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Abstract
Unlike other transition metals alloyed with a non-magnetic metal, alloys of Ni behave rather
differently. This is because of the fragility of the local magnetic moment on Ni. NiMo and NiW
do not show any spin-glass phase. However, addition of Fe can bolster the moment on Ni. We
wish to study whether the alloy Fe3.3Ni83.2Mo13.5, chosen near a composition where mean-field
estimates suggest there could be a spin-glass phase, shows such a phase or not.

1. Introduction

When a transition metal (e.g. Fe, Co, Cr, Mn) is diluted with a
non-magnetic metal (e.g. Au, Ag, Cu), we expect the random
alloy to exhibit the spin-glass phase in a certain composition
range. Ni is an exception, as it has a fragile moment which
can be lost on dilution. In an earlier work [1] we reported
both experimental and mean-field theoretical analysis of the
ternary FeNiMo alloys. It was expected that Fe magnetism,
being robust, may bolster the magnetism on Ni and there may
be the possibility of a spin-glass phase in a corner of the phase
diagram.

Figure 1 shows our earlier mean-field analysis of the
FeNiMo phase diagram. The mean-field overestimates the
Curie temperature, TC, for all compositions. However,
the qualitative trend of TC elevation with increasing Fe
content and depression with increasing Mo content at a
fixed Ni concentration has been reproduced by our mean-
field prediction and confirmed by experiment. For most of
the composition range shown here, the spin-glass freezing
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temperature Tg sits lower than TC, therefore the transition is
observed between the paramagnetic and random ferromagnetic
phases. Only in the composition range at the lowest
Fe concentration, around 3 at.%, with the largest Mo
concentration (∼13–14 at.%) is there a possibility of Tg

crossing over TC at a ‘tri-critical’ point.
In an early paper Mookerjee and Roy [2] studied the

probability distribution of the Weiss fields in a random
Heisenberg model and suggested that in addition to the
paramagnetic, ferromagnetic and spin-glass phases, there was
a fourth phase. This was the mixed or ferro-spin-glass phase
where the component of magnetization in the direction of
the quantization axis showed long range order, while the
perpendicular component is frozen in a spin-glass phase.
The resultant magnetic moments are then randomly canted
around the quantization axis. In the phase diagram this phase
was stable near the tri-critical point, where the spin-glass
and ferromagnetic boundaries in the temperature-composition
diagram crossed, and towards the side with higher magnetic
concentrations. Figure 2 shows a schematic representation of
the phase diagram for a random Heisenberg model. Later,
using a different approach, the existence of this phase was also
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Figure 1. Experimental and mean-field theoretical estimates of TC

and Tg in FeNiMo alloys. The black numbers are Ni at.% and those
in blue are Fe at.%.

Figure 2. Schematic representation of the phase diagram for a
random Heisenberg model near the multicritical point. P:
paramagnet, RF: random ferromagnet, SG: spin-glass, FSG:
ferro-spin-glass.

proposed by Gabay and Toulouse [3]. The phase was studied
in further detail by Mookerjee and Roy [4]. Their conclusion
was that such a phase should show characteristics of both
ferromagnetic and spin-glass phases. There have been many
experimental confirmations of this phase [5–9]. We also refer
to reviews by Sinha et al [10] and Sinha and Majumdar [11]

In NiMo binary alloys, Ni, being a fragile magnet, rapidly
loses magnetic moment as Mo increases, and exactly where
we expect the spin-glass phase to exist (Tg > TC) the system
becomes paramagnetic. Existence of the spin-glass phase in
NiMo has not been reported. However, in the ternary FeNiMo,
addition of Fe reinforces magnetism in Ni, and around a Mo
concentration of 13–15% the TC and Tg curves intersect and
there is a possibility of the spin-glass phase. The mean-
field estimates of the transition temperatures are never very
accurate, therefore the best we can say is that the critical
composition where we expect a spin-glass phase is around
13–15 at.% of Mo and around 80–83 at.% of Ni. This has to be
confirmed by experiment.

In this paper we report experimental studies on
Fe3.3Ni83.2Mo13.5, which is right in the composition range

Figure 3. M versus T for both FC and ZFC conditions at different
external fields.

where we expect a spin-glass phase. We also justify our results
with a theoretical analysis of magnetization relaxation in this
alloy.

2. Experimental details

Mo is a very high melting point metal, as high as 2890 K.
It is difficult to make homogeneous alloys with Mo as
additive. We began with Johnson Matthey 99.999% pure
Ni, Fe and Mo. The necessary amounts roughly in the
ratio Ni:Fe:Mo as 83:3:14 were mixed and arc melted in a
pure argon atmosphere. The shiny button so formed was
sealed in a quartz tube, flushed with ultra-pure argon gas, and
then homogenized at 1573 K for 48 h. It was then cold-
rolled and cut to size. A final annealing was done in argon
atmosphere at 1373 K to reduce strain due to cold rolling.
The exact composition of the sample was then determined
by energy dispersive x-ray analysis (EDXA) using a scanning
electron microscope (SEM) and found to be: Ni:Fe:Mo as
83.2 ± 2:3.3 ± 0.1:13.5 ± 0.8 at.%. Magnetization and
ac susceptibility measurements were done using a Quantum
Design superconducting quantum interference device (SQUID)
magnetometer and physical property measurement system
(PPMS). X-ray diffraction (XRD) measurements were done
using a Philips XRD machine X’Pert PRO Diffractometer.

Figure 3 shows the magnetization variation with
temperature for this sample both for field-cooled (FC) and
zero-field-cooled cases (ZFC). For ZFC measurements, the
sample was cooled down from 100 K (�TC and Tg) to 2 K
in zero magnetic field. After cooling, an external magnetic
field of ∼20/50/100 Oe was applied and held constant while
the magnetization was measured as the temperature was
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Figure 4. Variation of ac susceptibility χ(ω) with temperature for
different frequencies ω.

raised slowly (∼1 K min−1) up to 50 K. Subsequently, the
temperature was lowered again down to 2 K with the field
turned on and the field-cooled (FC) magnetization data were
taken with the temperature raised quasi-statically to 50 K at
the same heating rate. For the low external field of 20 Oe
the ZFC and FC diverge from each other at low temperatures
around 45 K. With increase of external field to 50 Oe the ZFC
approaches the FC curve, until at 100 Oe the two coincide at
all temperatures.

This behaviour can be explained as follows. When we
cool the sample to 2 K in zero-field, it undergoes spin-glass
freezing. Now if we turn on a very small field it cannot
defreeze the spins. Initially, when we start to heat the
sample, thermal fluctuations begin to defreeze the spins, which
then align because of the magnetic field and magnetization
increases. Finally, when all spins are defrozen at Tg we
get a maximum. Further heating causes thermal fluctuations
to randomize the spins and magnetization decreases as in a
paramagnet. The ZFC state is a metastable one, while the FC
state is an equilibrium state. Now if we cool down to 2 K in
the presence of the magnetic field, it aligns the moments more
and more so that at the lowest temperature we get the highest
magnetization. Now as we heat the sample and measure
magnetization, it can only decrease. The two heating curves
meet at the irreversibility temperature Tirr.

On the other hand, when we first cool down to 2 K
in zero-field and turn on a large field, the spins are almost
completely defrozen by the field and raising the temperature
causes thermal randomization and the magnetization decreases
like a paramagnet. Cooling down in the presence of the
large field means even at 2 K, there is no spin-freezing and
subsequent heating produces a curve almost identical to the
ZFC case. Since such a behaviour is observed, this is a
clear signature of memory effects characteristic of a spin-glass
transition.

Figure 4 shows the variation with temperature of the ac
susceptibility at different frequencies. The susceptibilities
show the familiar rounded maxima at finite frequencies.
The temperature at which the maximum occurs increases

Figure 5. The hysteresis (magnetization versus magnetic field)
curves for temperatures above and below the ‘spin-glass’
temperature.

with frequency. Again, this is characteristic of a spin-glass
phase. This behaviour is consistent with the dynamical mean-
field theory of spin-glasses in a coupled-mode approximation
described by Chowdhury and Mookerjee [12]. Here
the dynamics described is that of coupled eigenmodes of
the random exchange pair interaction (EPI). At higher
temperatures the dynamics is dominated by ‘finite sized’
Anderson localized eigenmodes of the random EPI. Spin-glass
transition occurs when kBT crosses the mobility edge and
an ‘infinite sized’ extended eigenmode with infinite lifetime
exhibits frozen behaviour. The timescales associated with
a finite frequency measurement are inversely proportional to
the frequency. So at a higher frequency, a susceptibility
measurement will see a finite localized mode as ‘frozen’,
giving a maximum at the higher temperature. It seems
therefore from the two measurements described, this alloy does
behave like a spin-glass at low temperatures.

The first surprise comes with the hysteresis curves shown
in figure 5. The curve for 20 K (>Tg) resembles that of a
ferromagnet except that even at 60 kOe there is no sign of
saturation. At 5 K (<Tg) if we had field-cooled the sample
first we should have expected a shifted hysteresis curve with a
large coercive field [13]. However, the coercive field remains
very small as in ferromagnets, but unlike a ferromagnet there
is no saturation even at 60 kOe field.

We next focus on magnetic relaxation studies. In these
experiments the sample is cooled in a magnetic field of 30 Oe
from 300 K to the temperature of measurement. The field is
then turned off and the relaxation of magnetism is studied as
a function of time. Figure 6 shows the relaxation results. At
high temperatures (80 K) we essentially observe noise around
m � 0. At these high temperatures magnetization cannot be
sustained. At the lower temperatures we observe a double
exponential relaxation :

m(t) = meq + A exp(−t/τ1) + B exp(−t/τ2), (1)

an initial relatively fast relaxation followed by a slower, but still
exponential decay. Table 1 shows the short and long relaxation
times τ1 and τ2 for 6 and 10 K. As expected, both the fast
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Figure 6. (Top panel) Relaxation of magnetization at different temperatures. (Bottom panel) Double exponential decay at 10 and 6 K.

Table 1. Fitted time parameters (τ1 < τ2) for the double exponential
decay of magnetization at different temperatures.

Temp (K) τ1 (s) τ2 (s)

6 150 1557
10 93 913

and slow relaxations speed up with temperature. The double
exponential fits are shown in the bottom panel. Again, this is
an unexpected result if we believe in a spin-glass behaviour at
low temperatures. There is no signature either of a logarithmic
or a Kohlrausch stretched exponential decay even at long times.

Therefore it appears that the alloy, at low temperatures, has
characteristics of both spin-glasses and random ferromagnets.
We shall examine the magnetic relaxation carefully using
theoretical tools.

3. Magnetic relaxation: a theoretical analysis

For our analysis we shall turn to the atomistic approach based
on the quantum description of solids, as proposed by Skubic
et al [14]. This is an approach which provides a study of
magnetization relaxation from first-principles, appropriate for

systems with complex chemical compositions. The approach
is based on density functional theory, which quite accurately
reproduces both magnetic moments and EPIs. We shall follow
Skubic et al [14] and begin with the Landau–Lifshitz–Gilbert
(LLG) equation and model finite temperatures by adding a
stochastic field to the effective field. This leads to a stochastic
differential equation:

∂ �m Q
R

∂ t
= −γ �m Q

R ×
{ �B Q

R + �bR(t)
}

− γα

m
[ �m Q

R × ( �m Q
R × { �B Q

R + �bR(t)})], (2)

where

�B Q
R = − ∂H

∂ �m Q
R

;

H = − 1
2

∑
QQ′

∑
R∈Q

∑
R′∈Q′

J QQ′
R R′ �m Q

R · �m Q′
R′

〈bμ

R(t)〉 = 0〈bμ

R(t)bν
R′(t ′)〉 = 2DδμνδR R′δ(t − t ′).

Q, Q′ refer to Fe, Ni and Mo components, γ is the electron
gyromagnetic ratio. The stochastic field �bR(t) has a Gaussian
distribution. The amplitude D of the stochastic field has been
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Figure 7. The EPIs J QQ′
(R) as functions of R. EPIs are expressed in mRyd while R is in units of the lattice constant a.

derived by Skubic [14] and brings in the temperature

D = α

1 + α2

kBT

γ m
.

Here, α is a phenomenological damping parameter, associated
with D and the temperature as above and m is the magnitude
of the magnetic moment.

For our numerical simulations we have found it convenient
to work with the auto-correlation function defined as

C(t) = 1

N

∑
R

〈{
�m Q

R (0) · �m Q
R (t)

}〉
av

. (3)

The configuration average is taken over different configura-
tions of the components Q.

The EPIs are calculated from our first-principles KKR-
CPA (Korringa–Kohn–Rostoker-coherent potential approxi-
mation) method. Since the EPIs are very small energy
differences (of the order of mRyd) of large energies (of the
order of 103 Ryd), a separate calculation of each component
energy will produce errors larger than the small differences
themselves. Then the inter-atomic ‘pair-exchange’ parameters
will be calculated following the theory of Lichtenstein et al
[15, 16]. Figure 7 shows the dominant EPIs of the problem
as functions of distance. At these compositions J NiNi(|R −
R′|) is weak, consistent with Ni beginning to lose its
intrinsic moments at these dilutions. J NiFe(|R − R′|) and
J MoFe(|R − R′|) are reasonably strong, while J FeFe(|R − R′|)
remains unchanged with composition. This is consistent with
magnetism on Fe being robust and weakly dependent on its
environment.

The relaxations were carried out on a cluster of size
32 × 32 × 32 and at two different damping coefficients and
at 5 K.

Figure 8 shows the relaxation of the auto-correlation
function C(t) for two different values of the damping
parameter α. The left panels focus on the fast initial relaxation,
while the right panels zoom on the later slower relaxation. Both
the curves can be fitted to the double exponential form

C(t) = Ceq + A exp (−t/τ1) + B exp (−t/τ2).

The dynamics of the relaxation process, as measured by
the auto-correlation function with zero waiting times can be
divided into two distinct regimes: an initial fast relaxation,
followed by relaxation towards the global minimum. Let us
first analyse the influence of damping on spin relaxation. The
curves in figure 8 show the initial dynamics immediately after
quench. Table 2 shows the relaxation times τ1 and τ2 of the
double exponential fit. The short time behaviour is independent
of α and the initial τ1 is independent of damping. In our case
we have begun with a completely random spin distribution.
The immediate relaxation of the auto-correlation function is
dominated by strong precessional motion of the spins in the
rapidly varying effective exchange fields. The system relaxes
via a damping torque on each atomic spin. The subsequent
relaxation is associated with equilibration of spins in their local
fields. The relaxation rate τ2 is now dependent on α. The larger
the damping the smaller is τ2, that is, the relaxation is faster.
This is clear from table 2. From the right panels of figure 8 we
see that after 1000 s the auto-correlation decays to 0.015 from
the initial value of 1 for α = 0.1, while it decays to 0.0125 for
α = 0.4, in agreement with the above statements.

The behaviour and arguments are similar to those given
by Skubic et al [14] for CuMn. We conclude from our analysis
that the relaxation may be fitted to a double exponential: an
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Figure 8. Relaxation of the auto-correlation function at T = 5 K for (top) α = 0.1 and (bottom) α = 0.4. The left panels show the fast initial
decay while the right panels zoom in on the later slower decay.

Table 2. Fitted time parameters (τ1 < τ2) for the double exponential
decay of magnetization at 5 K for different damping parameters.

α τ1 (s) τ2 (s)

0.1 32.04 ± 4.8 1273.8 ± 87.8
0.4 30.48 ± 2.3 925.8 ± 66.3

initial fast decay followed by a slower but still exponential
relaxation. In the quasi-equilibrium state the magnetization
and auto-correlation relaxations are similar. Our theoretical
relaxation results agree qualitatively with experiment.

The main point to note is that, both in experiment
and theory, there does not seem to be any signature of
an anomalously slow power-law, logarithmic or stretched
exponential relaxation characteristic of the pure spin-glass
phase. Given the experimental results on frequency dependent
ac susceptibility peaks and bifurcation between FC and ZFC
magnetizations in low fields, absence of anomalously slow
relaxation comes as a surprise.

4. Conclusion

We are faced with the fact that in some aspects the alloy
behaves like a spin-glass; for example, in the bifurcation
between ZFC and FC susceptibilities and the variation of
maxima in the ac susceptibility with frequency. On the other
hand, the hysteresis curves and magnetic relaxations resemble
those of a random ferromagnet. Our understanding from
the theoretical suggestions [2, 3] and experimental data on

other materials [5–9] suggests that the alloy Fe3.3Ni83.2Mo13.5

in all probability exhibits the ferro-spin-glass phase at low
temperatures.
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