly hybridized. The main contribution of Mn-3d 

states is between -6.7 and 0.3 eV (Fig. 6.2 a) and the main contribution of Fe-3d states is 

between -6.8 and 0.3 eV (figure 6.2 b). The contribution of the Fe-3d states to the total 

spin-up DOS is more homogeneous than that of the Mn-3d states. The contributions of 

P-3p and Si-3p to the main valence-band are mainly situated between -6.9 and -3.3 eV, 

but they are much smaller than the contributions of Mn-3d and Fe-3d. The Fermi level is 

situated at the edge of the peak of the occupied Mn-3d and Fe-3d states, implying that 

the calculated electronic structure is unstable with respect to exchange splitting.  

Figure 6.3 shows the calculated LSDA spin-down DOS of MnFeP0.5Si0.5. In 

general, the spin down band looks similar to the spin up band; there is a gap of about 2.1 

eV and a valence-band with main contribution from the 3d-electrons. However, the main 

valence-band is shifted to higher energy and the Fermi level is situated in the middle of 

this band, exactly at a minimum of the DOS. On comparison with Fig. 6.1 the exchange 

splitting is clearly visible in Fig. 6.3 in the region from -6.9 to 5 eV. It means that a 

ferromagnetic state is found which is in good agreement with experimental results. A 

detailed study of the DOS of the MnFeP1-xSix compounds can be found in [11].  
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Figure 6.2: Partial (atom-projected) spin up DOS (PDOS) of 

MnFeP0.5Si0.5. The Fermi level is at zero energy. 
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Figure 6.3: Spin-polarized LSDA-calculated spin-down DOS of 

MnFeP0.5Si0.5. The Fermi level is at zero energy.  

 

6.3 Electronic structure and magnetism of MnFeP1-xSix compounds 

calculated with the localized-spherical-wave method 

6.3.1 Motivation 

Because the VCA has the drawback that it completely neglects the chemical difference 

between P and Si atoms as well as possible magnetic disorder of the Mn and Fe 

magnetic moments, it is of interest to introduce the LSW calculation scheme, which is 

also based on DFT, but in which a super-cell approach is used instead of the VCA. The 

LSW method utilizes an additional approximation to the potential: the atomic-sphere 

approximation. This approximation is quite reliable for close-packed structures of not 

too low symmetry, like the ones considered here. The advantage of the LSW method is 

that it is extremely efficient in its enabling of the use of a supercell.  
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6.3.2 The localized-spherical-wave method 

The LSW method is closely related to the augmented-spherical wave (ASW) method 

[12]. Its basis functions are linear combinations of the ASW basis set with maximal 

localization on a cluster of atoms. The ASW method is similar to the APW method, but 

instead of plane waves which the APW method employs, the ASW method augments 

outgoing Hankel functions. The advantage of the ASW method is that it has much less 

basis functions since these resemble atomic functions. The ASW method employs the 

Anderson atomic-sphere approximation for the description of the electronic potential, the 

crystal potential is represented by spherically averaged potentials inside space-filling 

atom-centered spheres. The ASW basis functions follow from this construction of the 

potential. At each atomic position, spherical waves are centered, one for each (l,m) 

combination which are numerical solutions of the radial Schrödinger equation.  

Figure 6.4 shows the flow-diagram of the LSW program which has been used to 

calculate the DOS and magnetic structure of MnFeP1-xSix compounds. A manually 

constructed input file called “structure file” lies at the start of every calculation. The 

structure file contains the crystal structure data and chemical composition such as: space 

group, lattice parameters a and c, classes of atoms, Wyckoff positions and coordinates. 

After completing the structure file, a starting charge density (ρi) is generated as input for 

a self-consistency procedure to solve the Kohn-Sham equation [13-15]. V(r) is the 

crystal potential and it is obtained via the Poisson’s equation from the charge density (ρ) 

and DFT. The charge density depends on the wave function (ψ), so that the potential is 

also unknown. A way to get out of this problem is to solve the Kohn-Sham equation 

starting from a judiciously guessed input for V, ψ, or ρ, and then feed the resulting 

output, after some mixing with the input, back into this equation. This process is 

continued until the input and the output are comparable within some pre-described 

accuracy. It is then said that this iterative process has converged and the Kohn-Sham 

equations have been solved self-consistently. Once the self-consistency condition has 

been reached, a self-consistent potential is found for calculating the DOS, the total 

energy of the cell, the band structure, or the magnetic structure etc. 
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Figure 6.4: The LSW flow-diagram  

 

6.3.3 Results and discussion  

Table 6.2 presents the atomic-sphere projected magnetic moments of Mn and Fe, and 

calculated total magnetic moment, and the energy of the total cell as a function of Si 

Structure file 

Starting charge density (ρi) 

Poisson’s equation 
DFT 

V (r) ρ (r) 

Mixing ρ (r) Mixing V (r) 

Kohn-Sham equation 

Self-consistent potential 

Band structure 
Density of states 
Total energies 
Magnetic moments, etc. 
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concentration. Since there are no neutron diffraction data available on the x = 0.50 

compound, that provide information on preference of Si and P for different Wyckoff 

positions, we have calculated the magnetic moment and the total energy of the cell for x 

= 0.50 for two cases A and B in which the positions of P and Si are interchanged. 

Information about classes, atom in each class, Wyckoff positions, and coordinates for the 

two cases A and B are given in Tables 6.3 and 6.4, respectively. 

We find that the variation of the Fe moment is larger than that of Mn for all 

investigated compositions. For instance, in the x = 0.42 compound, the magnetic 

moments of Fe vary from 1.01 to 1.45 µB (varying by 0.44 µB) whereas the magnetic 

moments of Mn vary from 2.75 to 2.82 µB (varying by 0.07 µB). The moments 

clearly depend on the structure and on the atomic order of the Si/P lattice. This 

implies that the super-cell approach is more attractive than the VCA and that the total 

magnetic moment of some compositions in the MnFeP1-xSix series is not well 

described by the VCA. 

 

Table 6.2: Variation of the atomic-sphere projected magnetic moments of 

Mn (MMn), and Fe (MFe), and calculated total magnetic moment (Mtot), and 

the energy of the total cell (Etot) for MnFeP1-xSix compounds.  

 

x MMn 

(µB/f.u.) 
MFe 

(µB/f.u.) 

Mtot 

(µB/f.u.) 

Etot 

(Ry) 

0.42 2.7828 (3g) 
2.8276 (3g) 
2.7525 (6k) 

1.0128 (3f) 
1.2578 (3f) 
1.4536 (6j) 

3.99 -65913.614 

0.50(A) 2.7862 (3g) 
2.7401 (3g) 
2.7877 (6k) 

1.4578 (3f) 
1.4922 (3f) 
1.2922 (6j) 

4.07 -65809.774 

0.50(B) 2.7898 (3g) 
2.8150 (3g) 
2.7672 (6k) 

1.3544 (3f) 
1.3647 (3f) 
1.5100 (6j) 

4.14 -65809.753 

0.58 2.8090 (3g) 
2.7557 (3g) 
2.8513 (6k) 

1.6325 (3f) 
1.5164 (3f) 
1.3420 (6j) 

4.17 -65705.499 
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  Table 6.3: Information about classes, atom in each class, Wyckoff 

positions and coordinates for MnFeP0.5Si0.5 (A) 

 

class atom Wyckoff position coordinates 

1 Fe 3f x = 0.127385 

2 Fe 3f x = 0.627385 

3 Fe 6j x = 0.127385 
y = 0.5 

4 Mn 3g x = 0.294865 

5 Mn 3g x = 0.794865 

6 Mn 6k x = 0.294865 
y = 0.5 

7 P 1b 0; 0; 0.5 

8 P 3g x = 0.5 

9 P 2c 1/3; 2/3; 0 
2/3; 1/3; 0 

10 Si 6j x = 1/6 
y = 1/3 

 

Table 6.4: Information about classes, atom in each class, Wyckoff positions, 

and coordinates for the MnFeP0.5Si0.5 (B) 

 

class atom Wyckoff position coordinates 

1 Fe 3f x = 0.127385 

2 Fe 3f x = 0.627385 

3 Fe 6j x = 0.127385 
y = 0.5 

4 Mn 3g x = 0.294865 

5 Mn 3g x = 0.794865 

6 Mn 6k x = 0.294865 
y = 0.5 

7 Si 1b 0; 0; 0.5 

8 Si 3g x = 0.5 

9 Si 2c 1/3; 2/3; 0 
2/3; 1/3; 0 

10 P 6j x = 1/6 
y = 1/3 
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The total energies found for the compounds A and B are equivalent. The small 

difference between the two total energies for A and B, ∆E = 0.021 Ry (~0.29 eV) 

implies that there is no clear preference of P and Si for a particular positions. However, 

the interchange of the positions of P and Si does affect the magnetic moments of Mn and 

Fe. Especially, for the x = 0.50(A) compound, the value of the moment of Fe at the 6j 

position is much lower than that of the x = 0.50(B) compound which leads to a 

difference in total magnetic moment in the two cases. 

 

Table 6.5: Coordination of Mn/Fe by Si/P and 3d-moment of Mn/Fe for the 

samples MnFeP0.5Si0.5 (A) and MnFeP0.5Si0.5 (B) 

 

x = 0.50(A) 

atom Coordination 
z = 0 

Coordination 
z = 0.5 

3d moment 
(µB/f.u.) 

Fe (3f) Si P 1.48 

Fe (3f) Si P 1.51 

Fe (6j) P+Si P 1.31 

Mn (3g) Si P 2.77 

Mn (3g) Si P 2.73 

Mn (6k) P+Si P 2.78 

x = 0.50(B) 

Fe (3f) P Si 1.37 

Fe (3f) P Si 1.38 

Fe (6j) P+Si Si 1.53 

Mn (3g) P Si 2.76 

Mn (3g) P Si 2.78 

Mn (6k) P+Si Si 2.75 

 

 

Table 6.5 shows the coordination of the transition metals Mn/Fe by Si/P and 3d-

moment of Mn/Fe for the compounds with x = 0.50(A) and x = 0.50(B). It is clear that 

the Mn moment is insensitive to the coordination, the variation of the Mn moment being 

about 0.05 and 0.03 µB for A and B, respectively. This is not a surprise, since Mn has a 

much larger moment and is close to strong ferromagnetism, unlike Fe. The Fe moment is 
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much more sensitive. Coordination by two P and/or two Si atoms leads to a moment of 

about 1.5 µB, if the Si atoms are in the same plane as the Fe, and to about 1.4 µB if the P 

atoms are in the same plane as the Fe. In this case, replacement of a P atom by Si 

significantly increases the moment, while replacement of a Si atom by P in the plane 

reduces the moment. The variations of the moments on the Fe-lattice are strong and 

primarily the origin of the variations of the overall moment. 

With increasing Si content from x = 0.42 to x = 0.58, the total magnetic moment 

increases which is in good agreement with the experimental results corrected for 

impurities, and the results calculated by using the VCA presented in Table 6.1.  

However, the increase in moment with Si content is smoother for the LSW method than 

for the VCA method, though the step size between the calculated concentrations is 

larger.  

Figure 6.5 presents the DOS of MnFeP0.50Si0.50(B) for both spin up and spin 

down. The occupied part of the DOS consists of two regions. The first region is from -11 

eV to -7.5 eV and the rest belongs to the second region. Compared to Figs. 6.1 and 6.3, 

which show the DOS of MnFeP0.50Si0.50 calculated by using the VCA method, a 

pronounced difference is that there is no gap whatsoever in the total DOS calculated by 

the super-cell. This is because, in the VCA, there are no real Si and P atoms with 

different chemical properties. For instance, in MnFeP0.50Si0.50, an effective electron 

charge of 14.5 was used instead of 14(15). Therefore, there is no contribution of real Si 

and P to the DOS as shown in Figs. 6.1, 6.2 and 6.3 which results in a gap expanding 

from -9.0 to 6.9 eV. In contrast to the VCA, the super cell approach utilizes “real” Si and 

P atoms with their real electron charge of 14 and 15 electrons, respectively. In Fig. 6.7, 

we see a finite DOS of Si in the range from -9.0 to 6.9 eV, and P in the range from -7.2 

to 6.9 eV. There is no gap in the DOS as calculated by the super-cell approach (Fig. 6.5).  

 



Chapter 6: Electronic structure and magnetism of MnFeP1-xSix compounds 

 

 102 

 

 

 

 

Figure 6.5: Spin-up and spin-down DOS of MnFeP0.50Si0.50 (B). The Fermi level 

is at the zero energy.  
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Figure 6.6a: Atom-projected PDOS of MnFeP0.5Si0.5 (B).  The Fermi 

level is at zero energy. 
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Figure 6.6b: Atom-projected PDOS of MnFeP0.5Si0.5 (B). The Fermi 

level is at zero energy. 
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In Figs. 6.6a and 6.6b, the atom-projected PDOS of MnFeP0.5Si0.5(B) for spin up 

and spin down is shown. In the majority band, the Fermi level is situated at the edge of 

the peak of occupied Mn(Fe) 3d states. In the minority band, the Fermi energy is at a 

minimum of the DOS. The valence band consists of mainly the Mn-3d and the Fe-3d 

states, which is in good agreement with the DOS calculated by VCA. We also observe a 

visible exchange splitting in the main valence band showing the existence of a 

ferromagnetic state. 

 

6.4 Conclusions 

In summary, we have calculated the electronic structure and magnetic moments of 

MnFeP0.5Si0.5, with composition range of 0.44 ≤ x ≤ 0.60, based on first-principles DFT 

with the VCA and with the super-cell approach. In general, the results found by using 

the VCA and using super-cell are in reasonable qualitative agreement. The total and 

local magnetic moments, the atom-projected and the total DOS are better described by 

the super-cell approach since, in the super-cell approach, the difference in chemical 

properties of Si and P is taken into account. However, the disadvantage of the super-cell 

approach is that it is difficult to investigate the MnFeP1-xSix series with a small step of Si 

concentration as the VCA does. We have learned that, in the x = 0.50 compound, there 

no preference of P and Si for a particular position: the total-energy difference between 

the two cases in which Si and P interchange their position is 0.29 eV. From the 

calculation with the LSW method, we found that the 3d-Mn electrons are more localized 

than the 3d-Fe electrons. The magnetic moments of Mn are rather independent on the 

coordination, whereas the Fe moments are very sensitive to the P/Si lattices. DOS 

calculations by using both VCA and supercell approach show that the main valence-band 

of the DOS represents predominantly the Mn-3d and Fe-3d states which are strongly 

hybridized. 
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