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The magnetic properties of a melt-spun Cu60Au35Fe5 alloy are examined by X-ray diffraction (XRD), mag-
netic measurements, and transmission electron microscopy (TEM). The XRD pattern of an as-spun sample
indicates the formation of a solid solution of Cu and Au with no Fe phase, whereas that of the annealed
sample (773 K � 36 ks) shows a small amount of the a-Fe phase because the Fe atoms precipitate during
annealing. TEM observations and EDX analysis of the as-spun sample show no distinct Fe-rich domains,
implying that some Fe atoms are dissolved in the matrix, and others form very fine magnetic clusters.
Moreover, magnetic measurements indicate the presence of magnetic clusters and isolated Fe atoms.
The AC magnetic susceptibilities show that the as-spun sample has a sharp cusp around 20 K, which is
characteristic of spin glass behavior. The simulations of the M–H curves of the as-spun sample measured
at 77 and 300 K, show that most Fe atoms are dissolved in the matrix as isolated atoms, not as clusters.
Additionally, the calculated rate of clustering in the as-spun sample tends to decrease with temperature,
suggesting that the magnetic exchange interactions are weak.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Fe–Au systems have attracted considerable attention because
this system exhibits various magnetic properties such as forming
spin glasses, mictomagnetism in Fe-dilute compositions, and
ferromagnetism in Fe-rich compositions [1–20]. The measure-
ments of the electrical resistivity of Au–Fe alloys [2] show that spin
glasses form in the concentration range of 0.5–8 at.% Fe. When the
Fe concentration exceeds about 10 at.%, mictomagnetism appears,
which is characterized by large magnetic clusters and a sensitivity
to thermal and magnetic history. Further increases in the Fe con-
centration produce overlapping among the magnetic clusters,
finally resulting in the appearance of a long-range inhomogeneous
ferromagnetic regime. A magnetic phase diagram [3–5] experi-
mentally obtained by using a number of different techniques sug-
gests that Au–Fe alloys with an Fe composition of less than 15 at.%
Fe behave as spin glasses that are characterized by a cusp in the
initial susceptibility, whereas the magnetic properties of the alloys
with Fe > 15 at.% are similar to those of normal ferromagnets.

The transverse magnetoresistance measured in Au–Fe alloys
from 2.9 to 18 at.% Fe [7] shows that the magnetic behavior
passes through spin glass, mictomagnetic, and inhomogeneous
ferromagnetic regimes as the Fe concentration increases. Hamzić
and Campbell concluded from the electrical resistivity and
magnetoresistance measurements, that ferromagnetic and spin
glass ordering coexist at low temperatures when the composition
of Fe exceeds the concentration where ferromagnetic order
appears and that the coexistance vanishes and ferromagnetic order
appears as the temperature increases [11]. Thus, the magnetic
properties of the binary Au–Fe system are complex.

Since the discovery of giant magnetoresistance [21–25], many
theoretical and experimental studies have focused on Au–Fe thin
films, nanowires, and layered superlattices [26–40]. Ichimura and
Sakuma calculated the electronic and magnetic structures of
finite-size systems consisting of n (=2–12) layers of Au that possess
the interface Fe monolayer on one side and the free surface on the
other side [30]. They used the linearized muffin-tin orbital method
with the atomic sphere approximation within the local spin-den-
sity approximation. The magnetic moment of the Fe monolayer
changed non-monotonically by 0.1 lB as the number of Au layers
increased. The finite-temperature properties of the layered Fe/Au
superlattice were calculated by Wang et al. [35] by using Monte
Carlo simulations based on the Heisenberg model. In the cal-
culations, the exchange parameters were deduced from the ab ini-
tio total energies and a phenomenological anisotropy constant was
used. The calculated Curie temperature decreased with the
decrease in Fe layer thickness, demonstrating that the Curie
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Fig. 1. XRD profiles of the As-Q and annealed (773 K � 36 ks) Cu60Au35Fe5 alloy and
of pure Au and Cu.
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temperature is strongly affected by the ab initio exchange parame-
ters and is insensitive to the anisotropy. Neuttiens et al. examined
the experimental behaviors of the differential resistance, R(I) = dV/
dI, of narrow Au–Fe spin glass wires [32]. They argued that the
asymmetric behavior of R(I) could be explained by a mesoscopic
thermoelectric effect. Saoudi et al. investigated the size effect in
the spin glass magnetization of thin Au–Fe (Au97Fe3) films using
polarized neutron reflectometry [38]. Films from 20 to 500 nm
thick exhibit Brillouin magnetic behavior at temperatures of
295–50 K with an Fe magnetic moment of 0.9 lB below 30 K.
However, they reported an Fe magnetic moment of 1.3 lB below
20 K for the 10-nm-thick film. Recently, Fritzsche et al. investi-
gated the magnetic properties of ultrathin Au–Fe films [40]. They
found that the magnetization of a 1-nm-thick film follows a
Brillouin function, showing that ultrathin Au97Fe3 layers less than
1 nm thick are paramagnetic instead of spin glasses.

A melt-spun Au80Fe20 alloy was investigated by Allia et al. [41].
The as-quenched melt-spun Au80Fe20 alloy exhibited paramagnetic
behavior with very short-range magnetic correlations among adja-
cent spins. Moreover, the melt-spun Au70Fe30 alloy exhibited simi-
lar magnetic behavior to the Au80Fe20 alloy with a higher
paramagnetic temperature, TC (415 K) [42]. The melt-spun
Au80Fe20 and Au70Fe30 alloys both exhibit an isotropic magnetic
resistance at room temperature [42].

Au–Fe systems show various magnetic properties that depend
on the fabrication method. However, the magnetic properties of
most of the ternary alloys, including the Au–Fe system, remain
unknown. Therefore, in this study we investigated the melt-spun
Cu–Au–Fe alloy, because the phase-diagrams of the Cu–Au–Fe
ternary system are interesting. First, equilibrium Au–Fe systems
at high temperatures form solid solutions. For example, just below
the peritectic temperature of 1446 K, the Au-solid solution and c-
Fe phase coexist with an Au-solid solution containing 74 at.% Fe
and c-Fe containing 8 at.% Au. At 1121 K, up to 47 at.% Fe can be
dissolved in an Au solid solution [43]. In the Au–Cu system, all-pro-
portional solid solutions are formed above 683 K. In contrast, Fe
and Cu cannot dissolve in each other. The maximum content of
Fe in a Cu-based solid solution is 4.8 at.% [44]. Because the solubil-
ity of Fe atoms in this ternary alloy system determines the mag-
netic properties, we expect the system to have various magnetic
properties. Furthermore, in this work we use melt quenching
apparatus to fabricate the melt-spun sample with a cooling rate
of 8 � 105 K/s [45]; thus, we expect the high-temperature phase
to be preserved at room temperature. Second, the presence of Au
atoms affects the magnetic properties strongly; however, the pres-
ence of Cu atoms may prevent Au atoms from coupling magneti-
cally with the Fe atoms because Au–Cu forms an all-proportional
solid solution at high temperatures, indicating that the Au–Cu cou-
pling is stronger. As a result, the Cu–Au–Fe ternary systems display
interesting magnetic properties.

In this study, we examine the relationship between the magne-
tization and its characterization using X-ray diffraction (XRD),
magnetic measurements, including the AC magnetic susceptibili-
ties, and transmission electron microscopy (TEM) of the melt-spun
Cu–Au–Fe alloys. In the Fe-rich melt-spun Cu–Au–Fe alloy, the
complicated inter-granular interactions should be considered.
Consequently, to discuss the quantitative relationship between
the microstructures and magnetic properties, we chose the
Fe-dilute Cu–Au–Fe alloy, Cu60Au35Fe5. These Fe-dilute Cu–Au–Fe
alloys have never been investigated as magnetic materials.
Although Fe-dilute alloys may not be commercially important,
they are expected to show interesting magnetic behaviors, such
as the formation of spin glasses and mictomagnetism. Our results
will elucidate the various unusual magnetic properties observed
in Au–Fe alloys fabricated by equilibrium and non-equilibrium
methods [1–20,26–42].
2. Sample preparation

Small pieces of oxygen-free Cu (99.99% purity), Au (99.9% pur-
ity), and Fe (99.9% purity) were placed in a high-frequency furnace
at a weight ratio of Cu–35 at.% Au–5 at.% Fe and were then melted
together under argon gas shielding. Melt-spun samples were pre-
pared from specimens fabricated under an argon gas atmosphere
using a single roller melt-spinning apparatus. The samples were
quenched from liquid at a surface velocity of approximately
42 m/s and a blow-off pressure of 0.6 atm. The melt-spun samples
were 50–60 lm thick and 1.0–1.5 mm wide. The samples were
sealed in quartz tubes in a vacuum and were aged at 773 K for
36 ks.

XRD with Cu Ka radiation was used to determine the phases
formed in the melt-spun and annealed samples at room tempera-
ture. The magnetic properties for both samples were measured
with an applied field of up to 70 kOe (7 T) at 4.2, 77, and 300 K.
The field-cooled (FC) and zero-field-cooled (ZFC) magnetizations
were measured in the temperature range of 2–300 K under an
applied field of 10 kOe and 50 Oe. The AC magnetic susceptibilities
were measured for frequencies between 1 and 997 Hz under an
alternating field of 3 Oe. The microstructure was observed by
TEM performed on a JEOL JEM2010 high-resolution microscope.
The TEM disks (diameter: approx. 3 mm) were punched from the
samples and polished by ion milling. Additionally, a beam about
10 nm in diameter was used for EDX composition analysis of small
regions.

3. Experiments

3.1. X-ray diffraction

Fig. 1 shows the XRD profiles for as-spun and quenched (hereinafter, As-Q) and
annealed (773 K � 36 ks) samples, and for pure Au and Cu. The (111), (200), and
(220) reflections of the As-Q and annealed sample are located among the reflec-
tions of pure Au and Cu, which indicates the formation of a solid solution. Fig. 2
shows the electron diffraction pattern of the As-Q sample, which has a face-cen-
tered cubic (fcc) structure, where the incident direction is [110]. This solid solution
phase appears because Au and Cu form an all-proportional solid solution above
683 K and the high-temperature phase can be retained when using melt-spinning
apparatus. Additionally, X-ray analysis of Au80Fe20 and Au70Fe30 melt-spun alloys
[46] has shown that the fcc phase is observed even in alloys containing high Fe con-
centrations, which is consistent with the retention of the high-temperature phase.



Fig. 2. Electron diffraction pattern of the As-Q sample of the Cu60Au35Fe5 alloy
([110] incident direction).

Fig. 4. M–H curves for the As-Q and annealed Cu60Ag35Fe5 alloy measured at 300 K.
h: As-Q; j: annealed (773 K � 36 ks).
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Next, we discuss the supersaturation of the As-Q sample in relation to the lat-
tice constant. The lattice constant of the As-Q sample is experimentally determined
as 3.794 Å. In contrast, a lattice constant of 3.788 Å is theoretically calculated by
applying Vegard’s law to the solid solution; thus, the disagreement between the
experimental and theoretical results is as small as 0.16%.

A very weak peak is observed around 45� in the XRD profile of the annealed
sample (Fig. 1). Fig. 3 shows the magnification of the XRD profiles of the As-Q
and annealed samples around 45�. The annealed sample shows the Fe (110) reflec-
tion, whereas the As-Q sample does not, meaning that the Fe atoms are precipitated
by annealing. During the Fe precipitation in Cu–Au–Fe alloys [47], fcc c-Fe segre-
gates with annealing time at temperatures around 683 K. However, our experimen-
tal results indicate the segregation of body-centered cubic (bcc) a-Fe. This
difference may arise from the differences in composition and annealing tempera-
ture; the slight difference in chemical potential caused by the compositional differ-
ences may have a large effect on the precipitation mechanism. Additionally, the
absence of the Fe (110) reflection in the As-Q sample suggests that the Fe atoms
form very fine clusters or are isolated in the matrix.
3.2. Magnetic measurements

Fig. 4 shows the magnetization curves (M–H curves) of the As-Q and annealed
samples at 300 K. The magnetization of the annealed sample is almost saturated at
more than 20 kOe, whereas that of the As-Q sample is very small and unsaturated as
it increases linearly.

The residual magnetization is 2 emu/g for the annealed sample, whereas no
residual magnetization is observed in the As-Q sample. The 1/H plot shows that
the saturated magnetization of the annealed sample is 5.8 emu/g. The magnetiza-
tion of Cu60Au35Fe5 is 5.6 emu/g, assuming that the Fe atoms couple ferromagneti-
cally with a magnetic moment of 2.2 lB. The magnetic measurements and the XRD
Fig. 3. Magnification of the XRD profile of the As-Q and annealed Cu60Ag35Fe5 alloy
between 43.0� and 47.0�.
results show that the magnetization of the annealed sample is that of bcc a-Fe.
Furthermore, the precipitation of antiferromagnetic fcc c-Fe [47] is not observed
in this sample.

Fig. 5 shows the M–H curves of the As-Q and annealed samples at 77 K.
Compared with the curves at 300 K, the magnetization of the As-Q sample
increased, although that of the annealed sample showed only a slight increase.

Fig. 6(A) and (B) shows the M–H curves of the As-Q and annealed samples mea-
sured at 4.2 K. Both samples show hysteresis curves, with a coercive force of 500 Oe
for the As-Q sample and 1 kOe for the annealed sample. The magnetization of the
annealed sample reaches saturation, whereas that of the As-Q sample is not satu-
rated, even at 4.2 K under an applied field of 70 kOe.

Compared with the results in Figs. 4–6, the magnetic behavior of the annealed
sample does not change dramatically with the decrease in temperature, which can
be explained by the precipitation of the a-Fe phase by annealing. The magnetic
behavior of the As-Q sample is completely different from that of the annealed sam-
ple. The As-Q sample is very sensitive to the temperature; it has a small, unsatu-
rated magnetization even at 4.2 K under an applied field of 70 kOe.

The magnetization temperature dependences (M–T curves) for the As-Q and
annealed samples, both of which show FC magnetization, are measured in the tem-
perature range of 4.2–300 K under an applied field of 10 kOe (Fig. 7). There are large
differences in the magnetic behavior of the samples. The As-Q sample shows a
strong temperature dependence, whereas the magnetization of the annealed sam-
ple remains almost constant over the whole temperature range, confirming the
effect of Fe. The change in magnetization is steep in the As-Q sample; the magne-
tization at 300 K is one-tenth that at 4.2 K. The rate of the decrease in magnetization
is large between 30 and 80 K.

Fig. 8 shows the FC and ZFC magnetizations of the As-Q sample under an
applied field of 50 Oe in the temperature range of 2–100 K, with a distinct cusp
around Tp � 19.8 K for ZFC magnetization. The irreversibility between FC and ZFC
processes, namely bifurcation at a temperature of less than Tp, implies the presence
of magnetic metastable states, which are widely found in various magnetic
Fig. 5. M–H curves for the As-Q and annealed Cu60Ag35Fe5 alloy measured at 77 K.
h: As-Q; j: annealed (773 K � 36 ks).



Fig. 6. M–H curves for the (A) As-Q and (B) annealed (773 K � 36 ks) Cu60Ag35Fe5 alloy measured at 4.2 K.

Fig. 7. M–T curves for the As-Q and annealed Cu60Ag35Fe5 alloy measured under an
applied field of 10 kOe.
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materials, such as spin glasses, cluster glasses, mictomagnets, and superpara-
magnets. Although each metastable state in these materials has physically different
meanings, it is usually caused by the effect of the random local anisotropy field on
the appearance of bifurcation. Here, the bifurcation is caused by the presence of
random local anisotropy field; therefore, the magnetic field of 50 Oe is sufficiently
weak in comparison. Accordingly, the small coercive force of 500 Oe was probably
caused by the random local anisotropy field (Fig. 6(A)).

The inverse magnetic susceptibility (1/v) versus temperature (T) plots for
T > 20 K, which is evaluated from FC magnetization in the As-Q sample, are shown
in Fig. 9, following the Curie law. When the applied field is very weak, 1/v is
Fig. 8. FC and ZFC magnetizations of the As-Q sample under an applied field of
50 Oe in the temperature range 2 to 100 K. r: FC magnetization; h: ZFC
magnetization.



Fig. 9. Plots of inverse magnetic susceptibility 1/v versus temperature T at T > 20 K,
evaluated from FC magnetization in the As-Q sample.

Fig. 11. Detailed temperature dependences of v0 for the As-Q sample at seven
frequencies from 1 to 997 Hz around the cusp. Inset: best fit results with Eq. (2).
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1
v
¼ 3kB

N0m2
0

T ð1Þ

Here, N0 is the number of Fe atoms, m0 is the effective magnetic moment of the atom
and kB is the Boltzmann coefficient. From Eq. (1) we obtain the value of m0 � 14.1 lB,
suggesting partial formation of some very small clusters in the matrix.

Fig. 10 shows the temperature dependence of the real part of the AC magnetic
susceptibilities, v0 , for the As-Q sample at a frequency of 997 Hz with an applied
field of 3 Oe. A sharp cusp at T = 20.6 K, which is characteristic of spin glass, is
observed.

Fig. 11 shows the detailed temperature dependences of v0 for the As-Q sample
at seven frequencies from 1 to 997 Hz around the cusp. The spin glass freezing tem-
perature, Tg, which is the temperature where the cusp appears, shifts toward a
higher temperatures as the frequency increases. The relative variation in Tg per dec-
ade of frequency, x, expressed as DTg/[Tg � D(log10 x)], is about 1.5 � 10�2. This
value is small compared with the value of 4 � 10�2 for the cluster spin glass
SrFe0.9Ti0.1O3�D [48], and it is larger than that of the classical spin glass of the
CuMn alloy (5 � 10�3) and other canonical spin glasses [49].

Based on the dynamical scaling approaches [48,50-56], each measurement
time, s, is expressed as

s ¼ s0
TgðxÞ � T0

T0

� ��zv

ð2Þ

where s0 is the microscopic flipping time, z is the dynamic exponent, and v is the
spin correlation exponent. Tg(x) and T0 denote the spin glass freezing temperature
at frequency x and x ? 0, respectively. The best fitting results based on Eq. (2)
are shown in the inset of Fig. 11. The optimized values of zv and T0 are 10.3 and
18.7 K, respectively. zv for conventional spin glass systems ranges from 7 to 11
[48,51–53,56]; therefore, the optimized value of zv = 10.3 is a typical value for con-
ventional spin glass.

3.3. TEM observations and EDX analysis

Fig. 12 shows the bright-field TEM image of the As-Q sample. Banded structures
are visible, although the grain size is not clear. Therefore, the precise grain size can-
not be determined. Fig. 12(A) shows a precipitate, indicated with circles labeled 1–4
Fig. 10. Temperature dependence of the real part of the AC magnetic susceptibili-
ties, v0 , for the As-Q sample at a frequency of 997 Hz with an applied field of 3 Oe.

Fig. 12. (A) TEM bright-field micrograph of the As-Q Cu60Au35Fe5 alloy. (B) Total
image with areas 1–4 containing precipitates marked with circles.
(areas 1–4) in Fig. 12(B). Additionally, the matrix is defined as the material that sur-
rounds these precipitates. Table 1 shows the EDX analysis for area 1 (Fig. 12(B)) and
Table 1
EDX analysis results for the matrix and area 1.

Element at.%

Matrix
Fe 5.2
Cu 63.9
Au 30.9

Area 1
Fe 6.6
Cu 64.7
Au 28.7
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the matrix. There are no clear compositional differences between the precipitate
and matrix. For example, the Fe content is 5.2 at.% in the matrix area, whereas it
is 6.6 at.% in area 1; a difference of only 1.4 at.%.

If the magnetism originates from the magnetic precipitates in areas 1–4, then
the Fe content in area 1 should be higher than 6 at.%. However, EDX analysis sug-
gests that there are no Fe-rich areas, although there are slight compositional differ-
ences between the precipitate and matrix. Additionally, as shown in Fig. 2, only a
complete fcc solid solution is observed with no other ordered magnetic phases or
precipitates. Thus, areas 1–4 in Fig. 12(B) are not magnetic precipitates and are
other structures presumably introduced into matrix when the sample is rapidly
quenched. The size of the magnetic clusters may be too small to be detected by
TEM or may be dissolved in the matrix as isolated atoms.

Fig. 13 shows the bright-field TEM image of the annealed sample (773 K for
36 ks). The XRD and magnetic analysis suggest Fe precipitation in the matrix, and
Fig. 13(A) shows needle-like precipitates of about 100 nm in length.
Compositional analysis was performed on Area 1 in Fig. 13(A) to determine whether
the precipitates were Fe. Fig. 13(B) is the magnification of Area 1, including the
EDX2 region in the matrix and the EDX5 region in the precipitate.

The EDX spectra for the EDX2 and EDX5 regions are shown in Fig. 14. Fig. 14(A)
contains only Cu and Au peaks, and no Fe peaks are observed in the EDX2 matrix
region, indicating there were no Fe atoms in the matrix. However, Fig. 14(B) shows
that the EDX5 area of the needle-like precipitate contained Fe Ka and Fe Kb peaks.
Cu and Au peaks are also detected in this area because of the large diameter of a
beam (7 nm). These results indicate that the needle-like precipitates are mainly
Fe atoms. The EDX analysis of the annealed sample and the As-Q sample demon-
strate that annealing at 773 K for 36 ks dissolves the Fe atoms homogeneously in
the matrix to form large Fe precipitates, leaving almost no Fe atoms in the matrix.
4. Analysis

As shown in Figs. 4 and 5, the M–H curves of the As-Q sample
measured at 300 and 77 K show superparamagnetic and
paramagnetic behaviors with no coercive force or residual magne-
tization because the measured temperatures of 300 and 77 K are
much higher than the spin glass freezing temperature, Tg. The mag-
netic behavior of the annealed sample is caused by the Fe
Fig. 13. (A) Whole image of the bright-field TEM for the annealed sample (773 K for
36 ks). (B) Magnification of Area 1. EDX2 and EDX5 are the areas used for the
compositional analysis.

Fig. 14. (A) EDX spectrum for area EDX2. No peaks associated with Fe are observed.
(B) EDX spectrum for area EDX5. Fe Ka and Fe Kb peaks are observed.
precipitates and phase; therefore, we focus on the magnetic prop-
erties of the As-Q sample by analyzing the M–H curves.

The estimated value of the effective magnetic moment of
m0 � 14.1 lB per Fe atom indicates that most Fe atoms are partially
dissolved as isolated atoms or are partially aggregated as small fine
clusters. Therefore, it is important to determine the fraction of Fe
atoms present as clusters to clarify whether Fe atoms are present
as matrix clusters or as isolated atoms.

Next, we analyze the M–H curves of the As-Q sample by using
the method proposed by Saoudi et al. [39], focusing on evaluating
the fraction of clusters, f.

First, we define mobs(H) as the observed magnetic moment per
Fe atom, and mobs(H) satisfies

mobsðHÞ ¼ fmclðHÞ þ ð1� f ÞmisðHÞ ð3Þ

mclðHÞ ¼ glBJclB nclJcl;
gnclJcllBH

kBT

� �
ð4Þ
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misðHÞ ¼ glBJisB Jis;
gJislBH

kBT

� �
ð5Þ

In Eqs. (3)–(5), mcl(H) and mis(H) are the calculated magnetic
moment per Fe atom associated with the clusters and isolated
atoms, respectively. g is the gyromagnetic ratio (g = 2) and n is
the number of Fe atoms per cluster (n = 60). B(J, x) denotes the
Brillouin function with the total angular moment, J, defined as

BðJ; xÞ � 2Jþ1
2J coth½2Jþ1

2J x� � 1
2J coth½12J x�

x ¼ gJlBH
kBT

ð6Þ

Fitting results are displayed in Fig. 15. The experimental and
theoretical data agree well, and the optimized total angular
moments for cluster and isolated atoms, Jcl and Jis, are 3/2 and 3,
respectively. The value of f at 300 K is 0.064 (6.4%), whereas that
at 77 K is 0.201 (20.1%), indicating that most Fe atoms are dis-
solved in the matrix as isolated atoms and that the rate of cluster-
ing decreases with temperature. This decrease is presumably
caused by weak magnetic exchange interactions between Fe
atoms; 300 K is a sufficiently high temperature to destroy mag-
netic bonding. In addition, the unsaturated magnetization at
4.2 K under an applied field of 70 kOe probably caused by the pres-
ence of isolated Fe atoms in the matrix (Fig. 6(A)).

5. Conclusion

We have examined the magnetic properties of a melt-spun Fe-
dilute Cu60Au35Fe5 alloy using XRD, magnetic measurements, and
TEM. The XRD profiles of the As-Q sample show the formation of
a solid solution. In the electron diffraction pattern of the As-Q sam-
ple, the crystalline structure of the solid solution is fcc and there is
no bcc structure. The TEM images and EDX analysis showed no dis-
tinct magnetic particles or Fe-rich domains in the As-Q sample;
there was a compositional difference of only about 1 at.%,
Fig. 15. Fitting results for the 77 and 300 K M–H curves based on Eqs. (3)–(5). d:
experimental data; solid line: theoretically estimated curves.
indicating there were no iron rich domains. Because Cu and Au
form an all-proportional solid solution above about 700 K, most
Fe atoms are dissolved in the matrix with some atoms partially
forming fine magnetic clusters, neither of which can be detected
by TEM.

In contrast, the Fe (110) reflection is observed in the XRD pro-
files of the annealed sample (773 K � 36 ks) owing to Fe precip-
itation caused by annealing. The TEM images revealed needle-
like precipitates about 100 nm in length in the matrix. The EDX
analysis showed that the precipitates were composed of Fe.
Furthermore, the saturated magnetization of the annealed sample
indicated the precipitation of Fe atoms.

Next, we examined the magnetic properties, focusing on the As-
Q sample. The real part of the AC magnetic susceptibilities, v0, for
the As-Q sample contained a sharp cusp at around T � 20 K, indi-
cating that a spin glass appears at temperatures below the spin
glass freezing temperature, Tg.

For temperatures above Tg, we evaluated the effective magnetic
moment per Fe atom as about 14.1 lB from the inverse magnetic
susceptibility, 1/v, versus T plots. The results showed that in the
As-Q sample, some Fe atoms were partially dissolved in the matrix
and some formed very fine magnetic clusters. This is consistent
with the TEM and EDX analysis. Therefore, the M–H curves of the
As-Q sample show superparamagnetic and paramagnetic behav-
iors at T > Tg

To determine the rate of magnetic clustering, f, we applied the
magnetic analysis proposed by Saoudi et al. [39] to the M–H curves
at 77 and 300 K. The results showed that most Fe atoms were dis-
solved in the matrix as isolated atoms. In addition, f decreased with
temperature, implying that the magnetic exchanges between Fe
atoms are weak.
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