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Abstract. The structure and magnetoresistance of as-quenched and annealed Cos_,Fe,Cugs
(x =0,3,6,9, 12, 15) granular alloys have been investigated. Co—Fe—Cu nanoparticles with sizes
in the range of 2-3 nm, 10-20 nm and ~100 nm are embedded in a Cu matrix in Co—Fe—Cu granular
ribbons. The giant magnetoresistance of the granular alloys decreases with increasing Fe content.
The Co-Fe—Cu nanoparticles with large size result in a decrease of the number of nanoparticles,
the interfaces for spin-dependent scattering of electrons and thus the magnetoresistance.

1. Introduction

Since the discovery of giant magnetoresistance (GMR) in granular solids [1, 2], the electrical
resistivity of heterogeneous granular Co—Cu [3], Co—Ni-Fe [4, 5], Co—-Ag [6], Fe—-Ag [7], Fe—
Ni—Ag [8], Ni-Co—-Ag [9], Co—Cu [10], Fe-Ni—Cu [11] and Fe—Co—Cu [12] thin films have
been studied. It has been well known that the size distribution of the magnetic nanoparticles
plays an important role in this phenomenon. It is widely accepted [3, 13] that the phase
segregation in Co—Cu granular ribbons is a nucleation and growth process. It was reported that
the phase segregation of Co—Ni-Fe [4, 5], Co—Ni—Cu [13] ribbons is spinodal decomposition.
It also has been found that the MR ratio decreases in the Co—Ni—Cu and Co-Ni—Fe granular
ribbons, when these materials are cooled from room temperature to low temperature.

In our previous paper [14], the GMR and the microstructure in CoyyNi,Cugy_, (x = 35,
10, 15 and 20) granular ribbons prepared by melt spinning were reported. It was found that the
phase segregation in the Co—Ni—Cu ribbons is not a pure nucleation decomposition or growth
process. It is closely connected with the Ni content. In particular, in the Co—Ni—Cu granular
ribbons with low Ni content, the magnetoresistance ratio is larger than in Co—Cu granular
ribbons. In contrast to the ribbons with high Ni content [13], the low-Ni-content ribbons show
an increase in magnetoresistance AR /R at low temperatures.

In the present work, we study the structure and magnetoresistance of as-quenched and
annealed Co;s_,Fe,Cugs (x =0, 3, 6,9, 12, 15) granular alloys.

2. Experimental details

Co;s_,Fe,Cugs ribbons with x = 0, 3, 6,9, 12 and 15 were prepared by melt spinning on a
copper wheel in Ar atmosphere at wheel speeds of about 35 or 41 m s~!. In order to maximize

+ Correspondence to: Zhang Zhi-dong.

0953-8984/00/224829+07$30.00  © 2000 IOP Publishing Ltd 4829



4830 F Wang et al

the magnetoresistance, the prepared ribbons of about 2 mm wide and 20 to 30 m thick were
annealed in the temperature range from 520 to 970 K. The electrical resistivity was measured
by the standard dc four-terminal method. The magnetization was measured in the temperature
range from 5 to 300 K and in magnetic fields up to 5 T, by using a superconducting quantum
interference device (SQUID) magnetometer. The crystal structure was characterized by x-ray
diffraction (XRD). The averaged chemical composition and the homogeneity of the ribbons
were checked by means of a JSM-6301F scanning electron microscope (SEM) and an electron
microprobe (EM). The microstructures of the ribbons were also studied by using a Philips
FM420 analytic electron microscope (AEM) operated at 100 kV.

3. Results and discussion

Figure 1 shows XRD patterns of as-quenched Co;s_,Fe,Cugs (x = 0, 3 and 15) granular
ribbons in the low-angle region. The peaks in the XRD pattern of as-quenched Co—Cu ribbons
can be indexed to belong to the Co-rich and Cu-rich phases (the lowest curve in figure 1). As
Fe is added, the peaks of the Co-rich phase are not observable in the as-quenched Cu,Fe;Cugs
ribbons (the middle curve in figure 1). Upon introduction of Fe, the position of the peak of the
Cu-rich phase moves slightly towards lower angle, because the atomic size of Fe is larger than
that of Co. The (110) diffraction peak of «-Fe appears when Co is completely substituted by
Fe (the uppermost curve in figure 1).
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Figure 1. X-ray-diffraction patterns of as-quenched Coys_,Fe,Cugs (x = 0, 3 and 15) ribbons.

The ribbons are polycrystalline with a grain size of hundreds of nanometres, as determined
by means of AEM and XRD. Figure 2 shows the analytic electron microscope micrographs of
as-quenched CogFeyCugs ribbons. The microstructure of CogFegCugs ribbons is similar to that
in the Co—Cu ribbons [15]. Namely, magnetic particles are embedded in the polycrystalline
Cu matrix. However, the size of the particles in the Co—Fe—Cu ribbons is much larger than that
of the Co—Cu ribbons. The composition of the particles in the Co—Fe—Cu ribbons is complex.
The amount of particles of rich FeCo phases increases with increasing Fe content. Table 1 lists
the composition of two kinds of particle (with sizes of 10-20 nm and 100 nm, respectively),
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measured by means of energy spectrum analysis of AEM. The size and the distribution of
the two kinds of magnetic nanoparticle may play an important role in magnetic and transport
properties.

95 nm.

Figure 2. Analytic electron microscope micrographs of as-quenched CogFegCugs ribbons.

Table 1. Results of energy spectra analysis of AEM for as-quenched CogFegCugs ribbons. Small
particles and large particles are in the range of 10-20 nm and 100 nm, respectively.

Composition ~ Small particles  Large particles ~ Matrix

Co (at.%) 115 234 49
Fe (at.%) 13.8 339 5.9
Cu (at.%) 74.7 42.7 89.2

Figure 3 represents x-ray diffraction patterns of Coj,Fe;Cugs ribbons annealed at 620 K,
750 K and 870 K for 10 min, respectively. After annealing at 870 K for 10 min, the peaks
corresponding to Co-rich and CoFe-rich phases appear in the XRD pattern of the sample with
3 at.% Fe. Meanwhile, the diffraction peaks of Cu shift toward the lower angles when the Fe
content is increased. This is due to the separation of Co, Fe atoms from the Cu matrix, which
leads to the shift of the peaks of rich-Cu matrix toward those of pure Cu. Correspondingly the
lattice parameter is enhanced with increasing Fe content.

The resistivity of the Co—Fe—Cu ribbons is determined to be varied in the range of 10—
60 2 cm, depending on the composition, the conditions of preparation (such as, wheel
speed, annealing temperature and annealing time) and also the applied magnetic field. The
substitution of Fe for Co strongly affects the magnetoresistance of Co—Cu ribbons. The
magnetoresistance of as-quenched Co—Fe—Cu ribbons is nearly zero. Even for the ribbons
annealed at the optimal annealing temperature of 750 K, the magnetoresistance of the Fe-
containing ribbons is much smaller than that of the Co—Cu ribbons. Figure 4 shows the field
dependence of the magnetoresistance MR (= (Ry — Ro)/Ro) ratio at room temperature for
the samples with various Fe contents after annealing at 750 K for 10 min. The MR ratio
decreases with increasing Fe content. The MR ratio at room temperature of CojpFe;Cugs
and CogFegCugs are 1.7 and 0.6% in 1.2 T, respectively, which are much lower than those
of Co;5Cugs (4.6%) and CoyoNisCuys (6.2%) [14]. The decrease of the MR ratio upon
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Figure 3. X-ray diffraction patterns of Coj,Fe3Cugs ribbons annealed at 620 K, 750 K and 870 K
for 10 min.
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Figure 4. Field dependence of the magnetoresistance at room temperature for Cojs_,Fe,Cugs
(x =0, 3, 6, 15) after annealing at 750 K for 10 min.

Fe substitution is in good agreement with the results in Co—Fe—Cu sputtered samples [16].
However, this effect is more evident in the present system. An explanation of this result
may be that the number of magnetic CoFe-rich particles with small size (2-3 nm) increases
in the Co—Fe—Cu granular ribbons, comparable to what happens in the Co—Cu granular
ribbons. Meanwhile, the magnetic particles with large size (100 nm) appear. Therefore,
the number of interfaces decreases, which is of benefit to the spin-dependent scattering of
electrons.
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The magnetoresistance at room temperature of melt-spun Co;5Cugs and Coj,Fe;Cugs
ribbons with different wheel speeds after annealing at 750 K for 10 min is given in figure 5.
The MR ratio of the ribbons decreases with increasing wheel speeds. This is in contradiction
with the expectation that the high rate of cooling decreases the size of Co-rich separation
in the Cu matrix, and thus enhances the magnetoresistance effect. Although this effect still
exists, there might be other factors that are dominant in the present system. First, the large
amount of superparamagnetic particles in the Cu matrix increase the saturation field rapidly.
This results in the low values of the MR ratio at the applied field of 1.2 T that is much lower
than the saturation field. Second, the decrease of the particles’ size results in the increase of
grain boundaries, and correspondingly the increase of defects. This raises the resistivity p, and
reduces the relative variation of the resistivity Ap/p. Itis understood that in the polycrystalline
ribbons, several mechanisms for the spin-dependent scattering compete with each other and
that the magnetoresistance depends on which mechanism is dominant.
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Figure 5. Magnetoresistance at room temperature of melt-spun Co;5Cugs and CojpFe3Cugs
ribbons with different wheel speeds after annealing at 750 K for 10 min.

The MR ratio of Co,Fe;Cugs ribbons depends sensitively on annealing temperature. The
results shown in figure 6 indicate that annealing at temperature lower than 620 K does not
change the MR ratio evidently. The MR ratio reaches its maximum (1.7%) after annealing
at 750 K, and then lowers to 1.5% after annealing at 870 K for 10 min. It is clearly seen
from figure 6 that the saturation field of the magnetoresistance is very high for the ribbons
annealed at temperatures lower than 750 K. For the ribbons annealed at 870 K, the MR ratio
is nearly saturated by an applied field of 1.2 T. This suggests that the separation processes of
CoFe-rich, Co-rich phases from the Cu matrix are almost completed at 870 K, which consist
of the separation of the phases, the growth of the particles and the disappearance of the defects.
This is in consistence with the results of XRD patterns in figure 3.

Figure 7 represents the zero-field-cooled (ZFC) and field-cooled (FC) (in a field of 0.005 T)
magnetization curves of an as-quenched Fe;5Cugs ribbon. Below a characteristic freezing
temperature, a large thermal hysteresis is observed. The thermal hysteresis at temperatures far
above the maximum of the ZFC curve suggests the existence of a broad distribution in size
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Figure 6. Magnetoresistance at 300 K of Co2Fe3;Cugs granular ribbons after annealing at various
temperatures for 10 min.
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Figure 7. Zero-field-cooled and field-cooled (B = 0.005 T) magnetization curves of an as-
quenched Fe;5Cugs ribbon.

and shape of the magnetic precipitates. The granular ribbon is a disordered magnetic system
[3] that should have a rather complex magnetic behaviour. However, the peak in the zero-
field-cooled (ZFC) curve of the as-quenched Fe sCugs ribbon shifts to a lower temperature
(about 20 K), compared to that of as-quenched Coy)NisCuys [14] and the Co—Cu ribbons
[14,15].
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It is obvious that the magnetoresistance effect in Fe—Cu and Co—Fe—Cu alloys is weaker
than that in Co—Cu and Co—Ni—Cu alloys. The main reasons are as follows: (1) The size of
the Fe-rich particles is larger than that of Co-rich phases in the grain boundaries and inside
the grains. Some Fe-rich particles are even larger than 100 nm, which are out of the condition
for spin-dependent scattering. (2) Since the solid solubility of Fe-rich metastable states is
larger than that of Co-rich metastable ones, the separation process of Fe-rich magnetic phases
is less completed than that of Co-rich phases. Thus the Fe—Cu mixture disordered area of
the interfaces of Fe-rich magnetic particles is larger than that of a Co—Cu mixture [17]. This
leads to the smaller thickness and diameter of the paramagnetic shells of the interfaces, and
correspondingly the smaller effect of the spin-dependent scattering. (3) The mismatch between
the lattices of Fe-rich phase (bcc «-Fe phase) and Cu matrix is smaller than that between the
lattices of Co-rich phase and Cu matrix. The larger coarseness of boundaries results in the
bigger resistivity p, and reduces the relative variation of the resistivity Ap/p.

4. Summary

In summary, we report the giant magnetoresistance in granular CoFeCu ribbons. Full-grown
Co-Fe—Cu nanoparticles are embedded in the Cu matrix in Co—Fe—Cu granular ribbons. The
giant magnetoresistance of the granular alloys decreases with increasing Fe content. The large
size of Co—Fe—Cu nanoparticles results in the decrease of the numbers of the nanoparticles,
the interfaces for spin-dependent scattering of electrons and thus the magnetoresistance.
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