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Magnetism in Ni-based binary alloys 
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The magnetism in Ni-based binary alloys (NiX, X==Ti, V, Cr, Mn, Fe, Co, Cu) is examined by use of 
the first-principles calculations for impurity-impurity interaction energies of X-X in Ni. The calculations 
are based on the density-functional theory in the local-spin-density approximation and the Korringa­
Kohn-Rhostoker Green's function method is applied for impurities. We show that the observed ordering­
behavior of NiX (X==Mn, Fe, Co) can never be explained without the magnetic effect. The importance 
of magnetism in Ni-based alloys is discussed by comparing with the calculated results for non-magnetic 
Pd-based alloys (PdX, X==Zr, Nb, Mo, Tc, Ru, Rh, Ag), being isoelectronic to magnetic Ni-based alloys. 
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1. INTRODUCTION 

We have shown that the fundamental features 
about segregation, miscibility, and order of binary al­
loys may be explained by use of the impurity-impurity 
interaction energies in metals; the minor constituent 
of the binary alloy may be considered as an impurity 
element, while the major constituent becomes a host 
element. As discussed in Refs.l and 2, the interaction 
energy Eint between two X impurities in the host H 
is defined as the total-energy difference between two 
states (atomic configurations), shown in Figs.l ; (a) 
the initial one where both X impurities are infinitely 
apart and (b) the final state where the two X impu­
rities are located at nearest-neighbor sites1 

•
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(a) 

Fig.l The nearest-neighbor impurity-impurity inter­
action energy is defined as the total-energy differ­
ence between tw'? states; (a) initial state and (b) final 
state, where the impurity (X) and host (H) elements 
are shown by 0 and •. 
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As a result of this definition, it is easily understood 
that negative energies of Eint correspond to attractive 
interaction between the impurity atoms, while posi­
tive ones to repulsive interaction. We have already 
shown that the fundamental features for phase dia­
grams may be explained (or predicted) by use of the 
calculated results. For example, the observed phase 
diagrams of Pd-based alloys (Figs.2)3 are explained 
by the calculated results (X-X in Pd, X=Zr~Ag), be­
ing also shown in Fig.3 and Table 1,4 as follows; 

( 1) The observed experimental phase diagram of 
PdZr (Fig.2( a)), being ordering behavior, is explained 
by the large positive value (Eont ~1.5eV) because the 
atoms of the impurity elements become surrounded 
with the atoms of the host element as a result of the 
repulsive interaction of the impurity pair. 

Pd Zr Pd Ag Pd Rh 

fig.2 Typical three kinds of phase diagrams for bi­
nary alloys are shown; (a) ordering(PdZr), (b) con­
tinuous solid solution(PdAg), and (c) segregation be­
low 800~1000K (0.06~0.08eV) and disorder above 
800"'1000K {PdRh). The differences among (a), (b), 
and (c) are predicted by use of the sign and magnitude 
of E,n, (impurity-impurity interaction energy in Pd; 
irnpnrity=Zr, Ag, Rh); (a), (b), and (c) correspond 
to Emt ~ 1.5eV, Eint ~ 0, and Eint "" -0.06eV, 
respectively. See a text for details. 
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(2) The observed experimental phase diagram of 
PdAg (Fig.2(b)), being continuous solid solution, is 
explained by the very small value (Eint ~O.OeV) be­
cause the small value means the small difference be­
tween the impurity and host elements. 

(3) The observed experimental phase dia­
gram of PdRh (Fig.2(c)), being segregation be­
low 800~IOOOK(0.06,-..,0.08 eV) and disorder above 
800,...,1000K, is explained by the small negative value 
of Eint "-'-0.06 eV. At low temperatures the impurity 
atoms form clusters to gain the internal energy, while 
at high temperatures the Rh impurity atoms become 
soluble in Pd, due to the entropy term in the free en­
ergy. 
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The purpose of the present paper is to elucidate 
the importance of the magnetism in NiX (X=Ti~Cu) 
alloy by use of the first principle calculations for in­
teraction energies between two identical X impurities 
in Ni. The experimentally known ordering behavior 
of NiFe and NiCo is very different from the exper­
imentally known segregation behavior of PdRu and 
PdRh,3 being isoelectronic to NiFe and NiCo. A de­
tailed description of our method is reported in Refs. 
1, 2, and 4. Here we only mention that the present 
calculations use two approximations; (1) spherical po­
tentials are used to solve Kohn-Sham equations and 
(2) a cutoff lmax = 3 is used to truncate the angular 
momentum expansions of the Green's functions and 
wave functions. 
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Fig.3 Interaction energies between two 
identical impurities (Ti"'Cu) in Ni. 
The calculated results without spin­
polarization effect (D.) as well as with 
spin-polarization effect (A). Interac­
tion energies between two identical im­
purities (X=Zr"'Ag) in Pd, being iso­
electronic to X-X(X=Ti"'Cu) in Ni, are 
also shown {or a comparison. The value 
(Eint ~1.5eV) of Zr-Zr in Pd is out of 
the figure. 
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Table I. Calculated nearest-neighbor interaction energies E;,, of impurity pairs (Ti~Cu) in Ni (in eV). The 
calculated results without spin-polarization effect as well as with spin-polarization effect are listed to show 
the importance of magnetism. Negative energies mean attractive, positive ones repulsive interaction. The 
calculated results for impurity pairs (Zr"'Ag) in Pd, being isoelectronic to impurity pairs (Ti~Cu) in Ni, are 
also shown for a comparison. 

impurity Ti V Cr Mn Fe Co Ni Cu 

Ni-host (with spin-polarization) 0.75 0.41 0.06 0.21 0.12 0.01 -0.03 
Ni-host (without spin-polarization) 1.02 0.70 0.14 -0.14 -0.12 -0.04 -0.01 

impurity Zr Nb Mo Tc Ru Rh Pd Ag 

Pd-host (non-magnetic) 1.48 1.09 0.41 -0.03 0.13 -0.06 -0.01 
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2. CALCULATED RESULTS 

Figure 3 and Table I show the calculted results for 
X-X (X=Ti~Cu) interaction energies in Ni (magnetic 
system), together with those for X-X (X=Zr~Ag) in 
Pd (non-magnetic system), being isoelectronic to X­
X in Ni; the value of Eint ~ l.5e V for Zr-Zr in Pq 
is very large and is not shown in Fig.3. In order to 
examine the magenic effect for X-X in Ni, we carried 
out the calculations without spin-polarization effect 
as well as with spin-polarization effect. It is found 
that the values of Eint for 3d-3d in Ni, without spin­
polarization effect, agree with those of Eint for 4d-4d 
in Pd. However, it is also found that E.,, for Mn-Mn 
and Fe-Fe in Ni, change very much by the inclusion of 
magnetism; the energy gain occurs for Ti~Cr, while 
the energy loss for Mn~Co. For Mn~Co the sign of 
Eint also changes from negative {attraction, segrega­
tion at low temperatures) to positive (repulsion, 
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ordering). We found that all the calculated results 
with spin-polarization effect (large positive values for 
Ti~Fe and very small values for Co and Cu) seem to 
agree with the experimental phase diagrams for NiX 
(X=Ti ~ Cu): NiTi, NiV, NiCr, NiMn, and NiFe are 
alloys of ordred compounds, while NiCo and NiCu are 
of continuous solid solutions. The parabolic behavior 
around Mn, Fe, and Co, obtained by the calculations 
without spin-polarization effect, may be understood 
·in terms of the filling of the virtual bound states which 
are broadened due to the strong covalent interac­
tion between the d states on the nearest-neighboring 
sites 2 

•
5 The strong repulsion around early transition­

metal impurities may be understood by considering 
the repulsive interaction between ionic cores, being 
large for the early transition-metal impurities with 
the large Wigner-Seitz radius. The inverse dip around 
Mn, Fe, and Co, due to magnetism may also be ex­
plained by considering the change of magnetic 
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Fig.4 (a) Local magnetic mo­
ments (MM's) for 3d impurities 
in Ni; the three kinds of so­
lutions exist for 24.2:SZ:S26.7; 
two solutions of parallel and 
antiparallel MM's to the bulk 
magnetization and a solution 
of a very small MM. (b) The 
three kinds cf MM's of nearest­
neighbor Ni atoms around im­
purities, each of which corre­
spond to one of three MM so­
lutions of impurities. (c) The 
total-energy differences between 
the two solutions of parallel­
MM and antiparallel-MM and 
between the two solutions of 
parallel-MM and small-MM. 
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moments (MM's), caused by paring of impurities. 5 

Here we examine the magnetism in Ni-based al­
loys. We start with the discussion of single 3d impu­
rities in Ni. For a magnetic 3d impurities in a para­
magnetic host such as Cu, it is well known that there 
are three solutions; one being non-magnetic (unsta­
ble) and two doubly degenerate and magnetic (stable, 
up and down spin configurations with equal magnetic 
moment). On the other hand, for a magnetic 3d im­
purity in a ferromagnetic Ni, a non-magnetic solution 
shifts to a solution of a very small moment and the 
degeneracy of the magnetic solutions is lifted, as seen 
in Fig.4(a). Two solutions of parallel and antiparallel 
magnetic moments (MM's) to the bulk magnetization 
exist for 24.2::; Z::; 26.7 (Z is a nuclear charge). From 
total-energy calculations, it is found that for Z > 24.3 
the MM parallel and for Z :$ 24.2 the MM anti"Paral­
lel to the bulk magnetization is stable. The change of 
MM's of Ni atoms at nearst-neighboring sites of a 3d 
impurity is also shown in Fig.4(b ), strongly depend­
ing on a magnetic state of 3cl impurities. It is noted 
that for a solution of antiparallel MM of a single 3d 
impurity, the decrease of MM's of nearest-neighbor Ni 
atoms becomes very large and leads to the large mag­
netic energy loss. Now we discuss the total-energy 
change caused by pairing of 3d magnetic impurities. 
As have already been discussed for 3d impurities in 
Cu,5 the MM's of impurities (Mn, Fe, Co) decrease 
(0.07 for Mn, 0.06 for Fe, 0.02 for Co) by pairing ofim­
purities. The decrease of MM's leads to the magnetic 
energy loss, 5 as seen in Fig.3. It is also noted that for 
these impurity pairs the ferromagnetic coupling is sta­
ble 6 and the perturbation to the MM's of the nearest­
neighbor Ni atoms is very small, as seen in Fig.4(b ). 
On the other hand, for Ti~Cr, the MM's of impu­
rities couple antiferromagnetically with the MM's of 
the surrounding Ni atoms; it is noted that the cou­
pling between impurities is ferromagnetic. 6 For the 
anitiferromagnetic couplings between impurities and 
nearest-neighboring Ni atoms, the reduction of MM's 
of the nearest-neighbor Ni atoms around impurities 
is very large as seen in Fig. 4(b) and leads to the 
large energy loss. However, it is noted that the num­
ber of nearest-neighbor Ni atoms decrease by pair­
ing of impurities; the number of nearest-neighbor Ni 
atoms decrease from 24(=2x12) to 18. Thereby the 
magnetic energy loss due to the decrease of MM's of 
nearst-neighbor Ni atoms may decrease by paring of 
impurities. As a result, the magnetic interaction be­
comes attraction (energy gain) around Ti~Cr, as seen 
in Fig.3. 

3. SUMMARY AND CONCLUSION 

We have shown that the fundamental features of 
the observed phase daigrams of NiX (X=Ti~Cu) al­
loys can be explained by use of the present first­
principles impurity-impurity interaction energies of 
X-X in Ni. The importance of magnetism is shown 
by use of two kinds of calculations with spin­
polarization effect and without spin-polarization ef­
fect; the impurity-impurity interaction energies of X­
X(X=Mn,Fe,Co) in Ni change from negative (attrac­
tive) to positive (repulsive) by taking into account the 
spin-polarization effect and agree with the observed 
ordering-behavior of NiMn, NiFe, and NiCo. 
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