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Fe-Cr system attracts lot of attention in condensed matter physics due to its technological 
importance and extraordinary physics related to a non-trivial interplay between magnetic and 
chemical interactions. However, the effect of multicomponent alloying on the properties of Fe-Cr 
alloys are less studied. We have calculated the mixing enthalpy, magnetic moments, effective 
chemical, strain-induced and magnetic exchange interactions to investigate the alloying effect of 
Ni, Mn, Mo  on  the phase stability of the ferromagnetic bcc Fe−Cr system at zero K. We 
demonstrate that the alloying reduces the stability of Fe-Cr alloys and expands the region of 
spinodal decomposition. At the same time, the mixing enthalpy in ternary Fe100-x-05CrxNi05 alloys 
indicates a stability of solid solution phase up to 6 at. % Cr.  In Fe100-x-07CrxNi05Mn01Mo01 alloys, 
we did not find any alloy composition that has negative enthalpy of formation.  Analyzing magnetic 
and electronic properties of the alloys and investigating magnetic, chemical and strain-induced 
interactions in the studied systems, we provide physically transparent picture of the main factors 
leading to the destabilization of the Fe-Cr solid solutions by the multicomponent alloying with Ni, 
Mn, Mo. 
 
 
 

1. Introduction 

Fe-Cr alloys are widely used as important construction and industrial steels, e.g. as wall materials 
in fusion reactors because of the resistance to irradiation-induced swelling at high temperatures. 
Moreover, there is great practical interest in alloys with Cr content above 10 at. % due to their high 
corrosion resistance. Fe-Cr alloys with low Cr concentration show anomalous phase stability. On 
the other hand, in Fe-Cr system there is a miscibility gap within which alloys decompose into iron 
rich and chromium rich phases [1]. This decomposition could cause steel embrittlement due to Cr 



precipitation. The anomalous stability of the Fe-Cr was a subject of detailed theoretical 
calculations, which have substantially improved an understanding of the processes occurring in 
the binary Fe-Cr system [2, 3, 4, 5, 6, 7, 8, 9].   

An analysis of properties of Fe-Cr alloys intended for energy applications show that the 
improvement of an exploitation reliability and equipment efficacy might rely on multicomponent 
Fe-Cr steels that contain other elements such as Ni, Mn and Mo. Alloying with Ni improves impact 
strength, ductility and resistance to corrosion. Mo increases corrosion resistance in aggressive 
environments, for instance, in the salt and acid conditions. Moreover, addition of Mo improves the 
toughness of the stainless steels at the high temperatures.  Manganese can improve the hardness 
of the steels.  Interestingly, while Cr and Mo are α-phase stabilizers, Ni and Mn are γ-phase 
stabilizers. At the same time, alloying elements can reduce some mechanical properties of Fe-Cr 
steels. Unfortunately, there is a limited knowledge about the influence of multicomponent alloying 
on the phase stability of bcc Fe-Cr alloys. Some work has been devoted to studies of Fe-Cr-Ni 
ternary system, which appears as the base material for the most types of austenitic, ferritic and 
martensitic steels. In this system, a high temperature isothermal sections (above 900°C) have the 
wide regions with bcc and fcc structures (1213K ~ 1618K) with an inclusion of the so-called σ-
phase, which forms at Т < 1213K, and might be the source of brittleness [10, 11, 12, 13]. Modeling 
of the phase equilibria and corresponding phase diagram calculations in Fe-Cr-Ni have 
predominantly been carried out at high temperatures [14, 15, 16, 17]. Thermodynamic and kinetic 
properties of Fe-Cr-Ni system have been studied in [18] using an experimental (calorimetry, atom 
probe tomography) and the theoretical methods (CALPHAD, phase field simulation, and ab initio 
modeling). CALPHAD method has extended the description of the lattice stability down to T=0K, 
followed by the study of spinodal decomposition by means of the phase field modeling [19]. 
Moreover, it has been noted that thermodynamic modeling of the Fe-Cr-Ni system can accurately 
describe the phase boundaries for bcc and fcc phases at the temperatures above than 1073 К [18]. 
At the same time, an understanding has emerged that to develop a new generation of stainless 
steels based on the ternary Fe-Cr-Ni system, it is necessary to obtain its thermodynamic and kinetic 
description at lower temperatures [18].  

An extensive systematic study on bcc and fcc magnetic binary Fe-Cr, Fe-Ni, Cr-Ni alloys and 
ternary Fe-Cr-Ni alloys has been performed in Refs. [20, 21, 22]. Results for bcc alloys, obtained 
using a combination of DFT and Monte-Carlo calculations with a Hamiltonian based on chemical 
and magnetic cluster expansions, are in agreement with earlier studies showing full solubility of 
Cr in Fe in the 0-9% range of concentrations [20]. 

Using first-principles simulations, Souvatzis et al. [23] proposed Fe-Cr based alloys with Ni and 
Mn additions as a potentially interesting material for magneto-caloric cooling. Because of the 
phase transition from ferromagnetic bcc phase with full magnetic moment ~ 1.4 µB into 
paramagnetic fcc phase, the authors demonstrated that Fe-Cr-Ni-Mn alloys with ~ 15 at.% Cr could 
be considered as good candidates for the cooling systems working at the room temperature. 

In our work, we have studied the influence of multicomponent alloying on the electron structure 
and phase stability of Fe-Cr based alloys with 5 at. % Ni, 1at. % Mn and 1 at.% Mo. According to 
Massalski [24] at the low temperatures α-Fe dissolves less than 5 at. % Ni, but for alloys obtained 
by mechanical mixing the stability boundary of bcc-solution can be shifted to 10-20 at. % Ni 
depending on the ball milling intensity.  It is also possible to obtain a wide range of single-phase 



bcc alloys by thermal evaporation [25] or sputtering produce [26]. We performed the calculations 
of the mixing energies, effective chemical and exchange interactions, magnetic moments and 
density of states in order to study the influence of alloying on the thermodynamic properties of Fe-
Cr alloys.  

 

2. Details of the calculations  

The calculations of the electronic structure and thermodynamic properties  of  Fe100-cCrc,Fe100-c-

05CrcNi05  and Fe100-c-07CrcNi05Mn01Mo01 alloys were performed by the exact muffin-tin orbital 
(EMTO) method within the coherent potential approximation (CPA) [27, 28], the locally self-
consistent Green's function (LSGF) [29, 30] method implemented within the exact muffin-tin 
orbital  (EMTO) technique (ELSGF)  [31] and  the projector augmented-wave (PAW) method as 
implemented in the Vienna ab initio simulation package (VASP)  [32, 33, 34].  
For EMTO and ELSGF calculations, the full charge density (FCD) [FCD] [35] was represented 
by a single-center expansion of the electron wave functions in terms of spherical harmonics with 
orbital moments 𝑙𝑙𝐹𝐹𝐹𝐹𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 up to 8. Self-consistent electron densities were obtained within the spherical 
cell approximation and the local density approximation (LDA) [36]. Then the total energies were 
calculated in the generalized gradient approximation (GGA) [37] using the FCD formalism. 
Integration in the reciprocal space was performed over a grid of 29x29x29 k-points; energy 
integration was carried out in the complex plane using a semielliptic contour comprising 24 energy 
points. Calculations were performed for a basis set including valence spdf- orbitals and by means 
of the frozen-core approximation, i.e. the core states were kept fixed. Ekholm and Abrikosov [38] 
demonstrated that the use of the latter leads to better, though probably fortuitous, cancellation of 
errors in a description of magnetic Fe-based alloys within the EMTO formalism. The total energy 
was converged within 10−7 Ry. In our calculations, we neglected electronic and vibrational thermal 
excitations.  
The parameters of the intrasite screened Coulomb interactions, α and β, [39, 40] that describe 
electrostatic interactions in the single-site approximation, as well as the intersite screening 
constants, 𝛼𝛼𝑠𝑠𝑠𝑠𝑠𝑠(𝑅𝑅) , for the intersite screened Coulomb interactions were evaluated in 1024-atom 
supercell calculations using ELSGF method [31]. The former parameters are used in calculations 
of the total energy of random alloys within CPA, while the latter contributes to the pair screened 
generalize perturbation method (SGPM) interactions. The ELSGF method has also been used 
explicitly for selected total energy calculations and study local environment effects in the 
electronic structure and effective interactions in Fe-base alloys. 
A 128-atom (4x4x4(x2)) supercell has been used in the direct calculations the fully renormalized 
pair chemical and strain-induced interactions by the PAW method implemented in the VASP [29, 
30]. The generalized gradient approximation [37] has been used for the exchange-correlation 
energy. The energy cutoff was 500 eV.   The integration over the Brillouin zone has been done 
using the Monkhorst–Pack grid [41] using 4x4x4 k-point mesh. 
 
3. Thermodynamic analysis of effects of multicomponent alloying 
 

3.1 Lattice parameters 



 

 
In order to study the effect of multicomponent alloying we have calculated thermodynamic 
properties of ferromagnetic (FM) ternary Fe95-cCrcNi05 alloys and quinary Fe93-

cCrcNi05Mn01Mo01 alloys as a function of Cr composition.  Figure 1 illustrates the dependence of 
lattice parameter on Cr concentration for these alloys in the FM state. In addition, Fig. 1 displays 
an experimental data for binary Fe-Cr alloys [42, 43, 44] for comparison. Our results for the lattice 
parameter for binary Fe-Cr alloys differ slightly from those obtained using the EMTO-CPA 
method in Ref. [2, 8, 45] due to the use of the frozen-core approximation. The lattice parameters 
of Fe100-x-05CrxNi05 alloys are larger than those of Fe-Cr alloys with Cr concentrations x < 20 at. 
% Cr, while for x > 20 at.% Cr lattice parameters of binary and ternary alloys are almost the same. 
The lattice parameters for Fe100-c-07CrcNi05Mn01Mo01 alloys are consistently higher than those for 
Fe-Cr alloys (Fig. 1). 
 
Note, that similarly to the Fe-Cr alloys, ferromagnetic Fe100-c-05CrcNi05 and Fe100-c-

07CrcNi05Mn01Mo01 alloys have a nonlinear concentration dependence of the lattice parameter 
with positive (for dilute alloys) and negative (for concentrated alloys) deviations from Vegard’s 
law. It is worth to point out that according to [9], such a behavior of the lattice parameter indicates 
a reduction of the alloy stability at low Cr concentration upon compression, while the pressure 
should make solid solutions more stable at higher concentrations. The effect of pressure could be 
important in some practical applications.  
 

3.2 Mixing enthalpy and spinodal decomposition 

Mixing enthalpies, ∆H, of the studied alloys and their second concentration derivatives are shown 
in Fig. 2. As standard states, we considered ferromagnetic bcc Fe, nonmagnetic bcc Cr, 
ferromagnetic fcc Ni, bcc Mo and α-Mn with its experimental lattice parameter a= 8.914 Å  [46]. 
Calculated mixing enthalpies of Fe-Cr binary system are in a good agreement with the earlier 
calculations, which show an anomalous phase stability of ferromagnetic random Fe-Cr alloys with 
the low Cr concentrations [2, 3, 4, 6, 8]. The effect was explained by the strong positive effective 
interaction at the first coordination shell contributing to the ordering tendency in the ferromagnetic 
state when concentration of Cr is below 10 at.%. The effect was theoretically predicted using the 
tight-binding generalized perturbation method (GPM) [47], and afterwards confirmed by the 
diffuse-neutron-scattering measurements of the atomic short range order (ASRO) [48]. Its 
quantitative description, which takes into consideration temperature dependent magnetic state of 
Fe-Cr alloys was given in Ref.  [7, 45]. 

 

The calculated mixing enthalpy of bcc Fe95Ni05 alloy at T = 0 K is equal to -0.57mRy. This result 
is in agreement with the studies of 57Fe Mossbauer spectra of Fe-Ni alloys at room temperature 
with Ni concentrations from 1 to 5 at. %  [49]. Based on the spectra analysis, the authors of study 
have determined the solution enthalpy for single Ni impurity in bcc Fe host Hsol = -0.338 eV/atom.  
Recalculating the mixing enthalpy of the alloy with 5 at. % Ni from the impurity data, we obtain 
∆H = -0.58 mRy, which nearly coincides with our calculated result. For highly diluted ternary 



Fe95-cCrcNi05 alloys, ∆H is slightly below the binary Fe-Cr curve, wherein the minimum width 
decreases and the curve minimum shifts towards Cr concentration cCr~3 at.%. For quaternary 
alloys, the mixing enthalpy ∆H at T = 0K is positive for all Cr contents.  

To verify the results obtained by our EMTO-CPA calculations we have calculated the mixing 
enthalpy for dilute alloys using the supercell technique and the linear scaling ELSGF method [31]. 
We have calculated mixing enthalpies for alloys containing 3.125 and 6.25 at. % Сr. Fig. 2a 
illustrates that the results for Fe100-сCrс and Fe95-cCrcNi05 alloys obtained with the EMTO-CPA 
and the supercell ELSGF methods are in very good agreement with each other. For Fe93-

cCrcNi05Mn01Mo01 alloys, the difference between the two methods is somewhat larger, because 
the magnetic state of Mn atoms also exhibits strong and complex dependence on their local 
environment, which is difficult to capture in the EMTO-CPA calculations. However, because of 
the low concentrations of Ni and Mn in alloys studied here, the local environment effects are not 
important for the mixing enthalpy and the results obtained by the EMTO-CPA method can be 
considered as reliable.  

A balance between the Gibbs free energy of an alloy and possible decomposition products 
determines the alloy phase stability. However, even if the Gibbs free energy of mixing of the alloy 
is positive, it still can be in the metastable state due to a large barrier for the phase transition. 
Macroscopic condition for the metastastability is the negative second derivative of Gibbs free 
energy. If it is positive, the alloy is unstable with respect to any concentration fluctuation, and it 
should decompose spinodaly, provided the kinetic of the transition is sufficiently fast. In general, 
the spinodal decomposition boundary depends on the temperature, but the mixing enthalpy can be 
used for qualitative analysis of the trends of decomposition thermodynamics, at least at low 
temperatures. Fig. 2b demonstrates the second concentration derivative of the mixing energy in 
dependence on Cr concentration. The predicted boundary of the spinodal region for Fe-Cr alloys 
is ~ 17 at.% Cr. Our calculated results are in a good agreement with results, obtained theoretically 
by Olsson [2], as well as experimentally using Mossbauer spectroscopy [50]. From Fig. 2b one 
can see, that for ternary and quirnary alloys the spinodal decomposition boundary shifts from 17 
to 13 and 12 at.% Cr, respectively. Thus, in multicomponent alloys the phase stability boundary 
shifts towards the lower Cr concentrations, which means the broadening of the miscibility gap.    

Our theoretical study of the effect of multicomponent alloying is in a qualitatively agreement with 
experimental results from the Ref. [51], where the authors using the Mossbauer spectroscopy and 
hardness measurements investigated the phenomenon of "475°C embrittlement" for Fe-Cr-Ni 
alloys with Fe/Cr ratio 2.7 and 1.0 containing 0, 2 and 4 at.% of Ni. The authors concluded that Ni 
addition expands the miscibility gap [52] and increases the thermodynamic driving force for phase 
separation at 475°C. This behavior was confirmed by the Fraction of Inventory in Aqueous Phase 
method (FIAP) for Fe-Cr-Ni and Fe-Cr-Ni-Mo alloys [53]. 

Consequently, the analysis of the mixing enthalpy and its second concentration derivative shows 
that the additions of Ni, Mn and Mo reduce the solubility of Cr in FM iron and expand the 
miscibility gap.  However, Fe95-cCrcNi05 alloys have narrow and deep minimum at about x ~ 3 
at.% Cr. 

 

4. The average magnetic moments and exchange interactions 



Recent DFT calculations [5, 7, 8] demonstrated that the magnetic state of chromium is related to 
the anomalous stability in dilute Fe-Cr alloys. Let us consider the influence of multicomponent 
alloying on the average magnetic moments (Fig. 3) and the magnetic exchange interaction 
parameters Jp at the p-th coordination shell of the classical Heisenberg Hamiltonian Hmagn =
−∑ ∑ Jp i,j∈pp eiej  of Fe-Cr alloys, where e i is the direction of the spin (Fig. 4).  
Note, that that in random alloys, magnetic moments vary not only in terms of their directions but 
also in terms of their magnitude, depending on the local chemical environments of different Fe 
and Cr atoms. Here we focus on the averaged magnetic moments and exchange interactions. A 
detailed discussion of the local environment effects is given in Sec. 6.    

Calculated total magnetic moments (Fig. 3a) and local magnetic moments of Fe (Fig. 3 b) for 
binary Fe-Cr alloys are in good agreement with experimental data [54, 55, 56, 57]. Our calculations 
for local magnetic moment of Cr for alloys with cCr > 20 at.% and experimental results obtained 
from unpolarized neutron diffuse scattering measurements agree well with each other. However, 
there are some deviations between our theoretical results and experiment for alloys with low 
concentrations of Cr, e.g. for Fe98Cr02 alloy.  In our calculations μCr= -1.89 μB, while the 
experimental value obtained by Aldred et al. is -1.16 μB [56, 57]. For diluted alloys, another 
experiment was carried out using the technique of polarized neutron diffuse scattering [54]. It gave 
μCr = -3.44 μB for Fe98.96Cr1.04 and μCr = -1.88 μB for Fe98.54Cr1.46. After detailed analysis, the 
authors [54] concluded that in the case of dilute Fe-Cr alloys the polarized neutron diffuse 
scattering technique gives higher precision than the unpolarized neutrons method, which was used 
in Ref. [56, 57]. Our calculations support this conclusion.  

Fig. 3 (b,c,d) shows that in the studied alloys for Cr content cCr < 50 at.% the direction of the 
magnetic moments of Cr (Fig. 3c) and Mo (Fig. 3d) are anti-parallel to that of Fe, while the local 
magnetic moment of Ni (Fig. 3d) is parallel to that of Fe. The results for ternary Fe100-с-05CrсNi05 

and quinary Fe100-с-7CrсNi05Mn01Mo01 alloys demonstrate that the magnetic moments of Fe and 
Cr for alloys with Cr concentration exceeding 5 at.% are almost the same as in binary alloys, while 
in alloys with less Cr content, they are larger than in the binary alloys. Fe100-с-05CrсNi05 alloys, 
which have the highest magnitudes of magnetic moments of Fe and Cr atoms (for Cr atom this is 
shown in the inset of Fig 3c).  For all studied alloys, the magnetic moments of Fe, Cr and Ni 
decrease with Cr concentration. The local magnetic moment of Cr and Ni becomes zero at сCr ~ 
50 at.% and 80 at.% , respectively.  Mo, which is a non-magnetic metal in the ground state, turns 
out to have rather big calculated magnetic moment, ~ -0.75 𝜇𝜇𝐵𝐵,  in the studied Fe-rich alloys. With 
increasing Cr concentration, it decreases and it reduces to zero at сCr ~ 50 at.% (Fig.3d). Our results 
for the large magnetic moment of Mo are, in fact, in good agreement with theoretical calculations 
carried in Ref. [58], where the induced magnetic moment on Mo atoms in bcc Fe99Mo01 alloy is 
about −0.65 𝜇𝜇𝐵𝐵. These results are consistent with an analysis done in Ref. [59] of the neutron 
diffraction results of Low and Collins [54] on transition metal impurities in bcc Fe where large 
magnetic moment -0.6 ± 0.6 𝜇𝜇𝐵𝐵 has been found on Mo experimentally, though the experimental 
error was large as well. Mössbauer spectra measurements of Fe-Mo alloys with 2.1 - 6.0 at. % 
magnetic moment of Mo gave μMo= -0.4 ± 0.2 𝜇𝜇𝐵𝐵 [60]. Thus, our results are in line with what is 
known about the magnetic behavior of Mo in Fe-rich alloys. The magnetic moment of Mn shows 
a rather complex behavior: it is anti-parallel to the magnetic moment of Fe at the low Cr content 
(сCr ~1 at. %), however with increasing Cr content (сCr > 1at. %) it changes its orientation (Fig.3d). 
Note, that in binary bcc Fe-Mn alloys the complex behavior of Mn magnetic moment as a function 



of concentration and volume was observed both, theoretically [61, 62] and experimentally [63]. 
Indeed, in Ref.  [63] it was observed that in alloys with 2-3 at.%  Mn magnetic moment of Mn is 
about ~1.0 𝜇𝜇𝐵𝐵 ,  whereas for very diluted alloys with Mn concentration less than 1 at.% the 

magnetic moment of Mn was found to vary from -0.8 to -0.2 𝜇𝜇𝐵𝐵. We will return to the analysis of 
the behavior of the Mn magnetic moment in Sec. 6. 

Fig. 4 presents the exchange interaction parameters 𝐽𝐽1𝑋𝑋−𝑌𝑌  of X and Y alloy components at the first 
coordination shell (p=1) for the binary and multicomponent alloys. In Ref. [9], it was shown that 
in the dilute Fe-Cr alloys the nearest neighbor exchange interactions 𝐽𝐽1𝐹𝐹𝐹𝐹−𝐹𝐹𝐹𝐹   and 𝐽𝐽1𝐹𝐹𝑠𝑠−𝐹𝐹𝑠𝑠 
compensated each other to large degree, and 𝐽𝐽1𝐹𝐹𝐹𝐹−𝐹𝐹𝑠𝑠  interaction became dominant and gave the 
main contribution to the chemical effective cluster interaction. This made them responsible for the 
stabilization of the binary Fe-Cr alloys. In the binary Fe-Cr alloys 𝐽𝐽1𝐹𝐹𝐹𝐹−𝐹𝐹𝑠𝑠  and 𝐽𝐽1𝐹𝐹𝑠𝑠−𝐹𝐹𝑠𝑠  are both 
negative (Fig. 4a), therefore an appearance of Cr atoms as nearest-neighbors causes the magnetic 
frustration. This leads to a gradual vanishing of the Cr magnetic moment with increasing Cr 
concentration and leads to the change of the sign of the effective chemical pair potentials from 
ordering to clustering [4, 5, 7, 8]. 

 

As has been mentioned above (Fig 3c, insert), the magnetic moment of Cr in the multicomponent 
alloys is higher than in the binary alloys. However, the additions of Mo and Mn reduce Cr moment 
compared to Fe100-с-05CrсNi05 alloys. In their turn, exchange interactions at the first coordination 
shell 𝐽𝐽1𝐹𝐹𝐹𝐹−𝐹𝐹𝐹𝐹  , 𝐽𝐽1𝐹𝐹𝑠𝑠−𝐹𝐹𝑠𝑠  (Fig. 4a) and 𝐽𝐽1𝐹𝐹𝐹𝐹−𝐹𝐹𝑠𝑠  for multicomponent diluted alloys (with Cr 
concentration cCr < 3 at.%) are slightly higher than those in the binary system (Fig. 4b). Note that 
the maximum increase of 𝐽𝐽1𝐹𝐹𝐹𝐹−𝐹𝐹𝑠𝑠   is again observed for Fe100-с-05CrсNi05 alloys (see blow–up, inset 
of Fig. 4b).  Importantly, in multicomponent diluted alloys, with low concentration of Cr, 𝐽𝐽1𝐹𝐹𝐹𝐹−𝐹𝐹𝐹𝐹 
and 𝐽𝐽1𝐹𝐹𝑠𝑠−𝐹𝐹𝑠𝑠  compensate each other to larger degree. Therefore, similar to the binary Fe-Cr alloys, 
𝐽𝐽1𝐹𝐹𝐹𝐹−𝐹𝐹𝑠𝑠    should contribute to the stabilization of a solid solution. Indeed, the concentration 
dependence of the mixing enthalpy for Fe100-с-05CrсNi05 alloys has a well-defined minimum (Fig. 
2a). However, upon a further increase of Cr content in Fe100-с-05CrсNi05 ternary alloys, as well as in 
Fe100-с-7CrсNi05Mn01Mo01 alloys, the stability of the solid solution phase decreases (Fig. 2a). 
Therefore, with increasing Cr concentration in multicomponent alloys the stabilizing effect of 
𝐽𝐽1𝐹𝐹𝐹𝐹−𝐹𝐹𝑠𝑠  is compensated by other competing exchange interactions. Remember, that the 
destabilizing effect can be caused by the frustration of the alloy magnetic state. Analyzing the 
results presented in Fig. 4, one can see that the values of 𝐽𝐽1𝐹𝐹𝑠𝑠−𝐹𝐹𝑠𝑠  and 𝐽𝐽1𝑀𝑀𝑀𝑀−𝑀𝑀𝑀𝑀  are negative. This 
means that antiferromagnetic orientations of magnetic moments are preferred for the nearest 
neighbors of Cr-Cr and Mn-Mn pairs. Simultaneously, this generates a competing exchange 
interaction (Fe-Cr or Fe-Mn) with Fe atoms located at the first coordination shell of Cr or Mn.  
The orientations of magnetic moments of Fe-Cr, Fe-Ni, Fe-Mo pairs satisfy the sign of the 
corresponding exchange interactions (Fig. 3 and 4). However, 𝐽𝐽1𝐹𝐹𝐹𝐹−𝑀𝑀𝑀𝑀 changes its sign near 4 at.% 
Cr, which induces the spin-flips on  Mn atoms.  On the other hand, 𝐽𝐽1𝐹𝐹𝑠𝑠−𝑀𝑀𝑀𝑀 < 0 and 𝐽𝐽1𝑁𝑁𝑁𝑁−𝑀𝑀𝑀𝑀  > 0. 
Thus, there is no way to satisfy simultaneously the directions of magnetic moment of Cr( )-Mn(

) and Ni( )-Mn( ) pairs. This explains the spin-flips on Mn atoms. The values of 𝐽𝐽1𝐹𝐹𝑠𝑠−𝑁𝑁𝑁𝑁 ( > 
0) in the multicomponent alloys are positive and increase up to  8 at.% Cr (Fig. 4c), but magnetic 
moments of Ni( ) and Cr( ) are antiparallel to each other (Fig. 3c).  Moreover, the parallel 

↓

↓ ↑ ↓

↑ ↓



alignment of Cr( ) and Mo( ) local moments does not correspond to the sigh of their exchange 
interaction 𝐽𝐽1𝐹𝐹𝑠𝑠−𝑀𝑀𝑀𝑀 (< 0). 

 

Thus, the analysis of the directions of magnetic moments and the signs of exchange interactions 
allow us to conclude that the exchange interactions in the studied alloys should lead to the magnetic 
frustration when the probability of finding Cr, Ni and Mn as the nearest neighbors increases with 
concentration. Moreover, increasing the number of the alloy components increases the number of 
frustrating interactions. Therefore, the stability of the solid solutions reduces. At the same time the 
maximal increase of magnetic moment of Cr and 𝐽𝐽1𝐹𝐹𝐹𝐹−𝐹𝐹𝑠𝑠  exchange interaction (Fig 4c, inset) for 
dilute alloys might be responsible to the narrow and deep minimum in the mixing enthalpy of 
Fe100-с-05CrсNi05 alloys. 

 

5. Electronic structure 

A detailed analysis of the electronic structure for binary Fe-Cr alloys have been carried out in Refs. 

[1,7]. In our work we will briefly remind the main characteristics of density of states (DOS) for 

the dilute Fe-Cr alloys and consider the changes of the DOS upon the multicomponent alloying 

and their influence on the stability of the alloys. Of course, in magnetic systems using the DOS for 

a phase stability analisis must be done with care [64]. Still it helps to understand the picture 

qualitatively. 

 

DOS projected on Fe and Cr sites in Fe0.99Cr0.01 alloy (Fig. 5a) shows a canonical double-well 

shape characteristic for bcc metals. For Fe the majority spin channel (Fe ) is almost completely 

saturated. However, in the minority spin channel is close to half-filling, corresponding to the 

optimal bonding. For Cr both spin channels are nearly half-filled. The Fermi energy EF is pinned 

in the pseudogap of the minority spin channel.  

Alloying Fe-Cr with Ni (Fig. 5b) almost does not alter the shape of the Fe and Cr DOS for dilute 

alloys. At the same time, for Fe0.94Cr0.01Ni0.05 alloy, Fe channel and Cr channels are shifted 

to the low energies due to the increasing d-band filling, which means an additional filling of the 

dominant spin component of the d band. This effect causes an increase of the average magnetic 

moment by about 10% for the ternary alloys as compared to the binary alloys. Note that the spin 

up channel at Ni atom is almost completely filled. Therefore, it almost does not influence the 

interatomic bonding. In the spin down channel of Ni the Fermi energy lies on the rising branch of 

local maximum in the eg states (Fig 5b, for Fe0.94Cr0.01Ni0.05 alloy). Upon further increase of the 

Cr content, for instance in Fe0.90Cr0.05Ni0.05 alloys (Fig. 5b), the peaks of DOS projected at Cr and 

Ni shift toward the low energies. This causes a decrease of the local magnetic moments at Fe, Cr 

↓ ↓

↑

↑ ↓



and Ni atoms. A shift of Ni peak in the eg ↓ states increases the density of states at the Fermi level, 

which is energetically unfavorable and indicates that the solid solution becomes less resistant to 

decomposition. 

 
In the quinary dilute alloys the DOS at Fe, Cr and Ni are similar to those in Fe-rich ternary alloys. 

Therefore, for Fe88Cr05Ni05Mn01Mo01 alloy we show the site-projected DOS for Mn and Mo 

atoms only (Fig. 5c). The Fermi level lies in the pseudogap region of Mn spin down channel, while 

in Mn spin up channel EF sits at a narrow and sharp peak of the t2g states.  

According to previous studies [65], the direction of the impurity magnetic moment is defined 

mainly by the hybridization of 3d- (or 4d-states) of the impurity with the Fe spin channels. Fig. 5 

illustrates that Ni in the Fe matrix has a completely filled spin up channel and the hybridization 

with spin up channel of Fe becomes dominant. Therefore, magnetic moment of Ni is parallel to 

the magnetic moment of Fe. On the contrary, for Cr and Mo the spin down channels are mostly 

filled and their magnetic moments are antiferromagnetically coupled to those of Fe. Note that the 

peak of the Mn DOS at the Fermi level (Fig. 5c) leads to a magnetic moment instability depending 

on the alloy concentration or volume [66]. 

Another interesting feature of the studied systems is the difference in the ways of filling of spin-

up d-electrons channel of the alloys components.  Cr, Mo and Mn (at Cr concentrations before the 

spin-flip) have unfilled spin up states, while Fe and Ni have almost or complete filled spin up 

channels. This can be the reason for fluctuations of the amplitudes of the magnetic moments due 

to local environment effect [67], especially for Cr and Mn atoms as will be demonstrated in the 

next section. 

In summary, the main characteristic of the DOS relevant for the understanding of the stability of 
the multicomponent alloys considered in this work relative to the binary Fe-Cr system is the 
position of the Fermi energy within Ni and Mn states, which turns out to be in a vicinity of the 
local maximum (Fig. 5b and 5c).  This increases the one-electron energy with increasing Cr content 
and contributes to the destabilization of the solid solutions. 

 

 

 

6. Local environment effect 

In Refs. [4, 8] it was found that in Fe-Cr binary alloys magnetic frustrations lead to a strong 
dependence of the magnetic state of the chromium on its local environment. The effect consists of 
the strong decrease of Cr magnetic moment with the increasing number of the like neighbors in 



the first coordination sphere of the Cr atom. This motivates us to go beyond the mean-filed 
approximation underlying the treatment of the electronic structure of random alloys within EMTO-
CPA method and discuss the local environment effects in the studied systems. Using ELSGF [31] 
method, we have analyzed the influence of local chemical environment on the magnetic properties 
and the electronic structure of the multicomponent Fe-Cr-based alloys.  

Let us consider local chemical environment effects on the magnetic moment of Cr atoms. The 
magnitude of the moments varies from ~0.1𝜇𝜇𝐵𝐵  to ~ 2.1 𝜇𝜇𝐵𝐵 as shown in Fig. 6a. One can see that 
the magnetic moment of Cr depends strongly on the local environment in multicomponent alloys 
similar to the case of the binary alloys. An appearance of Ni atoms at the first coordination shell 
of Cr leads to a substantial increase of the magnetic moment of the latter. In some cases, the Cr 
moments become several times larger as compared to the case where Cr atom is surrounded only 
by Fe atoms. For instance, in the binary Fe93.75Cr6.25 alloy, the magnetic moments at Cr site 
surrounded by 5 Fe and 3 Cr atoms is below 0.3 𝜇𝜇𝐵𝐵, while in Fe87.5Cr6.25Ni6.25 alloy Cr atom having 
5 Fe and 3 Ni nearest neighbors has the magnetic moment of ~ 2.1 𝜇𝜇𝐵𝐵. Analyzing Fig. 6b, one can 
clearly see the difference in local DOS between Cr atoms surrounded by Fe atoms with 3 Cr atoms, 
Fe atoms with 3 Ni atoms, and completely surrounded by Fe atoms. In the former case (5Fe+3Cr), 
the spin up channel of the antibonding peak is split and broadened. Moreover, the DOS at the 
Fermi level for the majority spin electrons increases. In the latter case (5Fe+3Ni), the depth of the 
pseudogap decreases due to additional filling of the spin down channel (Sec. 5) with a 
corresponding increase of the DOS at the Fermi level for the minority spin electrons. The strong 
dependence of the electronic structure of Cr on its local chemical environment agrees with the 
strong variations of Cr local moments. 

Considering the five-component alloys, we see that the magnetic moment of Mn even in the dilute 
Fe88Cr05Ni05Mn01Mo01 alloy drastically depends on its local chemical environment. In this alloy, 
the directions of average magnetic moments of Mn and Fe are the same, though in the binary Fe-
Mn alloys with 1 at.% Mn the orientations of magnetic moments of Fe and Mn are antiparallel to 
each other [60]. However, if in the Fe88Cr05Ni05Mn01Mo01 alloy a Mn atom is surrounded only 
by Fe atoms (8Fe) or by Fe and Mn (7Fe+1Mn), the magnetic moment of Mn is antiparallel to the 
Fe moment. This is in agreement with the sign of exchange interaction in very dilute alloys ( 
𝐽𝐽1𝐹𝐹𝐹𝐹−𝑀𝑀𝑀𝑀< 0, Fig. 4d). The magnitude of the Mn magnetic moments changes from -1.8 𝜇𝜇𝐵𝐵 to -1.9 
𝜇𝜇𝐵𝐵.  The presence of Ni or Ni and Cr pairs at the first coordination shell of Mn leads to the change 
of the direction of its local magnetic moment. Indeed, 𝐽𝐽1𝑁𝑁𝑁𝑁−𝑀𝑀𝑀𝑀 >0,  𝐽𝐽1𝐹𝐹𝑠𝑠−𝑀𝑀𝑀𝑀 < 0 and 
�𝐽𝐽1𝑁𝑁𝑁𝑁−𝑀𝑀𝑀𝑀�, |𝐽𝐽1𝐹𝐹𝑠𝑠−𝑀𝑀𝑀𝑀|>|𝐽𝐽1𝐹𝐹𝐹𝐹−𝑀𝑀𝑀𝑀| (Fig. 4d), and the more Ni atoms is present in the Mn atom local 
environment, the larger is the magnetic moment of Mn.  In particular, the Mn magnetic moment 
changes from +1.4 𝜇𝜇𝐵𝐵  in (7Fe+1Cr) chemical environment to +2.5 𝜇𝜇𝐵𝐵  for the 5Fe+1Cr+2Ni 
composition of the first coordination shell. 

According to our ELSGF calculations, the magnetic moments of Fe, Ni, and Mo in 
Fe88Cr05Ni05Mn01Mo01 alloy vary from 2.10 to 2.7 𝜇𝜇𝐵𝐵, from 0.6 to 0.85 𝜇𝜇𝐵𝐵,  and from -0.44 to -
0.76 𝜇𝜇𝐵𝐵 , respectively, depending on the local environment. Fe atom has the largest magnetic 
moments (2.5-2.7 𝜇𝜇𝐵𝐵) if Ni atoms are present in the first coordination shell. On the contrary, the 
Fe magnetic moments are smallest if Mo atoms appear at their first coordination shell. Ni local 
moments have maximum values in the pure Fe environment, and minimum values in cases of the 



presence of Mo and Ni atoms in their first coordination sphere. Mo atoms have minimum values 
of the induced magnetic moments in the presence of other Mo atoms in their surroundings.  

Despite the strong local environment effects observed in this study, in dilute alloys with low 
concentrations of impurities the average magnetic moments of Fe, Cr, Ni and Mo calculated with 
two methods, EMTO-CPA and ELSGF, are almost equal (Table 1). A significant difference was 
observed only for Mn atoms, most probably related to the fact that Mn moments on the average 
have different orientations, depending on Cr concentration.  

Table 1. Average magnetic moments of Fe, Cr, Ni, Mn, Mo in Fe88Cr05Ni05Mn01Mo01 alloy 
calculated using EMTO and ELSGF methods.  

Method 
 

Total magnetic 
moment, 𝜇𝜇𝐵𝐵  

Local magnetic moment, 𝜇𝜇𝐵𝐵  

Fe Cr Ni Mn Mo 

EMTO 2.08 2.4 -1.75 0.75 2.0 -0.65 

ELSGF 2.07 2.4 -1.73 0.76 0.95 -0.60 
 

In summary, the increase of Cr average magnetic moment in Fe100-с-05CrсNi05 and Fe100-с-

7CrсNi05Mn01Mo01 alloys compared to the binary Fe-Cr alloys is caused by the Cr atoms 
surrounded by Ni atoms in the first coordination sphere. In addition, we conclude that local 
environment effects may become more important in alloys with higher Mn concentration.  

 

7. The effective pair interactions in binary and multicomponent alloys 

7.1. The chemical part of the effective interactions 
 

Let us consider the behavior of effective pair interactions (EPI) V2p of configurational 
Hamiltonian: 

𝐻𝐻𝑠𝑠𝑀𝑀𝑀𝑀𝑐𝑐 = 1
2
∑ 𝑉𝑉2𝑝𝑝𝑝𝑝 ∑ 𝑐𝑐𝑁𝑁𝑐𝑐𝑗𝑗𝑁𝑁,𝑗𝑗∈𝑝𝑝                                                     (1) 

where   𝑉𝑉2𝑝𝑝   are the effective pair interactions for coordination shell p, 𝑐𝑐𝑁𝑁   are the occupation 
numbers taking values 1 or 0 depending on the presence or not of Fe atom at site 𝑖𝑖. Hamiltonian 
(1) is used for simulations of the configurational thermodynamics in alloys [68]. Most importantly 
in the context of our discussion is that V2p have transparent physical meaning: in binary alloys 
𝑉𝑉2𝑝𝑝(𝑋𝑋 − 𝑌𝑌)  > 0 (< 0) corresponds to attraction (repulsion) between X and Y atoms. This allows 
us to carry out a physically transparent discussion of the ordering trends in multicomponent Fe-
Cr-based alloys in Sec. 7.3.  

Following Ref. [69], we separate 𝑉𝑉2𝑝𝑝 in chemical 𝑉𝑉2𝑝𝑝𝑠𝑠ℎ(ECPI) and strain-induced 𝑉𝑉2𝑝𝑝𝑠𝑠𝑁𝑁  (ESPI) parts: 

 𝑉𝑉2𝑝𝑝 = 𝑉𝑉2𝑝𝑝𝑠𝑠ℎ + 𝑉𝑉2𝑝𝑝𝑠𝑠𝑁𝑁                                 (2) 



First, we analyze alloying effect on chemical interactions (ECPI), which determine configurational 
energy of the distribution of the atoms on the sites of an ideal (undistorted) crystal lattice.  We 
calculated ECPI using the screened generalized perturbation method (SGPM) [39, 40], which takes 
into account the electrostatic contribution to the pair effective interactions due to charge transfer 
effects between the alloy components: 

𝑉𝑉2𝑝𝑝𝑠𝑠ℎ(𝑋𝑋 − 𝑌𝑌) = 𝑉𝑉𝑠𝑠ℎ(𝑅𝑅) = 𝑉𝑉𝑀𝑀𝑀𝑀𝐹𝐹−𝐹𝐹𝑒𝑒(𝑅𝑅) + 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑋𝑋−𝑌𝑌(𝑅𝑅)                           (3) 

where  

𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑋𝑋−𝑌𝑌(𝑅𝑅) = 𝑒𝑒2𝛼𝛼𝑠𝑠𝑠𝑠𝑠𝑠𝑋𝑋−𝑌𝑌(𝑅𝑅)
𝑞𝑞𝑒𝑒𝑒𝑒𝑒𝑒
2

𝑆𝑆
                               (4) 

is the screened electrostatic interaction. In eq. (4) 𝛼𝛼𝑠𝑠𝑠𝑠𝑠𝑠𝑋𝑋−𝑌𝑌  is the so-called intersite screening 
constants   and   𝑞𝑞𝐹𝐹𝑐𝑐𝑐𝑐 =  𝑞𝑞𝑋𝑋 −  𝑞𝑞𝑌𝑌  is the effective charge transfer between the alloy components 
[68]. In Ref. [8] the authors have demonstrated that in the binary Fe-Cr system effective charge 
transfer 𝑞𝑞𝐹𝐹𝑐𝑐𝑐𝑐 between Fe and Cr is about 0.2 electrons and gives sufficient contribution to mixing 
energy of the alloys. In the considered multicomponent alloys, there are large variations of the 
atomic sizes of the alloys components. Consequently, 𝑞𝑞𝐹𝐹𝑐𝑐𝑐𝑐 varies as well. It is   ~ 0.1-0.3 electrons 
for Fe-Mn, Fe-Cr, Fe-Ni, Cr-Mn, and Ni-Mn pairs; ~ 0.5-0.6 for Cr-Ni and Cr-Mo pairs, and ~ 
0.7-1.0 electrons for Ni-Mo, Fe-Mo, Mn-Mo pairs. Therefore, the charge transfer effects in 
multicomponent Fe-Cr-based alloys are not negligible. 

Calculated 𝑉𝑉21𝑠𝑠ℎ(𝑋𝑋 − 𝑌𝑌)  in the first coordination sphere for binary, ternary and quinary alloys (with 
Cr concentration < 40 at. %) are presented in Fig. 7. For the binary Fe-Cr alloys ECPI was studied 
in several recent works [5, 7, 8]. Results of these studies are in good agreement with each other 
and demonstrate strong concentration dependence of ECPI in dilute alloys. The ECPI have positive 
signs for Cr concentrations cCr < 15-18at. % and they become negative with further increasing of 
Cr content. This corresponds to a well-known change of the tendency from the ordering towards 
the decomposition in Fe-Cr alloys.  

In the dilute ternary Fe95-cCrcNi05 alloys up to Cr content сCr < 17 at. %, Fe-Cr pair interaction at 
the first coordination shell, 𝑉𝑉21𝑠𝑠ℎ(𝐹𝐹𝑒𝑒 − 𝐶𝐶𝐶𝐶) > 0 . However, 𝑉𝑉21𝑠𝑠ℎ(𝐹𝐹𝑒𝑒 − 𝐶𝐶𝐶𝐶)  is smaller or equal to 
that in the binary alloy, except the narrow region with сCr < 3 at.% (Fig.7).  In this region, the pair 
interaction 𝑉𝑉21𝑠𝑠ℎ(𝐹𝐹𝑒𝑒 − 𝐶𝐶𝐶𝐶)  in the ternary system is higher than that for the binary system. This is 
caused by an increase of Cr magnetic moment and magnetic exchange interaction 𝐽𝐽1𝐹𝐹𝐹𝐹−𝐹𝐹𝑠𝑠 , as we 
discussed in Sec. 4. Moreover,  𝑉𝑉21𝑠𝑠ℎ(𝐹𝐹𝑒𝑒 − 𝐶𝐶𝐶𝐶) in the ternary alloys remains strongly concentration 
dependent at low Cr contents, similar to its behavior in the binary alloys [8, 9]. Chemical pair 
interactions between Fe and Ni atoms 𝑉𝑉21𝑠𝑠ℎ(𝐹𝐹𝑒𝑒 − 𝑁𝑁𝑖𝑖)   and between Cr and Ni atoms    𝑉𝑉21𝑠𝑠ℎ(𝐶𝐶𝐶𝐶 −
𝑁𝑁𝑖𝑖)  is substantially weaker than between Fe and Cr and exhibits strong dependence on Cr 
concentration as well: it is positive for low concentration of Cr (up to 6 at. % Cr) and negative for 
higher Cr content. This indicates a reduction of the stability of solid solutions upon a substitution 
of Fe-Cr pairs by Fe-Ni and Cr-Ni pairs at cCr  above  3 at.% , in agreement with the behavior of 
the mixing enthalpy of Fe100-x-05CrxNi05  alloys (Fig.2a). 

In the quinary Fe93-cCrcNi05Mn01Mo01 dilute alloys the dominant Fe-Cr, Fe-Ni, Cr-Ni interactions 
become weaker than in ternary alloys, although they have the same characteristic features. 
𝑉𝑉21𝑠𝑠ℎ(Mn-X) and 𝑉𝑉21𝑠𝑠ℎ(Mo-X) strongly depends on concentration of Cr for cCr < 10 at.%, except for 



the Cr-Mo interaction. 𝑉𝑉21𝑠𝑠ℎ  for Fe-Mo, Ni-Mo, Cr-Mo, Mn-Mo pairs are positive at all Cr 
concentrations, while Fe-Mn, Cr-Mn и Ni-Mn nearest-neighbor interactions change sign, which is 
related to the change of the orientation of Mn magnetic moment (Sec.4).  Simultaneously, we see 
that because of the low concentrations of Ni, Mn, and Mo the main effect of the multicomponent 
alloying on the alloy thermodynamics comes to large degree indirectly, through the modifications 
of the most important Fe-Cr interactions.  

Let us return to the screening effects and the contribution of 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑋𝑋−𝑌𝑌(𝑅𝑅) to the chemical interactions 
𝑉𝑉2𝑝𝑝𝑠𝑠ℎ(𝑋𝑋 − 𝑌𝑌), Eq. (3). In all studied alloys 𝑉𝑉𝑀𝑀𝑀𝑀𝐹𝐹−𝐹𝐹𝑒𝑒 (𝑅𝑅)  in Eq. (3) dominates chemical Fe-Cr, Fe-Ni, 
Fe-Mn, and Cr-Mn pair interaction at the first coordination shell. On the contrary, the nearest-
neighbor interactions for Fe-Mo, Cr-Mo, Ni-Mo, and Mn-Mo pairs are mainly determined by the 
contribution from the screened Coulomb interaction 𝑉𝑉𝑠𝑠𝑠𝑠𝑠𝑠𝑋𝑋−𝑌𝑌(𝑅𝑅)  due to the large charge transfer 
effects induced by Mo. The latter leads to an additional attraction between atoms compensating 
negative contribution from one-electron term. For instance, Fig. 7 shows the one-electron 
contribution to the Ni-Mo interaction in quinary alloys, having the largest difference between 
𝑉𝑉21𝑠𝑠ℎ(𝑋𝑋 − 𝑌𝑌)  and 𝑉𝑉𝑀𝑀𝑀𝑀𝐹𝐹−𝐹𝐹𝑒𝑒(𝑅𝑅) . One can see that the contribution from the screened Coulomb 
interactions in this case is so large that it leads to a change of sign of the chemical interaction. 

7.2. The strain-induced interactions 

We define the strain-induced interactions for pairs of atoms in the dilute limit in the supercell 
calculations as the difference between effective interactions obtained for the fully relaxed and ideal 
lattice structures. These interactions should be substantial in alloys between elements with large 
size mismatch. 

In the case of Fe-X pair interactions, one can use the following equation [68]: 

𝑉𝑉2𝑝𝑝(𝐹𝐹𝑒𝑒 − 𝑋𝑋) = 𝐸𝐸(𝑋𝑋,𝑋𝑋) + 𝐸𝐸(𝐹𝐹𝑒𝑒) − 2𝐸𝐸(𝑋𝑋)                                 (5) 

Where E(Fe), E(X), E(X,X)  are the total energies of supercells without impurities, with one X 
impurity and with two X impurities in Fe at the pth-coordination shell. Note that the number of 
atoms in all supercells should be the same. 

In the case of X-Y interaction in the Fe matrix, 𝑉𝑉2𝑝𝑝(𝑋𝑋 − 𝑌𝑌) , this expression is modified as: 

𝑉𝑉2𝑝𝑝(𝑋𝑋 − 𝑌𝑌) = 𝐸𝐸(𝑋𝑋,𝑋𝑋) + 𝐸𝐸(𝑌𝑌,𝑌𝑌) − 2𝐸𝐸(𝑋𝑋,𝑌𝑌)   (6), 

Where E(X,X), E(X,Y)  denote the total energies of supercells in which all pairs of impurities are 
located on the same coordination spheres in the Fe matrix.  

It is important to note that if the calculations are carried out for undistorted supercell with all the 
atoms sitting at their ideal positions, the results correspond to the chemical interactions defined in 
Eq. (2) above. However, carrying out calculations of the energies for supercells with the local 
lattice relaxations one obtains the total EPI, which includes the chemical, as well the strain-induced 
contributions.  Thus, the strain-induced interactions can be evaluated as the difference between the 
values obtained before and after relaxation [69]: 

𝑉𝑉2𝑝𝑝𝑠𝑠𝑁𝑁(𝐹𝐹𝑒𝑒 − 𝑋𝑋) = ∆𝐸𝐸(𝑋𝑋,𝑌𝑌) − 2∆𝐸𝐸(𝑌𝑌)                                   (7) 



𝑉𝑉2𝑝𝑝𝑠𝑠𝑁𝑁(𝑋𝑋 − 𝑌𝑌) = ∆𝐸𝐸(𝑋𝑋,𝑋𝑋) + ∆𝐸𝐸(𝑌𝑌,𝑌𝑌) − 2∆𝐸𝐸(𝑋𝑋,𝑌𝑌)           (8) 
Where ΔE(X), ΔE(X,X), ΔE(Y,Y), ΔE(X,Y)  represent the difference of total energies of relaxed 
and ideal supercells with one and two impurities in the Fe matrix.   

The method described above is reliable if multisite interactions are not significant [67]. Our 
analysis indicates that the multisite interactions in the studied alloys have nonzero contribution to 
configuration energy, but at low Cr concentrations their influence is quite small (see Appendix, 
Fig.8). Therefore, we investigated the strain-induced interactions mainly for the qualitative 
analysis, and carried out calculations in the dilute limit for the 128 atom supercells with 
concentrations of Cr and impurities equal to 0–2 at. % (1 or 2 impurity atoms per supercell). The 
results of the calculations are presented in Table 2. 

  Table 2. Chemical 𝑉𝑉21𝑠𝑠ℎ(𝑋𝑋 − 𝑌𝑌)   and strain-induced 𝑉𝑉21𝑠𝑠𝑁𝑁  interactions for X-Y pairs of atoms 
located in the first (second) coordination shell in the Fe matrix. Calculations were carried out using 
PAW-VASP method.  

X-Y/ 
V2i(X-Y) 
(mRy) 

Fe-Cr Fe-Ni Fe-Mn Fe-Mo Cr-Ni Cr-Mn Cr-Mo Ni-Mn Ni-Mo Mn-Mo 

𝑉𝑉21𝑠𝑠ℎ 
(𝑉𝑉22𝑠𝑠ℎ) 22.0 3.6 4.8 38.01 

(3.1) 2.6 11.0 11.3 3.65 15.0 23.4 

𝑉𝑉21𝑠𝑠𝑁𝑁 
(𝑉𝑉22𝑠𝑠𝑁𝑁) 

 
-2.1 -0.7 -1.1 -14.3 

(-3.8) 0.5 -2.5 -8.2 -0.04 -9.0 -12.8 

𝑉𝑉21𝑡𝑡𝑀𝑀𝑡𝑡𝑚𝑚𝑒𝑒  
(𝑉𝑉22𝑡𝑡𝑀𝑀𝑡𝑡𝑚𝑚𝑒𝑒) 

19.9 2.9 3.7 23.7 
(9.3) 2.1 8.5 3.1 3.61 6.0 10.6 

 

Because of the use of different computational methods for calculations of the interactions shown 
in Table 2 and in Fig. 7, PAW-VASP and SGPM-EMTO-CPA, respectively, we first compare the 
chemical interactions in dilute alloys. On sees good agreement for 
𝑉𝑉21𝑠𝑠ℎ(𝑋𝑋 − 𝑌𝑌)  obtained with the both methods for Fe-Cr, Fe-Ni Cr-Ni chemical interactions in the 
binary and ternary Fe100-с-05CrсNi05 alloys. In quinary alloys, a larger discrepancy of the interactions 
is observed for Ni-Mo and Mn-Mo pairs. This is expected, because the multisite contributions to 
chemical interactions are highest for these elements at low Cr concentrations (see Appendix, 
Fig.8). Besides, our results are in good agreement with recent calculations reported in Ref.  [70], 
where the chemical interactions of Cr, Ni and Mn in α-Fe were obtained using the LSGF method. 
The EPI including both, chemical and strain-induced contributions for Mo in Fe-(9-12)Cr has been 
obtained in Ref.  [71] using PAW-VASP method.  It is equal to 19 mRy, which is close to our 
value of  𝑉𝑉21𝑡𝑡𝑀𝑀𝑡𝑡𝑚𝑚𝑒𝑒(Fe-Mo) = 23.7 mRy (Table 2). Effective cluster interactions for bcc binary Fe-Cr, 
Fe-Ni and ternary Fe-Ni-Cr systems have been studied in Ref. [20]. In that work all Fe-Cr, Fe-Ni, 
Cr-Ni interactions at the first coordination shell have a negative sign, which corresponds to the 
repulsion between the different sorts of atoms. However, the authors of Ref. [20] have considered 
concentration and volume independent effective cluster interactions. Therefore, one should not 
compare directly their and our results, especially taking into consideration a very strong 
concentration dependence of the effective interactions in bcc Fe due high sensitivity of the 
magnetic state to alloy composition. 



 
Analyzing the results from Table 2, one can see that the strain-induced contributions are not that 
large for the most important pair interactions in the studied alloys, that is for Fe-Cr, Fe-Ni, Cr-Ni 
EPIs in the first coordination sphere.  For Fe-Cr alloys our conclusion agrees with earlier studies. 
For instance, according to Ref. [72] the strain-induced effect in dilute Fe-Cr alloys in the first 
coordination sphere is of the order of -1 to -1.5 mRy. On the other hand, strain-induced interactions 
calculated for Fe-Mo, Ni-Mo, Cr-Mo pairs are quite large due to significant size difference of these 
components. However, those interactions play smaller role in thermodynamics of the considered 
alloys due to the low concentration of Mo. As has been discussed above, the multicomponent 
additions affect the alloys thermodynamics indirectly, through their effect on the Fe-Cr EPIs.  
 
In summary, from the results shown in Fig.7 and Table 2 we conclude that in dilute alloys all 
chemical pair interactions (except Fe-Mn and Ni-Mn) demonstrate tendency towards ordering at 
the first coordination shell. The strain-induced interactions, on the contrary, favor a decomposition 
of a solid solution. 
 
7.3  Disscusion 
 
Let us discuss the effect of multicomponent alloying with Ni, Mn, and Mo on the stability of Fe-
Cr-based alloys studied in this work from the point of view of the alloys electronic and magnetic 
structure. In agreement with earlier studies [4, 5, 7, 8], we see that anomalous stability of Fe-rich 
Fe-Cr alloys is governed by the magnetic state of Cr, which determines the leading exchange 
interaction 𝐽𝐽1𝐹𝐹𝐹𝐹−𝐹𝐹𝑠𝑠  . The latter, in its own tern, dominates the chemical interaction 𝑉𝑉21𝑠𝑠ℎ(𝐹𝐹𝑒𝑒 − 𝐶𝐶𝐶𝐶) . 
Upon the increase of Cr concentration, the appearance of frustrated magnetic interactions leads to 
a gradual decrease of Cr magnetic moment flowed by the change in the type of the effective 
chemical interactions. 
 
Upon Ni addition, in alloys with low Cr content, the Cr magnetic moment increases, increasing 
𝐽𝐽1𝐹𝐹𝐹𝐹−𝐹𝐹𝑠𝑠  and 𝑉𝑉21𝑠𝑠ℎ(𝐹𝐹𝑒𝑒 − 𝐶𝐶𝐶𝐶)   . This preserves the stability of the solid solutions in the system. 
However, the shift of the minority state peak in electronic structure at nickel impurities toward the 
Fermi level with increasing Cr content, has a destabilizing effect. In addition, the antiferromagnetic 
ordering of magnetic moments of Cr and Ni has the destabilizing effect. It is caused by the 
hybridization of the impurity states with the d-band of the host (Sec. 5) and it does not satisfy the 
positive sign of exchange interaction 𝐽𝐽1𝐹𝐹𝑠𝑠−𝑁𝑁𝑁𝑁 . The behavior of the exchange and chemical nearest-
neighbor interactions correspond to this tendency. Indeed, the exchange 𝐽𝐽1𝐹𝐹𝐹𝐹−𝐹𝐹𝑠𝑠 and chemical 
𝑉𝑉21𝑠𝑠ℎ(𝐹𝐹𝑒𝑒 − 𝐶𝐶𝐶𝐶)  interactions decrease rapidly with increasing Cr concentration. Interactions 
𝑉𝑉21𝑠𝑠ℎ(𝐹𝐹𝑒𝑒 − 𝑁𝑁𝑖𝑖)  and 𝑉𝑉21𝑠𝑠ℎ(𝐶𝐶𝐶𝐶 − 𝑁𝑁𝑖𝑖)  in Fe95-cCrcNi05 alloys follow similar trend, though they are 
substantially weaker than 𝑉𝑉21𝑠𝑠ℎ(𝐹𝐹𝑒𝑒 − 𝐶𝐶𝐶𝐶) . 
 
An addition of Mo and Mn form new frustrated exchange interactions 𝐽𝐽1𝑀𝑀𝑀𝑀−𝑀𝑀𝑀𝑀, 𝐽𝐽1𝐹𝐹𝑠𝑠−𝑀𝑀𝑀𝑀, 𝐽𝐽1𝐹𝐹𝑠𝑠−𝑀𝑀𝑀𝑀     
for сCr  <  1-2  at.%, which in the presence of sign-alternating 𝐽𝐽1𝐹𝐹𝐹𝐹−𝑀𝑀𝑀𝑀 contribute to the change of 
the direction of the average magnetic moment of Mn. In this case, the Fermi level is found at the 
peak of t2g states of the spin up channel. The nearest neighbor Fe-Cr, Fe-Ni, Cr-Ni chemical 
interactions decrease even stronger than in the ternary alloys. Cr-Mo strain-induced interactions 
in the quinary alloys have large negative values and further destabilize the solid solution phase. In 



fact, all the factors described above increase the tendency towards the decomposition of the solid 
solution. The direct calculations of the mixing enthalpy confirm this analysis.  
 
8. Conclusion 
 
Using first-principles electronic structure calculations with EMTO-CPA, ELSGF and PAW-VASP 
methods, we have studied the effect of multicomponent alloying on the stability of ferromagnetic 
bcc Fe-Cr solid solution. Our calculations demonstrate that additions of Ni, Mn and Mo decrease 
the solubility of Cr in α-Fe. While for the ternary Fe95-cCrcNi05 alloys the mixing energy is still 
negative up to 6 at.% Cr, indicating the stability of the solid solution phase, in the quinary Fe93-

cCrcNi05Mn01Mo01 alloys mixing enthalpy is positive in the whole Cr concentration range. The 
analysis of the second concentration derivative of the mixing enthalpy allows us to conclude that 
alloying Fe-Cr steels with Ni, Mn and Mo broadens the region of spinodal decomposition.  
 
To give a physically transparent picture of the effect of the multicomponent alloying on the 
stability trends of Fe-Cr system, we have analyzed the magnetic properties of the studied alloys. 
The magnetic moments of Cr and the Fe-Cr magnetic exchange interactions have been known to 
be responsible for the anomalous stability of the binary Fe-Cr alloys with low Cr concentrations. 
We have shown that in diluted Fe95-cCrcNi05 alloys they have increased preserving the anomalous 
stability of the solid solutions with low Cr concentrations.  However, the chemical pair interactions 
in all studied alloys have strong concentration dependence. While at low Cr concentrations most 
of them correspond to ordering, the tendency is reversed with increasing Cr content. Moreover, 
the strain-induced contribution promotes the phase separation of the solid solutions even in the 
dilute alloys.  The strong decrease of chemical Fe-Cr, Fe-Ni, Cr-Ni interactions with increasing Cr 
concentration and the formation of frustrated magnetic exchange interactions destabilize the 
multicomponent alloys in comparison to the binary bcc Fe-Cr alloys. 
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APPENDIX 
 
Fig. 8 shows the strongest pair interactions at the second 𝑉𝑉22𝑠𝑠ℎ(𝑋𝑋 − 𝑌𝑌)  and the third 𝑉𝑉23𝑠𝑠ℎ(𝑋𝑋 − 𝑌𝑌)  
coordinarion shells, as well as 3-site interactions in quinary Fe100-с-07CrсNi05Mn01Mo01 alloys.   
The strongest pair interactions at the second coordination sphere have the same sign, but they are 
approximately 2 times weaker than the corresponding interaction at the first coordination sphere 
Almost all 𝑉𝑉23𝑠𝑠ℎ(𝑋𝑋 − 𝑌𝑌)  at the third coordination sphere are negative. Three-site interactions V3 in 
the alloys are nonzero (Fig. 8). This can be a consequence of a large difference of the d-band filling 
of the elements, composing the alloys [67]. At the same time, the multisite interactions are also 
weaker than the pair interactions at the first coordination sphere. The strongest four-site 
interactions are of 1-1-1-2-2-3 and 1-1-1-2-3-5 types with Mn and Mo atoms in the corresponding 
clusters. They are small, about ±3mRy. 
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Fig. 1. Lattice constants of Fe100-cCrc, Fe100-c-05CrcNi05 and Fe100-c-07CrcNi05Mn01Mo01 alloys.  
Experimental data are taken from aRef.[42],  bRef.[43], cRef.[44].    
 



 

Fig.2. (a) Calculated concentration dependences of the mixing enthalpy and (b) second concentration 
derivatives of the mixing enthalpies of bcc Fe100-cCrc,Fe100-c-05CrcNi05  and  
Fe100-c-07CrcNi05Mn01Mo01 alloys. The results for the bcc Fe100-cCrc alloys are shown for comparison.  
 

 



 

 

Fig.3.  Concentration dependence of the average total (a) and local magnetic moments (b, c, d) in Fe100-

cCrc (denoted by 1), Fe100-с-05CrсNi05 (denoted by 2) and Fe100-с-7CrсNi05Mn01Mo01 (denoted by 3) alloys.  
The inset in (c) focuses on the Fe-rich region with 0–3 at. % Cr to better show the change of Cr magnetic 
moments.  Experimental data are taken from dRef.[54],  eRef.[55, 56]. 
 
 
  



 

Fig. 4. The concentration dependence of nearest neighbor exchange interactions  of the Heisenberg 
Hamiltonian in Fe100-cCrc (denoted by 1), Fe100-с-05CrсNi05 (denoted by 2) and Fe100-с-7CrсNi05Mn01Mo01 
(denoted by 3) alloys.  The inset in (b) gives blow up of the Fe-rich region with 0–3 at.% Cr to better 

show the change of exchange interactions. , , exchange interactions  are not 
shown because their magnitudes do not exceed 0.2 mRy. 
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Fig.5.  Calculated site-projected densities of  states  at  (a)  Fe and Cr in the bcc Fe99Cr01 alloy, (b) Fe, Cr 
and Ni in Fe100-с-05CrсNi05  for c=0.1 (denoted by 1)  and  c=0.5   (denoted by 2)  and  (c) Mn and Mo in  
Fe88Cr05Ni05Mn01Mo01  alloys.  

 

 

Fig. 6. (a)  The local magnetic moments on Cr atoms as a function of numbers Fe neighbors in the first 
coordination sphere and  (b) atom-projected densities of  states  of Cr  atoms in Fe87.5Cr6.25Ni6.25  alloy as 
a function of the local environment. 



 

 

Fig.7. The concentration dependence of chemical effective pair interactions at the first 
coordinarion shell  in Fe100-cCrc  (denoted by  1),  Fe100-с-05CrсNi05  (denoted by  2)  and Fe100-с-

7CrсNi05Mn01Mo01 (denoted by  3) alloys. 

 

 
Fig. 8. The concentration dependence of effective chemical (a) pair interactions at the second 

and the third coordinarion shells and (b) the strongest three-site 
interactions  𝑉𝑉3  in Fe100-с-07CrсNi05Mn01Mo01alloys.  
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