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Abstract. The electronic structure and magnetic properties of bcc random alloys with Fe and
4d transition metals were studied using the first-principles Korringa–Kohn–Rostoker coherent
potential approximation (KKR–CPA) method. The average magnetic moments of the alloys
agreed well with the experimental results. The local magnetic moment at the Fe site was
enhanced in all alloys.

1. Introduction

It is well known that the average magnetic moments of randomly substituted alloys are
altered when 3d, 4d and 5d transition metals are added toα-Fe [1, 2]. During the last decade,
the electronic structure and magnetic properties of random alloys have been investigated,
both theoretically and experimentally. In particular, the change in the magnetic moment of
Fe-based 3d transition metal alloys relative to the average number of electron per atom is
known as the Slater–Pauling curve [3]. Calculations for the Fe-based 3d-transition metal
alloys are made systematically [4], and the Slater–Pauling curve can be confirmed using
band calculations based on the local-spin-density approximation. In contrast, the complex
behaviour of Fe-based 4d transition metal alloys is generally thought to reflect the average
of the magnetic moments. Fe-based platinum group metal (PGM) alloys are a special
case. In the case of FeRu alloys, the magnetic moment is almost the same as that of pure
Fe when the Ru concentration is less than 5 at.%. When the Ru concentration exceeds
5 at.%, the magnetic moment decreases drastically. In FeRh alloys, the magnetic moment
shows even larger increases, as long as the Rh concentration remains below 20 at.%. The
magnetic moment of FePd alloys decreases gradually as the Pd concentration increases. In
Fe–Ag alloys, the phase diagram indicates that it is completely immiscible in equilibrium
solid states [5]. However, Sumiyama and Nakamura [6] found that metastable crystalline
Fe–Ag solid solutions could be obtained using a sputtering technique. They reported that
the magnetic moment monotonically decreases with increasing Ag concentration.

A more accurate single-site scheme for studying the electronic structure and magnetic
properties of random alloys is the Korringa–Kohn–Rostoker (KKR) method, or its linearized
version, the linear-muffin-tin-orbital (LMTO) method, combined with the coherent potential
approximation (CPA). Jezierski calculated the electronic structure and magnetic moment
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of FeRh alloy using the LMTO–CPA method [7]. However, the band calculation has not
been performed in a self-consistent field. Kobayashiet al studied FeRu alloys using the
KKR–CPA method and clarified the reason why adding Ru to Fe barely reduces the average
magnetic moment [8]. However, the electronic structure and magnetic properties of other
Fe-based 4d transition metal alloys have not yet been studied in detail. In this paper, we
study the electronic structure and magnetic properties of bcc Fe90X10 (X = Nb, Mo, Tc,
Ru, Rh, Pd and Ag) alloys by using the first-principles KKR–CPA method based on the
local-spin-density approximation.

2. Calculation method

The electronic structure and magnetic properties of FeX alloys are calculated using the first-
principles KKR–CPA [9–11] method based on the local-spin-density approximation. The
procedure and accuracy of this method is the same as that for Fe–Ru [8] and Ni–Ru [12]
alloy calculations.

The basic concept behind the KKR–CPA method is to calculate the local electronic
structure for a single pure site, which is surrounded by an effective medium representing
a configuration average of all sites. According to the density-functional theory, the charge
density varies in order to obtain the minimum energy for a given potential. The potential
of the ith site is expressed as the variation in energy with respect to the spin densities at
the ith site as follows,
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whereZi is the atomic number andµ↑(↓)XC is the exchange–correlation potential with its
parametrization taken from Ceperley and Alder [13] and Perdew and Zunger [14].ρ

↑(↓)
i is

the electronic spin density obtained from the diagonal elements of the Green function.

Figure 1. Total energy against lattice constant of bcc Fe90Pd10 alloy.

The expansion of the valence wave function into spherical harmonics is truncated at
lmax = 2. The k-integral is calculated using the prism method. The number ofk-points
depends on their position on the complex energy plane. The maximum number ofk-points
is 1920 within the 1/48 irreducible Brillouin zone.
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Figure 2. (a) Average magnetic moment, (b) local magnetic moment at X site and (c) local
magnetic moment at Fe site in various X atoms. The solid and open circles represent values
obtained by calculation and experiment, respectively.

When the electronic structure and magnetic moment of bcc Fe90X10 alloy was estimated
using the KKR–CPA method, the total energy converged to less than 10−2 mRyd/atom.
Figure 1 shows the total energy against the lattice constant of bcc Fe90Pd10 alloy. The
lattice constants of these alloys were determined from the energy minimum. Among the
bcc Fe90X10 alloys, only the Fe90Pd10 alloy was the subject of this [15]. The lattice constant
was 5.50 au. The calculated lattice constant of the Fe90Pd10 alloy was 5.502 au, which is
in good agreement with the experimental results.

3. Results and discussion

Figure 2(a) shows the average magnetic moments of bcc Fe90X10 alloys. The open and solid
circles show the average magnetic moments obtained experimentally and by calculation
[1, 16], respectively. The average magnetic moments are in good agreement with the
experimental results except for the Fe90Ru10 alloy. As pointed out by Kobayashiet al [8], the
discrepancy seen in the FeRu alloy is thought to arise from a change in the crystal structure.
Although the FeRu alloy contains fcc and hcp structures when the Ru concentration exceeds
5 at.%, the other FeX alloys contains only bcc structure at an X concentration of less than
10 at.% [17].

Figure 2(b) shows the local magnetic moments obtained by calculation at X atom sites.
The local magnetic moments of X atoms with a valence less than that of Fe are negative,
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Figure 3. Relationship between lattice constants and Fe local magnetic moment for bcc Fe90X10

alloys. Solid line shows pure Fe obtained by calculation.

that is, the X atoms have local magnetic moments anti-parallel to those of the Fe moment.
X atoms with valence numbers greater than Fe exhibit positive local moments. These
characteristics are similar to those for transition metal impurities [18].

Figure 2(c) shows the local magnetic moments at the Fe sites. All the magnetic moments
were greater than that of pure Fe (2.228µB) obtained from our calculation. This behaviour
differs from the results obtained when 4d impurities in Fe are calculated without lattice
relaxation [18]. Changes in the calculated magnetic moments1M at the Fe site, the majority
spin charge1Z↑ and the minority spin charge1Z↓ as well as the charge transferred from
the X atom to the Fe site are shown in table 1. It can be seen that the change in moment
was relatively small for the Fe90Nb10 alloy and is large for the Fe90Rh10 and Fe90Pd10

alloys. Conversely, the charge transfer was large for the Fe90Nb10 alloy and small for the
Fe90Rh10 and Fe90Pd10 alloys. For pure Fe, the majority spin band is not fully occupied
and the Fermi energy lies in the minimum range of the minority-spin density of states [18].
Therefore, it is reasonable to assume that the transferred electrons favour the majority-spin
band rather than the minority-spin band. It is plausible that the charge transfer contributes
to the enhanced magnetic moment as a result of occupying the majority band, although few
electrons are transferred compared to the total magnetic moment, for example 2% in FeNb
and 0.2% in FeRh. Kobayashiet al pointed out [8] that the enhanced magnetic moment
at the Fe site is partly the result of the magnetovolume effect and the charge transfer for
FeRu alloys. The rest of the enhanced magnetic moments can be regarded as arising from
the magnetovolume effect.

Table 1. Change in calculated local magnetic moments, Fe site1M, the majority spin charges
1Z↑, the minority spin charges1Z↓ and the charge transfer1Z from the X site to Fe in the
Fe90X10 alloys.

Nb Mo Tc Ru Rh Pd Ag

1M (µB ) 0.030 0.077 0.149 0.217 0.309 0.294 0.236
1Z↑ 0.039 0.056 0.086 0.115 0.158 0.150 0.127
1Z↓ 0.009 −0.021 −0.063 −0.102 −0.151 −0.143 −0.110
1Z 0.048 0.035 0.023 0.013 0.007 0.007 0.017

Figure 3 shows the relationship between the Fe local moment and lattice constant for the
bcc Fe90X10 alloy. The solid line shows the magnetic moment of pure iron obtained from
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Figure 4. Density of states of (a) Fe90Nb10 alloy, (b) Fe90Ru10 alloy (c) Fe90Rh10 alloy, and
(d) Fe90Pd10 alloy. Solid line shows the density of states at Fe site and dotted line shows the
density of states at 4d element site.

our calculation as a function of the lattice constant. This result can generally be regarded
as the magnetovolume effect. We found that changes in the Fe local moment in Fe-based
late-4d-transition metal alloys were considerable when compared to those of the general
magnetovolume effect. For FeNb and FeMo alloys, it is thought that the Fe local moment
is reduced because the 4d site moment is anti-parallel to the Fe moment.

The density of states of Fe90Nb10, Fe90Ru10, Fe90Rh10 and Fe90Pd10 alloys is shown
in figures 4(a)–(d). It can be seen that the majority band of Fe90Nb10 and Fe90Ru10 is not
fully occupied. The majority band of Fe90Rh10 and Fe90Pd10 was saturated with electrons
because of the large exchange splitting. The electronic structure of the Fe–X alloys changes
between Fe90Ru10 and Fe90Rh10 alloys drastically, showing the transition from ‘weak’ to
‘strong ferromagnetism’.

Figure 5 shows the bulk moduli of the Fe90X10 alloys. The bulk modulus of pure iron
obtained using the present method, where X is regarded as Fe, is also shown in figure 5.
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Figure 5. Bulk modulus of bcc Fe90X10 alloys. Bulk modulus of pure iron is also shown.

We found that, with the exception of the Fe90Ag10 alloy, the calculated bulk moduli of
Fe90X10 alloys were larger than those of pure Fe. The bulk moduli of 4d transition metals
were known to be larger than those of pure Fe [19]. Therefore enhancement of the bulk
modulus can be expressed. Similarly, the bulk modulus of the Fe90Ag10 alloy was smaller
than that of pure Fe because of the small bulk modulus of pure Ag (1.087 Mbar) [18].

4. Conclusion

In this paper, we clarified the electronic structure of Fe–X (X= 4d transition metal) alloys
using the first-principles KKR–CPA calculation. The average magnetic moments were in
good agreement with the experimental results, with the exception of the Fe90Ru10 alloy.
The local magnetic moments at the Fe site were enhanced in all alloys, partly as a result of
charge transfer and partly due to the magnetovolume effect. It can be concluded that the
effect of the charge transfer is more pronounced for the early-4d-transition metal alloys and
is relatively small for the late-4d-transition metal alloys, although the late alloys contribute
somewhat to the magnetic moment. The magnetovolume effect is pronounced for the late-
4d-transition metal alloys as well. As the atomic number of the X sites increases, the
Fe90Rh10 alloy is transformed into a ‘strong ferromagnet’.
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