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The magnetic behaviour of dilute AuFe alloys up to 21 at% Fe was determined by

susceptibility measurements between 300 and 1600 K. Judged by the experimentally derived
effective magnetic moments and the paramagnetic Curie temperatures, the local environment
around the iron atoms in the liquid state is obviously not very different from that in the solid

state. The magnetic moments decrease with increasing solute concentration, and the
interactions between the solute atoms are indicated to be negative in the dilute alloys and

positive in the more concentrated alloys.

1. Introduction

The peculiar magnetic properties of quenched AuFe
alloys, their extreme sensitivity to the thermal treat-
ment, and the obvious occurrence of clustering effects
have been the incentives for a huge number of articles.
According to the phase diagram, the extensive solubil-
ity of iron in solid gold at high temperatures (74 at %
Fe at 1440 K) reduces to less than =~ 5 at % Fe at
room temperature [1]. By quenching, the fcc solid
solution can be retained in a supersaturated condition.
Thus, it was clear from the outset that the thermody-
namic instability of the quenched solid solution at
room temperature was one of the most crucial factors.

In some very early papers [2, 3] it had been pointed
out that the observed phenomena (such as ageing
effects or unexpected magnetization characteristics)
are not simply due to the precipitation of iron particles
out of the supersaturated fcc solid solution. The
inference was that, prior to the expected precipitation
of a-Fe particles, the quenched solid solution passes
through some transient, but still homogeneous,
pre-stage.

In view of the close correlation between the mag-
netic behaviour of the solute atoms and their local
environment, it is not surprising that much attention
has been paid to magnetic measurements; however,
most of the measurements refer to quenched samples
and their low-temperature behaviour. For the reac-
tions in homogeneous phase and the precipitation
process itself, the evidence provided by other tech-
niques is even more informative.

Despite the huge number of investigations in this
field, attempts to identify the observed phenomena
yielded, in many respects, controversal views. Based
on diffuse X-ray scattering, Dartyge et al. [4] sugges-
ted the segregation of iron atoms into small plate-like
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regions (Guinier—-Preston zones), an interpretation
meanwhile confirmed by Marsh et al. [ 5], Ju et al. [6],
and the most recent transmission electron microscopy
work of Chen-Chia Chou et al. [7].

However, according to the Mssbauer spectroscopy
measurements reported by Yoshida et al. [8], AuFe
tends rather to a short-range order of unlike atoms
than to a clustering of like atoms. The most recent
Moéssbauer spectroscopy study combined with X-ray
diffraction and small-angle scattering definitely fails to
provide evidence for the formation of homogeneously
distributed iron clusters [9]. Magnetically, AuFe is
one of the classical spin glass systems, and therefore
efforts have been devoted to elaborate the borderlines
between the paramagnetic, the ferromagnetic and the
spin-glass state. In the classification of some magnetic
transformations, some controversies still remain [10,
11], and the tentative magnetic phase diagram dis-
cussed in the literature reflects the complexity of the
system [12-16].

The present work was never focused on this very
interesting low-temperature behaviour, neither was it
aimed at studying the disputed segregation effect in
detail. However, it was of particular interest to find
out whether the tendency towards clustering or
ordering is somehow reflected in the liquid state. The
supplementary measurements on solid alloys were
included so as to have a reliable reference and to
understand better the systematic changes from the
solid to the liquid state.

2. Experimental procedure

Samples with a total mass of = 0.5 g were synthesized
by directly alloying appropriate amounts of the pure
elements. Gold sheet with a nominal purity of 99.99%
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and iron wire with a purity of 99.998% were applied as
starting materials. The mixtures were sealed under
vacuum {quartz, = 0.01 Pa) and thermally treated at
1400 K for 15 h so as to achieve the homogenization
of the melts. In order to keep the thermal treatment
identical to that during the magnetic measurements,
the samples were cooled to room temperature at a rate
of 5 Kmin~!. The magnetic susceptibilities were re-
corded on a Faraday-type balance, generally at the
maximum field strength of 1.38 x 10° Am . In order
to elaborate the field strength dependence, the mag-
netic field was varied stepwise between 0.52 and 1.38
x 108 Am~*. The temperature, programmable up to
1600 K, was controlled with a Pt-Pt/Rh thermo-
couple. Except for some very particular cases, the
heating and cooling rate was 5 K min ™. The immense
number of data points (up to about 2000 points per
alloy taken at a yariable scanning rate of 1-6 points/
min) was represented by smooth curves. The
scattering of the data including all the systematic
errors was much better than 1 x 107 m*mol L.

During measurements the alloys were kept in open
alumina crucibles, protected against oxidation by a
continually recycled argon atmosphere. The contribu-
tions of the thermocouple and the individual alumina
containers were determined by separate measure-
ments. On an absolute scale, the reported magnetic
susceptibilities were estimated to be accurate within
about 3%.

3. Results and discussion

In order to cover both the dilute and the more con-
centrated range of AuFe alloys with the nominal
compositions of 1, 3, 6, 9, 12, 15, 18, and 21 at % Fe
were subjected to magnetic measurements. The results
are summarized in Figs 1 and 2. As a general feature,
the discontinuities around 1330 K are due to the
solid-liquid transition in accordance with the phase
diagram [1]. It is evident that throughout the range of
compositions the magnetic character of the system
seems to be determined by the solute. Even small
additions of iron (1 at % Fe, 3 at % Fe) are effective in
transforming the diamagnetism of the host metal into a
highly temperature dependent paramagnetism (Fig. 1).
This is certainly the consequence of the magnetic
moments introduced via the solute atoms; however,
for the dilute case the relation between the inverse
experimental susceptibility, (x,!), and the temper-
ature, 7, is non-linear.

Emphasizing only the cooling curves, those alloys
with iron concentrations of more than = 5 at % Fe
exhibit a linear relationship between ! and T, both
in the solid as well as in the liquid state (Fig. 2). The
departures from the strict linearity observed below
500-700 K in the more concentrated alloys (15, 18,
and 21 at % Fe) and the pronounced divergences be-
tween the initial heating and the subsequent cooling
curves, are doubtlessly due to the instability of the
supersaturated solid solution [1]. Because the thereby
induced redistribution effect progresses even at room
temperature [3], it was expected to find that the
samples aged at ambient temperature for more than
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Figure 1 Magnetic susceptibility of solid and liquid dilute
Au, _ Fe, alloys as function of temperature: (—) experimental, (- - )
fitted by Equation 1.
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Figure 2 Inverse magnetic susceptibility of solid and liguid
Au, _ Fe, alloys as function of temperature: (——) heating, (——)
cooling.

3 weeks (i.e. the time interval between preparation and
measurement) were in a different condition from those
obtained immediately from the melt after solidifica-
tion. Without specifying the type of solid state reac-
tion which might have occurred (atomic short-range



order, clustering, or precipitation of small iron par-
ticles) we ascribed the increase in the magnetic suscep-
tibility of the aged alloys to the appearance of a
ferromagnetic component. To substantiate this, we
attempted to separate the ferromagnetic contribution
introduced via the ageing effect by determining the
field strength dependence of the magnetic susceptibil-
ity. As an example, the alloy with 9at % Fe was
subjected to different thermal treatments achieved by
cooling the homogenized melt at different rates (2, 5
and 10K min~!) from 1450 K down to room temper-
ature. Because, prior to the measurements, the sam-
ples were kept at room temperature for some time
(12-24 h), the thermal treatment was not well defined
but distinctly different due to the different cooling
rates. In fact, it became apparent that low cooling
rates favour the redistribution process as indicated by
the increased susceptibility and its augmented depend-
ence on the magnetic field (Fig. 3). As the magnetic
field approaches infinity (i.e. H™! —0) the magnetic
susceptibilitites tend, in a non-linear, way to some
Jower value which represents the extrapolated sus-
ceptibility of the matrix. Fitting the experimental
points with a polynomial up to the second order of
H™!, yields (1.03 +0.17)x 1072 JT ' kg™! for the
saturation magnetization of the ferromagnetic com-
ponent and (1.60 + 0.03) x 10~® m* mol ~ ! for the sus-
ceptibility of the matrix. This compares well with the
value of the practically non-aged sample as obtained
directly from the melt. The extrapolation of the incom-
plete cooling curve of Fig. 2 down to room temper-
ature gives (1.66 + 0.03)x 10"® m*mol™! which is
indeed very close to the matrix value deduced from the
aged specimen.
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Figure 3 Room-temperature magnetic susceptibility of slowly
cooled AuFe (9 at % Fe, 1450 K) as function of the inverse magnetic
field.

Based on our magnetic measurements, we may
conclude that the solid solution is retained as homo-
geneous phase as long as the cooling rate is high
enough. Nevertheless, for the further treatment of our
data we will rely upon the temperature range where
the solid solution is, in fact, thermodynamically stable,
because we cannot exclude that the debated solid state
reactions had already set in during the cooling period.
Furthermore, it was interesting to observe that even
the dilute alloys with 3 and 6 at % Fe, measured 1 year
after their preparation, showed all the characteristics
of the ageing process (Fig. 4). However, in view of the
extremely long exposure to air, the possible oxidation
of the samples in this particular case cannot be ex-
cluded.

At this point of the discussion we concede that to
some extent our ageing experiments were superficial,
but we may also claim that a more profound investiga-
tion of this very complex matter certainly goes beyond
the scope of this paper.

The quantitative treatment of the experimental data
was based on the Curie-Weiss law which predicts a
linear variation of ! with the temperature, 7. Al-
though in the concentrated alloys the relationship
between ' and T seemed to be linear over a wide
range of temperatures, the correction for the dia-
magnetic solvent turned out to be indispensable for
the dilute alloys. Splitting the total magnetic suscept-
ibility of the alloys, y,,, into the diamagnetic contribu-
tion of the solvent, y,, and the paramagnetic
Curie-Weiss like contribution of the solute we obtain

C
Am = (1 - xFe)XAu + XFe(T_‘E) (1)

Xg. is the mole fraction of iron, C the Curie constant,
and 6, the paramagnetic Curie temperature; the mag-
netic moments per iron atom, ., are determined
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Figure 4 Room-temperature magnetic susceptibility of some dilute
Au, _,Fe, alloys as function of the inverse magnetic field (cooled
from 1450 K at 5K min~?).
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from the expression 2.84 (xg,'C)'/*pg. The magnetic
susceptibility of solid gold was taken as (- 38.00
1+ 1.988x10737) 107 **m*mol~! [17]. The nu-
merical results of the fitting procedure (u ¢ and 0,) are
listed in Table I and plotted in Fig. 5, together with the
values obtained for the liquid state. Inasmuch as
significance is concerned, it must be noted that the
outcome of such a treatment is always sensitive to the
type of correction, especially in the case of the dilute
alloys where the total susceptibilities are relatively
small. The estimated errors given in Table 1 take
account of this uncertainty.

Using this modified version, even the dilute alloys
with 1 and 3at%Fe were consistent with the
Curie-Weiss law. Fig. 1 compares the experimental
curves with those calculated with the help of the
parameters given in Table 1. In view of the approxi-
mate character of the treatment (the assumed additivity
of the different contributions to the magnetic suscept-

TABLE I Magnetic moments, (U,), and paramagnetic Curie
temperatures, (8,), of liquid and solid Au, _,Fe, alloys

Composi- Magnetic moment, Paramagnetic Curie
tion Xg, Wess (Kp) temperature, 8, (K)

Solid Liqud Solid Liguid
0.01 5144+ 025 5694062 —139+30 —447+92
0.03 494 +034 5434025 —S58+32 —251%37
0.06 476 +024 512+020 32429 —89+29
0.09 469 +0.14 5.09 + 0.17 106 +19  —49 425
0.12 466 £0.11 492 +0.17 180 + 16 99 + 25
0.15 462 +0.11 479 +0.17 230 + 16 186 + 25
0.18 454 +009 470+ 017 297 + 14 253425
0.21 447 £0.09 460 +0.18 361 + 14 323 + 26
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Figure 5 Magnetic moments and paramagnetic Curie temperatures
(Ber» 8,) of (x) solid and (O} liquid Au, _Fe, alloys as function of
composition.
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ibility is only a first approximation), the correlation is
acceptable. Moreover, it should be emphasized that
for the dilute alloys the subtraction of the matrix
susceptibility is more than only a small correction. In
the concentrated alloys the fitted curves coincide prac-
tically with the experimental curves, consequently
they have not been included in Fig. 2.

The complex magnetic behaviour at low temper-
atures [12-16] and the pronounced temperature de-
pendence of the magnetic susceptibility have already
indicated that the iron atoms are associated with high
magnetic moments. In fact, the evaluation yielded
values not far from the value expected for a high spin
d® configuration (4.90 pg): 5.14 py for 1 at % Fe and
447 pg for the alloy with 21 at % Fe.

According to Anderson [18] the magnetic state of a
dilute transition metal atom in a non-magnetic matrix
is determined by the Coulomb intergral, U, the width
of the localized d-level, A, and the relative position of
the latter with respect to the Fermi level. Large values
of U/A imply well-separated spin-up and spin-down
levels and high magnetic moments, whereas small
values of U/A represent the non-magnetic case associ-
ated with highly overlapping sub-bands. Applied to
the case of AuFe, we may assume a large Coulomb
integral and narrow well-localized d-levels. Within
this context we cannot distinguish between well-separ-
ated sub-bands with six electrons per iron atom or
partially overlapping sub-bands containing five elec-
trons per atom. The magnetic moments of the dilute
alloys seem to favour a d*-configuration because they
exceed the value of 4.90 pg; however, the differences
are still within the limits of our accuracy.

The systematic change of the magnetic moments
with the composition suggests a tendency towards a
decreasing Coulomb integral and/or an increasing
width of the d-states, possibly modified by a sys-
tematic change of their position relative to the Fermi
level. One of the authors has applied this model in
a more quantitative form to the liquid systems
Al-Cu-Fe and Al-Cu—Co [19, 207 using the modified
and more realistic version put forward by Yosida et al.
[21]. However, for the tentative interpretation at-
tempted in this paper, the model in its original form
was adopted.

As indicated by the sign of the paramagnetic Curie
temperatures (Fig. 5) the magnetic interactions are
obviously antiferromagnetic up to 5 at % Fe and in-
creasingly ferromagnetic at higher iron contents. It is
interesting to find this tendency to some extent also
reflected by the low-temperature behaviour of the
system. Whereas long-range ferromagnetism domin-
ates the iron-rich side of the solid solution, spin glass
bebaviour prevails in the dilute region due to the
presence of competing antiferromagnetic interactions
[12-16].

As far as the agreement with earlier results is con-
cerned, both the magnetic moments and the para-
magnetic Curie temperatures compare well with those
reported in the literature [2, 3]. Some of the differ-
ences, especially those referring to small concentra-
tions of iron, are due to differences in the method of
evaluation.



Magnetically, the behaviour of liquid AuFe was
found to be not very different from that observed in
the solid state. The variation of the magnetic sus-
ceptibilities in the range of the liquid and the dis-
continuities across the solid-liquid transition are
shown in Fig. 6. In order to keep the graph on a
common scale, the individual curves were shifted
systematically downwards by amounts proportional
to the iron content of the alloys (— 1.68xg,
x 1078 m3 mol 1)

Except for the alloy with 3 at % Fe, the discontin-
uities caused by the transition from liquid to solid are
well pronounced and the transition temperatures are
in accordance with the phase diagram [1]. It is re-
markable that they change sign with increasing iron
content; at the critical concentration of 3 at % Fe the
solid transforms into the liquid without any discontin-
uity. This seems to be incompatible with the melting
point discontinuity of pure iron, where the magnetic
susceptibility decreases on meiting. However, pure
liquid iron transforms into a b c ¢ solid whereas in our
particular case the melt solidifies as an fcc solid
solution; and in fact, it is well known that if super-
cooled iron crystallizes in the fc ¢ structure the change
of the magnetic susceptibility occurs in the opposite
direction [22].

Fig. 7 illustrates the composition dependence of the
measured magnetic susceptibility and the slope of the
uncorrected ¥, ' versus T curves for two representative
temperatures. Similar to the features of the solid state,
the magnetic susceptibility changes sign around
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Figure 6 Magnetic susceptibility of liquid Au, _ Fe, alloys as func-
tion of temperature: (—) heating, (-—-) cooling. The individual
curves are shifted systematically by — 1.68x, x 10" ¥ m3mol ™1,
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Figure 7 Magnetic susceptibility of liquid Au, _ Fe, alloys and the
temperature coefficient of . * as function of composition: ( + , x)
1340 K; (0, ©) 1580 K; (—~--) 1470 K [237;(-+) 1460 K, additive law.

1 at % Fe and the y.' versus T curves are non-linear
below about 5 at % Fe. The increase of y,, with the
concentration is much steeper than predicted by a
linear mixing rule but still less pronounced than re-
ported by Giintherodt and Meier [23]. Although the
temperature coefficients follow the same trend with
the composition, they differ considerably in magni-
tude. Apart from this numerical disagreement, the
slightly convex form of our y, versus yg, curves
matches well the systematic changes through the series
Ge-Fe — Ga-Fe - Zn-Fe — Au-Fe.

The correction for the liquid-gold matrix was effec-
ted with (~ 37.74-9.42x10"*T)x 10" m3 mol !
[17]. Allin all, the experimental data were found to be
well represented by Equation 1. Similar to the solid
alloys, some divergencies were observed in the case of
the dilute alloys; however, they were only small and
therefore not shown in Fig. 6. In a previous paper it
has been stressed that the magnetic susceptibility of
liquid gold is not strictly linear with temperature [17].
The relation given above is only a reasonable approx-
imation and introduces thus an additional uncer-
tainty. The magnitudes of the magnetic moments, i ¢,
and the paramagnetic Curie temperatures, 8, as well
as their variations with the composition of the liquid
alloys, are roughly comparable to those of the solid
state (Fig. 5). This may be taken as an indication of a
similar local environment around the iron atoms in
both states. The differences in the absolute values of
M and 0, are only small. Throughout the range of
composition the magnetic moments of the liquid are
somewhat higher and, conversely, the paramagnetic
Curie temperatures are smaller. Accordingly the
change in sign of 8, occurs at a higher iron concentra-
tion {9 at % Fe).
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At infinite dilution, the magnetic moments seem to
approach 5.9 pg, the highest possible value for a d°-
configuration. In terms of the Anderson model this
implies an even increased U/A in the liquid state
and/or a changed position of the impurity states
relative to the Fermi level. It is difficult to specify this
1n detail, but the mmput data of the model are lacking.
Likewise increased magnetic moments, although less
pronounced, seem to be indicated for manganese, iron
and cobalt impurities in liquid copper [24].

We are not surprised to find nothing pointing to a
tendency of segregation or short range order in the
liquid state. The positive enthalpies of mixing indeed
hint at the demixing behaviour of the system [25],
while the magnetic properties are primarily domin-
ated by the effect of introducing highly magnetic
atoms into a diamagnetic liquid. Aithough known for
quite some time, the appearance of such high magnetic
moments in the liquid is once more remarkable. Re-
gardless of the model chosen to explain the magnetic
properties, one may safely guess that at least the
electronic environment, if not the local environment, is
about the same in the liquid and solid state.
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