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Abstract
The changes in the nanostructure and magnetic and magnetotransport properties
of Co10Cu90 melt-spun ribbons upon heating them have been measured.
Thermal treatments to 650 K do not produce changes either in the x-ray
diffraction patterns or in the magnetization isotherms of the ribbons. However,
upon heating the samples above 650 K, a contraction of the Cu lattice,
an irreversible decrease of their resistivity and an increase of the giant
magnetoresistance (GMR) of the heated samples are observed. The largest
value of the GMR (7% at 77 K and in a magnetic field of 8 × 105 A m−1) is
reached in samples heated to 850 K. These results are explained by assuming
the nucleation and growth of superparamagnetic Co nanoclusters in the Cu-rich
matrix. The magnetic moment of these clusters was estimated to be 104 µB .
Thermal treatments above 850 K produce an increase of the magnetic moment
of the samples (in magnetic fields of 8 × 105 A m−1) and of their coercivity,
although the value of the GMR decreases. Parallel to these changes, the intensity
of the x-ray diffraction peaks for Co increases. Further growth of the Co
nanoclusters is responsible for the changes of the magnetic moment and GMR
of the samples.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The study of granular alloys composed of magnetic clusters either in a conductive or in an
insulating matrix has recently attracted a great deal of attention since the observation of novel
properties such as giant magnetoresistance (GMR) [1, 2], tunnel magnetoresistance [3] and
the giant Hall effect [4].

Magnetic granular materials consist of a dispersion of magnetic particles, whose sizes
are in the region of a few nanometres, which are embedded in a conductive matrix. As a
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consequence of this particular nanostructure, the high surface-to-volume ratio of the magnetic
particles becomes an important factor that lies at the origin of the special properties exhibited
by these systems [5, 6].

These nanocrystalline compounds may be obtained by different methods, such as
sputtering [7], melt-spinning [8, 9], electrodeposition [10], mechanical alloying [11] and
pulsed laser ablation deposition [12]. In the particular case of the Co–Cu system, Co has
been reported to be practically insoluble in Cu: only 0.3% Co may be dissolved in a Cu matrix
at 500 ◦C [13]. Thus, it is necessary to make use of one of the former techniques, which involve
fast quenching rates, to increase the concentration of Co in the Cu matrix. As a result of these
fast quenching rates, metastable compounds are originated [14]: the concentration of Co in
these CoCu compounds lies above the concentration for thermodynamic equilibrium at room
temperature. A subsequent heat treatment was reported to give rise to the growth of small Co
clusters in the Cu matrix [15]. In particular, for the Co–Cu system, the highest values of the
GMR have been reported when the samples were subjected to annealing processes [16].

In this work we have measured the changes of both the structure and magnetic properties
of melt-spun Co10Cu90 ribbons upon heating the samples. A correlation between the changes
in the x-ray diffraction patterns, transport and magnetic properties is presented, as well as a
possible explanation of these changes, based on the modifications of the nanostructure of the
melt-spun ribbons. Although similar results and conclusions have already been reported in
the literature [17, 18], this work provides new experimental evidence (x-ray diffraction and
magnetothermogravimetric measurements) to support the hypothesis that the nucleation and
growth of Co nanoparticles lies at the origin of the changes of the magnetic and transport
properties of Co10Cu90 melt-spun ribbons.

2. Experimental details

Granular Co10Cu90 ribbons were fabricated by rapid solidification in a home-made melt-spinner
in a controlled Ar (99.999%) atmosphere. The Co10Cu90 ingot used to produce the melt-
spun ribbons was obtained by melting pure Co (99.8%) and pure Cu (99.75%) powders in an
induction furnace [19]. Heat treatments to 1250 K, of the as-quenched samples, were carried
out either in a magnetothermogravimetricanalyser (TGA-7 Perkin-Elmer) or inside a common
furnace. In both cases, a continuous flux of Ar gas was used to avoid oxidation of the samples.
The heating rate was of the order of 20 K min−1. The samples were kept for one minute at the
given annealing temperature.

The structure of the samples was measured in an x-ray diffractometer (XRD-3000, Seifert)
in the θ–2θ configuration. A Mo tube (λ = 0.070 93 nm) and a secondary monochromator
were used for these measurements.

The magnetic moment of the samples was measured with a vibrating sample magnetometer
both at room temperature and in magnetic fields to 8 × 105 A m−1. Also, in the temperature
range from 300 to 1250 K, a magnetothermogravimetric analyser (TGA-7, Perkin-Elmer)
measured the magnetic force exerted by a horseshoe magnet on the samples. The average
magnetic field applied to the samples was 1.2 × 104 A m−1.

The GMR of the samples was measured with the standard four-point probe technique in
magnetic fields to 8 × 105 A m−1 from 4 K to room temperature, with an ac (75 Hz) resistance
bridge (F26 model, ASL). The resistivity of the samples was measured on heating the Co10Cu90

ribbons to 900 K in a conventional furnace in an Ar atmosphere.
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Figure 1. The x-ray diffraction pattern of the as-quenched Co10Cu90 ribbon. The plane indices
indicated in the figure correspond to those of fcc Cu.

Table 1. Values of the 2θ angles of the x-ray diffraction maxima and lattice parameters for bulk
fcc Cu and for as-quenched and heat-treated Co10Cu90 melt-spun ribbon.

Position of the (111) Lattice parameter
Material diffraction peak (deg) (Å)

Pure bulk fcc Cu 19.57 3.615
As-quenched Co10Cu90 19.52 3.624
Co10Cu90 heated to 660 K 19.54 3.620
Co10Cu90 heated to 700 K 19.55 3.618
Co10Cu90 heated to 800 K 19.56 3.6165

3. Results and discussion

The changes in the nanostructure and transport and magnetic properties of Co10Cu90 melt-spun
ribbons upon heat treatment are explained throughout this section.

As detailed above, Co is practically immiscible in Cu at room temperature. Only by
ultrafast quenching can a certain amount of Co be dissolved in the Cu matrix, leading to the
formation of a metastable compound [13]. The x-ray diffraction pattern corresponding to the
as-quenched sample is displayed in figure 1. As a consequence of the low concentration of Co
in the samples, only the diffraction maxima close to the maxima of bulk fcc Cu are observed.
However, the positions of the diffraction peaks for the as-quenched Co10Cu90 sample do not
exactly agree with those for bulk Cu: the diffraction peaks for the as-quenched Co10Cu90

ribbon are slightly displaced towards lower 2θ angles, which indicates that on average, the
Cu-rich matrix is expanded, probably due to the presence of Co atoms or defects, within the
Cu-rich crystallites (see table 1).

No significant changes in the nanostructure or in the magnetic and transport properties
take place on heating the melt-spun Co10Cu90 ribbons to temperatures of the order of 650 K.

However, heat treatments above the former temperature induce changes in the structure
and in the transport and magnetic properties of the ribbons. For instance, on increasing the
heating temperature, the position of the x-ray diffraction peaks from the samples heated in
the temperature range from 650 to 800 K approach the positions for pure bulk fcc Cu; cf
figure 2(a) and table 1. According to Bragg’s law, the former result indicates that on heating
the samples, the lattice parameter of the Cu-rich matrix decreases and becomes closer to that
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Figure 2. Details of the diffraction maximum corresponding to (111) planes for the as-deposited
and heat-treated Co10Cu90 samples (a). Dashed and solid curves in (a) are a guide to the eyes.
Fits of the normalized x-ray diffraction pattern for the Co10Cu90 as-quenched sample (b) and the
sample heated to 740 K (c) to pseudo-Voigt functions (solid curves for the fits and dots for the
experimental data points). The straight line, in all plots, indicates the position of the diffraction
maximum of the (111) planes of bulk fcc Cu.

of pure Cu. This indicates that the Cu-rich matrix becomes progressively free from impurities
and defects, as a consequence of the heat treatments. Parallel to the former contraction, an
increase of the intensity of the diffraction maxima as well as a narrowing of the diffraction
peaks are observed in the x-ray patterns of the heated samples—cf figure 2(a)—which is the
fingerprint of an increase of the grain size of the Cu crystals. In order to determine the size
of the former grains, we have fitted the diffraction maxima of the fcc Cu(111) planes of both
the as-quenched (figure 2(b)) and the 740 K annealed sample (figure 2(c)) to pseudo-Voigt
functions [20]. Both, the Kα1 and Kα2 lines from Mo were taken into account. From this fit
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Figure 3. The temperature dependence of the resistance of the as-quenched Co10Cu90 sample.
The inset represents the thermal evolution of the resistance of a pure Cu melt-spun ribbon.

and according to the Scherrer formula [21]:

t = 0.9λ

B cos θB
(1)

where B is the full width at half-maximum (FWHM), θB is half the angle of the diffraction
maximum and λ the wavelength of the radiation, the size of the Cu crystals increases from
23 nm in the as-quenched sample to 34 nm in the 740 K annealed one.

Parallel to the former structural changes, an irreversible decrease of the resistance is
observed in the temperature range from 650 to 820 K (figure 3). Above 820 K, no further
irreversible changes in the resistance are observed on warming the ribbons to 950 K. Although
this irreversible decrease in resistance would mainly take place in the Cu matrix, the presence
of Co in the samples is the key factor for this behaviour. Previously, the resistivity of a pure
Cu melt-spun ribbon was measured as the sample was heated to 900 K, as displayed in the
inset of figure 3. No irreversible change of the resistivity took place on heating the pure Cu
ribbon to 900 K.

A close connection between the changes in the structure and resistivity of the Co10Cu90

melt-spun ribbons seems to be present, according to the previous results. On heating the
samples, larger Cu crystallites are formed, which, in addition, show a lattice parameter closer
to that of pure bulk Cu. The electron mean free path is thus increased in the Cu matrix, as it
becomes free from defects and impurities (presumably Co atoms). Consequently the resistivity
decreases. Thus, these changes are due to the presence of Co in the samples.

On heating the samples in the temperature range from 650 to 850 K, the GMR of the
melt-spun Co10Cu90 ribbons also increases, as shown in figure 4. The maximum value of the
GMR is reached after a heat treatment to 850 K (GMR measured at 77 K and in magnetic
fields of the order of 8 × 105 A m−1). The formation of small Co clusters from Co atoms that
could be dispersed in the Cu-rich matrix, or the growth of smaller Co nanoaggregates, which
takes place upon heating the samples at temperatures from 650 to 850 K, would give rise to
the increase of the GMR.

The Co clusters responsible for the observation of the GMR behave like superparamagnetic
particles [9, 16, 18]. The connection between superparamagnetism and GMR is evidenced
by the low-temperature measurements of this transport property, as displayed in figure 5.
The GMR of the Co10Cu90 ribbon annealed at 870 K shows a non-hysteretic behaviour to
temperatures of the order of 20 K. Below this temperature, which can be considered as the
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Figure 4. The dependence of the coercivity (measured at room temperature) and of the GMR of
the Co10Cu90 ribbons on the heating temperature. Dashed curves are a guide to the eyes.

Figure 5. The magnetoresistance at low temperatures for the Co10Cu90 sample heated to 870 K.
Curves are a guide to the eyes.

blocking temperature of the superparamagnetic particles, Tb, the GMR becomes hysteretic.
According to [22] the blocking temperature is defined as

K V = 25kBTb (2)

where K is the anisotropy constant, V is the volume of the magnetic particles, kB is the
Boltzmann constant and Tb represents the blocking temperature. A splitting of the GMR peaks
is observed at low temperatures, which indicates that the magnetic particles that contribute to
the GMR are blocked, as a consequence of the decrease of the thermal energy. The volume of
these particles may be estimated by measuring the blocking temperature and the extrapolation
to a null temperature of the coercive field. From the GMR measurements at low temperatures,
the magnetic field necessary to achieve the maximum resistance, i.e. the highest degree of
magnetic disorder, is considered to be the coercive field. For a system of blocked particles
with uniaxial anisotropy, whose easy magnetization axes are randomly oriented, the coercivity
is defined as [23–25]



The effect of heat treatments on the structure and magnetic properties of melt-spun Co10Cu90 ribbons 7519

Figure 6. Details of the x-ray diffraction pattern for the pure Cu melt-spun ribbon ((a), (b)). The
details of the contribution of Co in the x-ray diffraction pattern for the as-quenched Co10Cu90
sample are represented in (c) and (d); for the sample heated to 740 K in (e) and (f); and for the one
heated to 870 K in (g) and (h). The solid curves represent the fit to a pseudo-Voigt functions. The
contribution of Co is shown by the differences between the experimental data and the fits in (b),
(d), (g) and (h).

Hc(T ) = 0.96K

µ0 Ms

(
1 − T

Tb

)0.77

. (3)

By making use of expressions (2) and (3) and assuming the extrapolated value of the
coercivity to zero temperature to be 4 × 104 A m−1, close to those for similar granular melt-
spun ribbons with a Cu-rich matrix [25], the magnetic moment of the Co particles in the sample
annealed to 870 K is of the order of 104 µB . And also, assuming that the magnetic moment
of the Co atoms in these clusters is similar to that of Co atoms in the bulk, the size of these
clusters would be roughly 5 nm.

Heat treatments at temperatures above 850 K give rise to significant changes mainly in
the magnetic moment of the melt-spun ribbons, and in their nanostructure too.

These structural changes upon heat treatments are mainly manifested by an increase in
the intensity of the diffraction peaks of the Co as displayed in figure 6. In this figure, both the
details of the experimental data and the fit of the fcc Cu(111) peaks to pseudo-Voigt functions
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Figure 7. Magnetothermogravimetric patterns from the as-quenched Co10Cu90 melt-spun
ribbon (a), and the ones heated to 950 K (b) and 1150 K (c). In all cases, the applied magnetic field
is 1.2 × 104 A m−1.

are displayed. The difference between these two curves corresponds to the contribution of
Co—cf figures 6(d), (f) and (h). The x-ray diffraction pattern of pure Cu melt-spun ribbon in
the as-quenched state is represented in figures 6(a) and (b).

The presence of Co is evidenced in figure 6 by the peaks that appear roughly at 2θ values
of 19.9◦ and 20◦, which correspond to the fcc Co(111) maxima produced by the Kα1 and Kα2

Mo lines. Also, a spurious peak appears at 20.2◦, although this may not be attributed to Co
as it also appears in the x-ray diffraction pattern of the pure Cu ribbon. A slight increase in
the intensity of the Co peaks was observed when a heat treatment at 740 K was carried out.
Nonetheless, the largest increase in the intensity of the Co peaks took place in the sample
heated to 870 K, which would indicate a further growth of the size of the Co crystals.

Related to the changes in the magnetic moment of the ribbons, figure 7(a) displays the
temperature dependence of the magnetic force experienced by the Co10Cu90 as-quenched
sample in a magnetic field, which, on average, is of the order of 1.2 × 104 A m−1. This
magnetic force is directly related to the value of the magnetic moment of the sample in an
applied magnetic field of 1.2 × 104 A m−1. In the temperature range from 300 to 800 K, the
former magnetic force decreases monotonically and in a reversible way. This behaviour could
follow the thermal evolution of an ensemble of superparamagnetic particles. Above 800 K, an
irreversible increase of the magnetic force of the sample takes place: the value of this magnetic
force increases by almost one order of magnitude and reaches its maximum value at 1050 K.
Above this temperature the magnetic force decreases again and vanishes at a temperature of
about 1300 K, which is slightly below the Curie temperature of bulk Co (1398 K).
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Figure 8. Magnetization isotherms (measured at 300 K) for the Co10Cu90 ribbons heated to
temperatures below 800 K (a) and above 800 K (b). The inset of (b) represents both the experimental
data and the fit (solid curve) to the Langevin function for the sample annealed at 870 K.

This result could be understood under the assumption of a further growth of Co
nanocrystals within the Cu matrix. As the heating temperature is increased, so also is the
atomic mobility, and consequently the Co atoms could group and form larger clusters. The
magnetic moment of the samples would be enhanced due to the contribution of the Co atoms
that would initially lie in the Cu matrix and, after a heat treatment, could displace to the vicinity
of Co clusters that consequently would increase in size.

Magnetothermogravimetric measurements on the heated samples are also displayed in
figures 7(b) and (c). The magnetic force experienced by the sample heated to 950 K also
shows an irreversible increase roughly at this temperature. This magnetic force now reaches
a relative maximum at 1050 K, similar to the one previously observed for the as-quenched
sample. On heating the samples to 1150 K, all the structural transformations seem to have
taken place, as shown in figure 7(c) where no irreversible increase in the magnetic force is
observed, at variance with the previous results.

The increase in the magnetic moment of the samples is also evidenced by the results for
the magnetization isotherms at room temperature; cf figure 8. No significant changes in the
magnetic hysteresis loops of the Co10Cu90 ribbons are observed upon heating the samples to
770 K (see figure 8(a)). However, the magnetic moment of the samples (at 300 K and in
magnetic fields to 8 × 105 A m−1) increases significantly upon heating the samples in the
temperature range from 800 to 950 K; cf figure 8(b). This result agrees well with the steep
increase of the magnetic force observed in the magnetothermogravimetric measurements.

The magnetization isotherms of the samples heated to 900 K are almost non-hysteretic,
which confirms their superparamagnetic behaviour. Thus, the fitting of the magnetic moment
of the sample annealed at 870 K to a Langevin function yields an average magnetic moment
of the Co clusters of 6000 µB (see the inset of figure 8(b)) [26]. This value of the magnetic
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moment of the Co clusters is of the same order of magnitude as the one obtained from the GMR
measurements. This result reinforces the assumption of the presence of superparamagnetic Co
nanoparticles, originating from heating the samples.

Heat treatments at temperatures above 950 K do not produce further increases of the
magnetic moment of the heated ribbons (in magnetic fields to 8 × 105 A m−1). Also, the
magnetization isotherms from these samples show magnetic hysteresis, which is the fingerprint
of the presence of larger magnetic particles that remain in a blocked state at room temperature.
Due to their increase in volume, the thermal energy (25kB T ) is not sufficient to overcome the
anisotropy barrier (K V ) of the Co clusters. Therefore, the samples annealed to temperatures
above 950 K do not show superparamagnetic behaviour at 300 K. The coercivity of the annealed
samples is displayed in figure 4.

As mentioned above (see figure 4), the GMR of the melt-spun ribbons hardly increases
upon heating the samples to 850 K. The GMR of the samples heated to above 850 K
decreases, in the former measurement conditions. This decrease in the GMR of the heated
samples is accompanied by the increase in the coercivity measured from the room temperature
magnetization isotherms. This comparison would suggest that the highest values of the GMR
are achieved in the early stages of the growth of the Co crystallites, when they behave like
superparamagnetic particles. The further increase in the volume of the Co clusters as the
heating temperature is increased gives rise to the increase of the anisotropy energy (Ku V ) with
respect to the thermal energy (kB T ). Thus, the magnetic clusters would experience blocking
processes even at room temperature. The grain growth also gives rise to a reduction of the
surface-to-volume ratio of the magnetic particles and consequently a decrease of the GMR.

4. Conclusions

The changes of the structure and magnetic properties of melt-spun Co10Cu90 ribbons upon heat
treatments seem to be induced by the nucleation and growth of Co crystallites,a few nanometres
in size. Heating the samples in the temperature range from 650 to 850 K induces irreversible
changes of the resistivity of the samples as well as both a narrowing of the diffraction peaks in
the x-ray diffraction pattern and a displacement of the diffraction maxima towards the positions
for bulk Cu. In the former range of heating temperatures, the GMR of the heated samples also
increases. The nucleation and growth of superparamagnetic Co nanoclusters as a result of the
heat treatments could be the origin of the structural and magnetic changes.

Heat treatments above 850 K produce significant modifications of the magnetic moment
of the samples (both measured by VSM in magnetic fields of 8 × 105 A m−1 and with a
thermogravimetric analyser in an average magnetic field of 1.2 × 104 A m−1). The intensity
of the peaks corresponding to the (111) planes of the fcc Co also increases as the heating
temperature increases. Also, on heating the Co10Cu90 ribbons above 850 K, the GMR starts
to decrease, while the coercive field increases. These results could again be interpreted on
the assumption of a further growth of Co crystallites. These nanocrystals would consequently
be larger than the ones formed at lower temperatures. These larger Co clusters behave not as
superparamagnetic particles but like blocked magnetic particles at room temperature, which
gives rise to the decrease of the GMR.
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