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We present a mean-field study of the magnetic phase diagram of Ni1�xMox and Ni1�xWx alloys. The

pair energies that enter the internal energy part of the free energy are obtained from a first-principles

calculation. We try to understand why spin-glass phase is not observed in these alloys.
1. Introduction

Transition metals like Fe, Co and Ni alloy with non-magnetic
metals like Au, Ag or Cu to form disordered solid solutions. In
certain composition ranges in these alloys we observe the spin-
glass phase at low temperatures. Ni is an exception to this class.
Alloyed with Mo or W, it exhibits a disordered phase. However, no
experimental signature of the spin-glass phase is seen in either
Ni1�xMox or Ni1�xWx.

In this communication, we study magnetic transitions and
magnetic phase diagrams of these two alloy systems based on the
ideas of the generalised perturbation method (GPM) [1,2]. We
begin with a completely disordered nonmagnetic background and
perturb it with magnetic fluctuations. We expand the total energy
of this perturbed state about the nonmagnetic background in a
power series in the small perturbations. In this expansion,
retaining terms only till the pair energies, we map the problem
onto an effective Ising model. This will be the basis of our phase
analysis.

This energy expansion involves coefficients which are small
differences of large energies. We use the Lichtenstein formula
[3,4] for a direct and hence accurate calculation of these small
energy differences. We obtain the local magnetic moments from
the Korringa–Kohn–Rostocker based coherent potential approx-
imation (KKR-CPA) [5,6]. The pair energies we calculate from the
more accurate exact muffin-tin orbital based CPA (EMTO-CPA) [7].
These techniques have been described in detail in the references
x: þ9133 23353477.

).
provided. We briefly dwell upon the main points used in our
analysis.
2. Formation of moments and magnetic ordering

In order to understand the onset of magnetic ordering in
random alloys, we need a derivation of the lowest magnetic
configurational energy. The KKR partitions the lattice space into
atom centric atomic spheres. Within each sphere we treat the
electrons as itinerant and the magnetic moment associated with
an atomic sphere is obtained from the configurational averaged
Green functions as shown in Eq. (1):

mR ¼
X

L

Z EF

�1

dEmRLðEÞ

where

nAs
RL ðEÞ ¼�
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p
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RL ðEÞ�nAk
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Here A is the magnetic constituent and //GA
RLs,RLsðEþ i0ÞSS is

the configuration averaged Green function, projected on to an
atomic sphere centered at the lattice site R and occupied by A, in
the angular momentum L-channel. nAs

RL ðEÞ is the corresponding
projected density of states and mRL(E), the magnetic density of
states in the L channel in the atomic sphere labeled by R. Unlike
Wigner-Seitz cells, these atomic spheres are overlapping. We
restrict this overlap to be less than 10% by volume. We have
ascertained, by varying the atomic sphere radius, that within this
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10% overlap the variation in the magnetic moment also remains
within our error window.

The problem of magnetic ordering is then an ordering of these
atomic spheres carrying their moments. In a binary alloy A1�xBx

where A is the magnetic constituent, we are searching for a
probable configuration or arrangement of Am and Ak atomic
spheres. Since the electrons are itinerant throughout the system,
the atomic spheres interact with one another. The idea is to set up
a model of such an interaction in terms of the energies of the
system as a whole.

We begin with a homogeneously disordered nonmagnetic
alloy A1�xBx, where every site is occupied by either an A or a B

type of atomic sphere with probabilities proportional to their
concentrations. Let fRg be the set of sites occupied by A. We define
the ‘occupation’ variable nR to be a random variable which takes
on the values 1 and 0 according to whether the atomic sphere
labeled R and occupied by an A atom has up or down magnetic
moment. Its average //nRSS¼ 1

2. The perturbative approach
expands the total internal energy of a particular atomic config-
uration as follows:

E¼ V ð0Þ þ
X
RAA

V ð1ÞR dnRþ
X
RAA

X
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RR0
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here dnR ¼ nR�
1
2, takes the values 71

2, and //dnRSS¼ 0. If the
configuration is homogeneously disordered then it immediately
follows that //ESS¼ Edis ¼ V ð0Þ. From the above definition we
can interpret the other two expansion terms as follows: if EI is the
configuration averaged total energy of a configuration in which
any arbitrary site labeled R is occupied by an atom of the type I

and the other sites are randomly occupied, and EIJ is the averaged
total energy of another configuration in which the sites R and R0

are occupied by atoms of the types I and J, respectively, and all
other sites are randomly occupied, then from Eq. (2) it follows
that:

V ð1ÞR ¼ EAm�EAk, V ð2ÞðR�R0Þ ¼ EAmAmþEAkAk�EAmAk�EAkAm ð3Þ

The one-site energy V ð1Þ is unimportant for bulk ordered
structures emerging from disorder. It is important for emergence
of inhomogeneous disorder at surfaces and interfaces [8]. The pair
energies V ð2Þ are the most important factors governing emergence
of bulk ordering.

The interpretation of Eq. (3) immediately allows us to intro-
duce a method to obtain the pair potentials directly rather than
calculate the total energies and then subtract them. Since they are
small differences (of the order of mRy) of large energies (of the
order of 103 Ry), a direct calculation will produce errors larger
than the differences themselves. The Lichtenstein formula was
introduced to calculate such small differences directly:
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where dRLðEÞ ¼ Pm
RLðEÞ�Pk

RLðEÞ and PsRLðEÞ is the KKR ‘potential’
function which appears in the KKR secular equation: JPsRLðEÞþ

BRL,R0L0 ðkÞJ¼ 0.
3. Mean-field analysis of transition temperatures

The generalised perturbation maps the problem onto an
effective Ising model:

H¼DE¼�
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The renormalised pair interactions JðjR�R0jÞ ¼ �2 V ð2Þ
RR0

are the
most important quantities governing the emergence of bulk
ordering. We have ignored anisotropies in the system. Our
mean-field analysis will begin from Eq. (5). We shall closely
follow the arguments of Mookerjee and Roy [9]. This approach
follows that suggested earlier by Kaneyoshi [10], Plefka [11] and
Thouless et al. [12]. The single-site mean-field approximation
leads to an estimate of the free energy for ordering:
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nR is the thermal average /dnRS and is related to the occupation
of the atomic sphere labeled by R by up or down magnetic
moments. The moments themselves have been formed in an
itinerant picture as described by Eq. (1). The Ising model describes
the ordering of these moment carrying atomic spheres.

The random local ‘Weiss field’ is given by

hR ¼
X

R0

JðjR�R0jÞnR0 ð6Þ

and on minimising the free energy we get: nR ¼ tanhðbhRÞ.
We can now evaluate the conditional probability density PðhRÞ

of the Weiss field at R, provided that the site is occupied by a
species A, using the method of Radon transforms. Now if we assert
that there is no clustering or chemical short-ranged correlations,
so that any atom can occupy any site with equal probability and
further we assume that the spatial moments Mn ¼

PbR WðbRÞfJðbRÞgn
rapidly decrease with n, where bR ¼ R�R0 and WðbRÞ is the coordi-
nation number at bR then, following the same arguments of
Mookerjee and Roy [9] and assuming MnC0 for all nZ3 we get:

PðhRÞ ¼ ð2pJ1Þ
�1=2expf�ðhR�J0Þ

2=2J1g ð7Þ

where
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where n¼//nRSS and q¼//n2
RSS are the two coupled para-

meters which describe the distribution of the Weiss fields: one
related to the centers of the distribution and the other to their
widths. They are given by:
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One solution is n¼ q¼ 0. This describes a phase where the
local ‘Weiss field’ distribution is a delta function centered at the
origin. This can only happen if the atomic spheres themselves
have zero moment and represent the paramagnetic phase. The
transition to the random ferromagnetic phase (na0, qa0) takes
place at ToTc. In this phase the Weiss field is a Gaussian with a
non-zero centre. This would lead to a situation where the spheres
(randomly arranged) with up and down moments differ by a
macroscopic number and the system carries a net magnetic
moment. The transition to the spin-glass phase (n¼ 0, qa0)
takes place at ToTg . In this phase the Weiss field is a Gaussian
centered at the origin. This happens if there are equal numbers of
up and down moment atomic spheres randomly arranged. The
high temperature phase is the paramagnetic while the low
temperature phase is random ferromagnetic or spin-glass
depending upon whether Tc 4Tg or not.



4. Results and discussion

In Fig. 1 show the local Ni magnetic moments as functions of
alloy composition. We note at around 12% dilution with Mo and 10%
dilution with W, the Ni atoms in the alloy lose their individual
magnetic moments. This is in sharp contrast with Fe diluted with Au
or Ag, or Mn diluted with Cu. In an earlier communication we have
shown [13] that with increasing dilution the local magnetic moment
of Fe actually increases to that of an isolated Fe atom. For these
canonical spin-glass alloys, although at around 10–20% dilutions the
alloys go into a spin-glass phase and the net magnetisation vanishes,
the individual local moments on the magnetic atoms remain robust
(as seen from Mössbauer experiments). The moment on Ni, on the
other hand, is fragile and is lost on dilution. There can, therefore, be
a competition between the loss of local moment on Ni and an onset
of the spin-glass phase in these alloys which we wish to examine in
greater detail.

In Fig. 2 shows the exchange couplings as a function of
composition. We note that the exchange couplings are strongly
Fig. 1. Magnetic moments per atomic spheres

Fig. 2. (Top panels) Pair energies for Ni1�xMox and their variation with composition. (

the right panels pair energies are shown starting from the second nearest neighbors in
composition dependent. The right panels show pair energies
starting from the next-nearest neighbours and their composition
variation in greater detail. We note the following points:
(i)
for

Botto

the
The pair energies are dependent on the composition. The
simplified models of spin-glass alloys without exception
assumed that the pair energy depended only on the compo-
nents of the alloy. The nearest neighbour exchange energies
are ferromagnetic and decrease on dilution mirroring the
collapse of Ni local magnetic moment. The second nearest
neighbour exchange energies change from anti-ferromagnetic
to just ferromagnetic on dilution, while the next three
collapses to zero with dilution. This feature has to be
incorporated into any realistic model of the spin-glass.
(ii)
 The pair energy JðbRÞ oscillates in sign with increasing bR so that
the possibility of frustration is present. The nearest neighbour
pair energy is strongly ferromagnetic and quite a bit larger
than the next nearest neighbour one. The behaviour of the
pair energies exhibits exponential decay characteristic of
Ni1�xMox (left) and Ni1�xWx (right).

m panels) Pair energies for Ni1�xWx and their variation with composition. In

face-centered cubic lattice.



disorder damping. With increasing dilution disorder scatter-
ing increases and so does the damping. A model with damped,
oscillatory interaction seems suitable for these alloys.
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Fig. 4. Frustrated plaquettes on a face-centered cubic lattice which lose their

frustration on dilution.
Let us examine the behaviour of JðbRÞ in greater detail. To
quantify the variation of JðbRÞ with bR we use the spatial moments
of the scaled pair energy:

Mn ¼
X
R4a

WðbRÞfJðbRÞ=JðaÞgn, n¼ 1,2, . . . ð9Þ

WðbRÞ are the coordination numbers on the face-centered cubic
lattice and a is the nearest neighbour distance on it.

From Fig. 3 we note that the third moments of both Ni1�xMox

and Ni1�xWx:M3 are positive which is characteristic of distribu-
tions which are asymmetric with more weightage towards ferro-
magnetic pair energies. This asymmetry decreases and at around
10–12% dilution becomes zero. This is in sharp contrast with
AuFe, where this moment is negative and changes to positive only
at around 84% dilution of Fe with Au. The anti-ferromagnetic pair
energies are the source of frustration on the lattice. The third and
fourth moments M3 and M4 go to zero with increasing dilution
indicating that the distribution (whose moments these are)
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Fig. 3. Moments of the exchange energies for (left) Ni1�xMox (right) Ni1�xWx.
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Fig. 5. The magnetic phase diagram for Ni1�xMox and Ni1�xWx.
becomes more Gaussian (free from asymmetry and kurtosis),
while the second moment M2 also decreases and the distribution
about the mean becomes sharp (delta function like). The first
moment also goes to zero at around 10–12% dilution, indicating
that the distribution becomes a delta function centered at the
origin.This is characteristic of a paramagnetic phase and there is a
strong indication that a paramagnetic phase with no local Ni
moments may be the stable low temperature phase at 12%
dilution for Ni1�xMox and 10% dilution for Ni1�xWx

These results throw some light on the nature of frustration in
the systems and their behaviour with composition. Khmelevskyi
et al. [14] have used the partial moments KðR0Þ ¼

P
R4R0

WðbRÞJðbRÞ
to illustrate frustration. The moments by themselves cannot give
full information about frustration unless we couple them with the
lattice topology. Antiferro-magnetic pair energies indicates the
possibility of frustration. But antiferro-magnetic pair energies
themselves may not lead to frustration until we couple it to
frustrated plaquettes on the lattice. On bipartite lattices even
completely antiferro-magnetic pair energies lead to no frustration
at all.

Fig. 4 shows a few of the smallest triangular and quadrilateral
plaquettes within a cubic unit cell of the face-centered cubic
lattice. The signs shown are that of the corresponding JðbRÞ. Given
the exponential decay of JðbRÞ with bR, these smaller plaquettes are
energetically the most important. With increasing dilution all
these plaquettes lose their frustration. This is another phenom-
enon that competes with the formation of a spin-glass phase on
dilution.

Finally, we shall make use of Eqs. (8) and (9) to generate the
phase diagram for Ni1�xMox and Ni1�xWx. This is shown in Fig. 5.
The collapse of Ni magnetic moment on dilution leads to the
paramagnetic phase extending all the way down to T¼0 K below
88% Ni in Ni1�xMox and 90% Ni in Ni1�xWx. For Ni1�xMox there is
a small region around 88% Ni composition where Tg 4Tc . How-
ever, we have to remember that these are mean-field estimates of
Tc and Tg, and the local Ni moment just vanishes here. Therefore,
the existence of a spin-glass phase in Ni1�xMox in this corner of
the phase diagram is doubtful. So far no experimental report on
the spin-glass in Ni1�xMox is available. For Ni1�xWx, on the other
hand, no such possibility seems to exist and there is no signature
of any spin-glass phase in the phase diagram.

We conclude that Ni based binary alloys behave differently
from canonical spin-glasses. In AuxFe1-x, for example, as the
concentration of Au increases, the local magnetic moment on Fe
in the spin-glass phase actually increases. The total magnetic
moment in this phase vanishes because the local moments are
randomly oriented. In Ni1�xMox and Ni1�xWx, on the other hand,
as the concentration of Mo or W increases, the local magnetic
moment on Ni goes to zero. In Ni based alloys there is a
competition between the formation of the spin-glass and collapse
of both magnetic moment and frustration with dilution and the
phase diagram does not indicate the possibility of a spin-
glass phase.
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