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1. Magnetic ‘mixing’ energy in f.c.c. Ni–Fe alloys 

 
The expression connecting the Curie temperature of a magnetic phase transition with ‘pairwise’ ‘exchange’-

interaction parameters, composition, and atomic long-range order (LRO) parameters for f.c.c. Ni–Fe-type alloy 

in a macroscopically homogeneous state [1–4] is as follows: 
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where coefficients, ,  and , are defined as follow: 
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where C C(c) is the equilibrium atomic-LRO parameter at the Curie point, TC TC(c). Equation (1.1) is valid 

for a L12-type atomic-LRO state. In case of the L10-type LRO state, it is necessary to replace the factor 1/16 in 

(1.2) by 1/12. For the atomic-SRO (disordered) solid solutions, where C 0, equation (1.1) becomes simpler. 

In this case for f.c.c.-Ni–Fe alloys, it is possible to determine values of Fourier components of ‘exchange’ 

‘integrals’, 
NiNiJ 0 , 

FeFeJ 0  and 
NiFeJ 0 , at the fixed values of spin numbers, sNi and sFe, with use of 

experimental data on the concentration-dependent Curie temperature for these alloys. Experimental data and 

fitting curve, obtained according to (1.1), are shown in Fig. S1.1. The Fourier components of ‘exchange’ 

‘integrals’ estimated by the fitting of (1.1) to experimental data on Curie temperatures [5, 6] (Fig. S1.1) are 

listed in Table S1.1. (These energy parameters have been calculated for several possible combinations of total 

spin numbers values, sNi and sFe, for Ni and Fe atoms, respectively.) 

 
 

 

 Figure S1.1 Concentration dependence of Curie temperature for f.c.c. Ni–Fe alloys, TC(cFe), corresponding to the 

experimental data (, ) [5, 6], and the fitting curve (red solid line) plotted according to (1.1). 
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 TABLE S1.1. Fourier components of ‘exchange’ ‘integrals’ for magnetic interactions, { }J k , evaluated for f.c.c. 

Ni–Fe alloys (in accordance with [2, 4]). 

sNi sFe 
NiNiJ 0  

(meV) 

FeFeJ 0  

(meV) 

NiFeJ 0  

(meV) 

NiNi XJ k  

(meV) 

FeFe XJ k  

(meV) 

NiFe XJ k  

(meV) 

1/2 1/2 215.9 274.6 517.6 72.0 91.5 172.5 

1/2 1 215.9 103.0 316.9 72.0 34.3 105.6 

1/2 3/2 215.9 54.9 231.5 72.0 18.3 77.2 

 
Considering the approximate ratio 

112J J r0            (1.3) 

that is faithfully exclusively for ‘short-range’ magnetic interactions between the 1
st
 nearest neighbors, it is possible 

to evaluate ‘exchange’ ‘integrals’ for magnetic interactions at the 1
st
 coordination shell radius, r1. These results 

together with the literature data are listed in Table S1.2. 

 

 TABLE S1.2. ‘Exchange’ ‘integrals’ for magnetic interactions within the 1
st
 coordination shell, 

1J r , for f.c.c.-Ni1–

cFec alloys (reported in [4]). 

c sNi sFe 
NiNi 1J r  

(meV) 

FeFe 1J r  

(meV) 

NiFe 1J r  

(meV) 
References 

c  [0, 1] 1/2 1/2 17.99 22.88 43.13 

[4] c  [0, 1] 1/2 1 17.99 8.58 26.41 

c  [0, 1] 1/2 3/2 17.99 4.58 19.29 

c  0.75 1/2 1/2 22.00 5.00 22.00 Ni–Fe
a
 

c  0.50 1/2 1/2 22.00 5.00 42.00 Ni–Fe
a
 

c  0.25 1/2 1/2 22.00 5.00 45.00 Ni–Fe
a
 

c  [0, 1] 0.3 3/2 52.00 9.00 39.00 Ni–Fe
b
 

c  0.50 0.3 3/2 30.00 4.00 30.00 Ni–Fe
c
 

c  0.20 0.3 3/2 58.50 23.30 25.5 Ni–Fe
c
 

c  [0, 1] 0.3 1.4 34.90 1.70 24.10 Ni–Fe
d 

c  [0, 1] 0.3 1.4 60.30 2.20 30.60 Ni–Fe
e
 

c  [0, 0.5] 0.3 1.4 5.30 3.30 11.40 Ni–Fe
f
 

c  [0, 0.5] 0.3 1.4 16.00 10.10 35.00 Ni–Fe
g
 

a[7] (cluster variation method), b[8] (neutron small-angle scattering technique), c[9] (spin-wave resonance method), d[10] (cluster 

methods in the mean-field theory), e[11] (Ising-type approximation in Monte Carlo simulation), f[12] (mean-field theory vector model 

and Monte Carlo simulation), g[13] (mean-field theory vector model and Monte Carlo simulation). 

 
In Table S1.2, a contradiction in signs of ‘exchange’ ‘integrals’ estimated here and in works of other authors is due 

to the opposite of 
IJ r  signs in their classical spin Hamiltonians; see original papers in [7–13]. 

 
2. ‘Strain-induced’ interatomic-interaction energies of dissolved atoms in solid solutions based on the 

f.c.c. host metal: the salient features of α-Ni–Fe solutions 

 

The components of the dynamic matrix, A k , of a host crystal are as follow [14–16]: 
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In equation (2.1), L(kX) and T(kX) are the longitudinal and transversal frequencies of natural quasi-harmonic 

vibrations of a host crystal in X(001)-point, M is the host-crystal atom mass (Ni). 

 When the ‘fictive’ Kanzaki forces in a direct space, F R R , are nonzero for the 1
st
 nearest-neighbor 

coordination shell of sites around the dissolved substitutional atom ( ) and are directed along a straight line from 

the impurity atom towards the host-crystal atom, F k  has a following form [16]: 
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 TABLE S2.1. The ‘strain-induced’ interaction energies between the substitutional dissolved atoms, si ( )V R R  

( Fe), in f.c.c. α-Ni host crystal, reported in [15, 17]. 

02( ) / aR R  110 200 211 220 310 222 321 400 330 411 

No. shells I II III IV V VI VII VIII IXl IXu 

|R R′|/a0 ≈ 0.71 1 ≈ 1.22 ≈ 1.41 ≈ 1.58 ≈ 1.73 ≈ 1.87 2 ≈ 2.12 ≈ 2.12 
FeFe

si ( )V R R  (meV)
a 

–4.8 –1.3 +0.3 +0.7 –0.3 +0.06 +0.08 –0.2 +0.2 –0.1 
FeFe

si ( )V R R  (meV)
b
 –5.3 –1.5 +0.3 +0.7 –0.4 +0.08 +0.08 –0.2 +0.2 –0.2 

a
[15], 

b
[17]. 

 
TABLE S2.2. Experimental data [18, 19] used in a given work for calculation of ‘strain-induced’ interaction parameters in 

f.c.c. -Ni-based solid solutions. 

Host crystal 

Concentrations  

of dissolved  

atoms, cα 

C11, C12, C44 

(GPa) 

ωL Xk  

(Trad s
1
) 

ωT Xk  

(Trad s
1
) 

L
Fe

 

(f.c.c.)-Ni cFe  [0, 0.6] 
240, 149, 

116
a
 

53.72
a
 39.40

a
 0.033

b
 

a
[18], 

b
[19]. Data are given for f.c.c. -Ni at 300 K. 

 

 
 

 Figure S2.1 Dispersion dependences of ‘strain-induced’ interaction energy Fourier components for dissolved Fe-

atoms, 
FeFe

si ( )V k , in f.c.c. -Ni along the main directions between the high-symmetry (h-s) points within the irreducible 

region of the 1
st
 BZ (Fig. 1(b)) at T 300 K. ● is the 

FeFe

si ( )V k . (Compare with Fig. 2 and (14). See [4].) 

 

To calculate the temperature dependences of FeFe
,h-ssi ( , )V Tk  for dissolved Fe atoms in f.c.c. α-Ni, we use the 

approximate semi-phenomenological expressions for quasi-harmonic frequencies of longitudinal and transversal 

vibrations of a host crystal by means of its lattice parameter and elastic modulus [20] 

0 448 ( ) ( )
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a T C T
T
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Here, M is the Ni-atom mass (9.748·10
–26

 kg); C44(T), a0(T) are the temperature-dependent elastic modulus and 

lattice parameter of a pure f.c.c. Ni, respectively. According to [19], we can represent of CIJ(T) and a0(T) 

dependences as CIJ(T)  CIJ(0) + [dCIJ/dT]T and a0(T)  a0(0) + [da0/dT]T. Thus, we obtain: C11,12,44(0)  264.73, 

151.23, and 133.58 GPa, dC11,12,44/dT  –0.0526, –0.0052, and –0.0358 GPa·K
–1

, a0(0)  3.4982(7) Å, 

da0/dT  6.0·10
–5

 Å·K
–1

. Substituting the temperature-dependent quantities of C44(T) and a0(T) into (2.3) and 

using the approximation of ωL(T)  ωL(T)(0) + [dωL(T)/dT]T, we have estimated: ωL(T)(0)  61.992 (43.835) Trad·s
–

1
, dωL(T)/dT  –0.0083 (–0.0059) Trad·s

–1
·K

–1
. And now, using these data for Fe atoms dissolved in f.c.c. α-Ni 

host crystal, it is possible to plot the functions of FeFe
,h-ssi ( , )V Tk  (Fig. S2.2). 

 

 
 

 Figure S2.2 Temperature-dependent ‘strain-induced’ interaction energy Fourier components for dissolved Fe-atoms in 

f.c.c. -Ni, 
FeFe

si ( )V k , calculated for h-s points in the 1
st
 BZ (Fig. 1(b)). It is visible that functions of FeFe

,h-ssi
( , )V Tk , 

linearly depend on temperature and this dependence is very insignificant within the temperature interval 0–1000 K. 

Therefore, in our calculations we did not take into account the T-dependence of 
FeFe

si ( , )V Tk . (See also [4].) 

 
3. ‘Paramagnetic’ ‘mixing’ energy in f.c.c. Ni–Fe alloys 

 
In [4] we have calculated the ‘paramagnetic’ ‘mixing’ energies Fourier components in f.c.c. Ni–Fe alloys as a 

function of composition, c, and annealing temperatures, Ta. The calculation has been done with use of the KCM 

formula (1) and experimental data on the diffuse scattering of radiations (both anomalous X-rays and thermal 

neutrons diffractions) reported over years in [21–32]. The results are illustrated in Fig. S3.1. 

 

 
 

 Figure S3.1 Fourier components of ‘paramagnetic’ ‘mixing’ energies, 
prmw k , for the h-s points and main symmetry 

directions within the irreducible region of the 1
st
 BZ (Fig. 1(b)) for f.c.c. Ni–Fe alloys at different isothermal-annealing 

temperatures, Ta, and concentrations of Fe atoms, cFe. 1—Ni0.775Fe0.225 at Ta 1273 K, 2—
62

Ni0.765Fe0.235 at Ta 808 K, 3—

Ni0.535Fe0.465 at Ta 1273 K, 4—Fe0.632Ni0.368 at Ta 753 K, 5—Fe0.698Ni0.302 at Ta 743 K. For presented calculations, we 

used the experimental diffuse scattering data reported in [21–32]. 
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(a) (b) 

 

 Figure S3.2 Concentration dependences of the ‘paramagnetic’ ‘mixing’ energies Fourier components, 
prm Fe,w ck , for 

some quasi-wave-vectors within the 1
st
 BZ, k kX (a), k kΓ 0 and 

k
k 0

X

 (b), for f.c.c. Ni–Fe alloys. ■—data 

extracted from Fig. S3.1 (here the ‘mixing’-energies were calculated on the basis of diffuse scattering experiments reported 

in [21–32]), ●—data calculated in [4]. Lines—polynomials presented in Table S3.1. 

 
 TABLE S3.1. Coefficients of concentration dependences of the ‘paramagnetic’ ‘mixing’ energy Fourier components, 

prm ,w ck , approximately described by the 1
st
- or 2

nd
-degree polynomials, K0(k) K1(k)c or K0(k) K1(k)c K2(k)c

2
 

(Figs. S3.2 (a) and (b)), for f.c.c. Ni–Fe alloys, obtained by fitting the estimated diffuse scattering data taken from Fig. S3.1 

(see [4]). 

Quasi-wave-

vectors 

K0(k) 

(eV) 

K1(k) 

(eV) 

K2(k) 

(eV) 

Mean-square 

deviation, R
2
 

Fitting Comments 

X(0 0 1) 0.414 0.450 — 0.986 1
st

 degree Extracted from  

single-crystal data 

[21–32]
 

X(0 0 1)  Γ(0 0 0) 0.855 2.177 2.087 0.900 2
nd

 degree 

Γ(0 0 0) 0.843 2.339 2.344 0.916 2
nd

 degree 
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