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Supplementary Information 

Rigid Band model 

The structural stability of simple FCC and BCC phases, and all other complex phases observed in 

multi-component alloys can be investigated by using the frozen potential approximation (FPA) to 

density functional theory (DFT).  Within the first order approximation the energy difference between 

any two non-magnetic structures is given by the difference between their band energies at a fixed 

equilibrium volume, V 0
35,36,49

: 
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where )()1( εD  and )()2( εD  are the densities of states (DOS) per atom with a factor of 2 for a spin 

to energy ε  and ε )1(
F  and ε )2(

F  are the Fermi energies for structure 1 and 2, respectively. They are 

determined from the number of valence electrons per atom: 
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Frozen potentials for the different atomic species are determined from self-consistent calculations, 

normally for structures with a small unit cell. They are then transferred into other structures with 

the same alloy composition and the same equilibrium volume. The difference between the band 

energies EBand
)21( −∆  is calculated under the constraint that the potential within the Wigner-Seitz sphere 

remains unchanged (frozen) when going from one structure type to another. Since the energy 

difference in the first order frozen potential approximation is computed assuming fixed atomic 

volumes, this approximation is correct for structures with relatively similar equilibrium atomic 

volumes like for example FCC and BCC phases, which can be related to each other through the Bain 

transformation.  

Assuming that alloying changes the number of valence electrons per atom but the electronic DOS of 

different phases remain rigid (the rigid band approximation), the variation of the energy difference 

as a function of the number of electrons can be evaluated by comparing the band energies, see 

equation (I)
19,20,50

. 

Within the present work, the RBA model has been generalised for the case of  magnetic materials 

like CCFN-based alloys using the Stoner model of magnetism
23–27

. In transition metal alloys the latter 

one introduces magnetism by introducing local exchange fields within the band energy concept. In 

particular, electrons with spins up and down have different on-site energies depending on whether 

their spin is parallel or anti-parallel to the local magnetic moment. The effective on-site energy εσi  is 

given by    

mI iiii
2

1
±= εεσ        (III) 

where ε i  is the single-particle non-magnetic on-site energy, nnm iii
↑↓ −= , is the difference between 

electron occupancies of site i  by spin-down and spin-up electrons with a spin index σ . The Stoner 

exchange parameter I i  refers to the exchange splitting of on-site energies of electrons with spin up 

and spin down due to the local magnetic moment mi
23,24,26,27,30

.  
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From equation (III), the energy difference between two magnetic structures, following the Stoner 

model of magnetism (Stoner Model I), corrected for the double counting contribution, and 

normalised by the number of atoms, N in both structures can be given by: 
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where the first term is the spin-polarised band energy difference between any two magnetic 

structures at a fixed equilibrium volume V 0  (defined below in equation (V)), the second term is the 

double-counting contribution arising from magnetic interactions
23–25

, and N  is the number of atoms 

in both considered structures. E BandSpin
)21( −
−∆  is defined as: 
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where )()1( εD
↑

 and )()2( εD
↑

 are the spin-polarised total DOS per atom for electrons with spin-up 

and )()1( εD
↓

 and )()2( εD
↓

 are the spin-polarised total DOS per atom for electrons with spin-down. 

The Stoner parameters in equation (IV) are assumed to be constant for each type of atoms
51

. 

However, application of equation (IV) requires knowledge of the magnetic moments of all atoms as a 

function of n in the system, of which is difficult to be validated experimentally. Therefore, we use an 

effective Stoner parameter I eff  which refers to the exchange splitting of the on-site energies of 

electrons with spin-up and spin-down due to the average atomic magnetic moment mav , defined as: 

 εε ↑↓ −= FFaveff mI         (VI) 

where ε ↑F  and ε ↓F  are the Fermi energies for electrons with spin-up and spin-down, respectively, 

defined as energies of the non-magnetic total DOS, )(εD , which are the number of electrons per 

atom with spin-up and spin-down, obtained from the spin-polarised total DOS. The average 

magnetic moment of the entire simulation cell from the non-magnetic total DOS is equal to the one 

obtained from the spin-polarised total DOS and is given by: 
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By using the effective Stoner parameter and the average magnetic moment the energy difference 

between any two magnetic structures in the effective Stoner Model II can now be written as: 
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Both Stoner Model I and effective Stoner Model II can be justified by the comparison of energy 

differences with those obtained using the LMTO code. As shown in Table SI the energy differences 

between the considered magnetic structures and the BCC structures with the same composition 

calculated using both equation (IV) and (VIII) are in quantitative agreement with each other and in 

line with the results calculated using the LMTO code. The only exception is that the C14 structure of 

Co9Cr12Fe9Ni6 alloy which is less stable than the BCC phase when equation (VIII) is applied and it is 

more stable than the BCC phase by using equation (IV) and the LMTO code. However, all the 

considered methods predict that the FCC phase is the most stable one. 
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Supplementary Table SI. Average magnetic moments obtained using equation (VII) (mav ) and energy 

differences ( Emag∆ ) between the considered magnetic structures and the BCC structures with the 

same composition calculated using equations (IV) and (VIII), compared with the results calculated 

using the LMTO code.  I eff is the effective Stoner parameters calculated using equation (VI). 

Energies, magnetic moments and effective Stoner parameters are given in eV , µβ per atom and 

µβ/eV , respectively.  The valence electron concentration of considered structures is indicated by n. 

  Structure  
ΔEMag 

(equation 

(IV)) 

ΔEMag 

(equation 

(VIII)) 

ΔEMag 

(LMTO) 

mav  

(equation 

(VII)) 

mav 

(LMTO) 

Ieff 

(equation 

(VI)) 

CCFN 
Co8Cr8Fe8Ni8 

(n = 8.25) 

FCC -0.136 -0.099 -0.083 0.372 0.372 1.295 

BCC    0.421 0.421 1.302 

CCFN-Al 
Co8Fe8Ni8Al8 

(n = 7.5) 

FCC -0.043 -0.020 -0.001 0.939 0.930 3.940 

BCC    1.011 0.990 4.392 

B2 -0.065 -0.102 -0.072 0.948 0.948 4.124 

CCFN-Pd 
Co6Cr7Fe7Ni6Pd6  

(n = 8.5) 

FCC -0.139 -0.070 -0.064 0.881 0.864 3.631 

BCC    0.913 0.915 3.746 

CCFN-V 
Co9Cr12Fe9Ni6 

(n = 8.133) 

FCC -0.147 -0.123 -0.073 0.350 0.344 1.228 

BCC    0.415 0.422 1.205 

Sigma -0.151 -0.120 -0.069 0.312 0.317 0.993 

CCFN-Ti 
Co9Cr12Fe9Ni6 
 (n = 7.917) 

FCC -0.063  -0.027  -0.021 0.687  0.171 0.987  

BCC    0.691 0.172  0.831 

C14 -0.018  0.022 -0.013 0.817 0.819  0.909 
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