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Magnetoresistive Cu Co alloys have been produced by twin roller melt spinning at tangential wheel speeds between 10 m/s and
30 m/s to obtain different solute and Co-rich precipitate distributions. X-ray diffraction indicates that the ribbons are polycrystalline
with a Cu(Co) (200) textured matrix; no evidence of a spinodal-like composition modulation could be detected with this technique.
Transmission electron microscopy observations performed in samples quenched at 10 m/s indicate the existence of small, coherent,
Co-rich precipitates of mean size of about 11 nm and bigger ( nm) Co-oxide particles. The small coherent precipitates form colonies
inside the grains, mediated by precipitate free zones. Samples quenched at 30 m/s are single magnetic phase (superparamagnetic), but
the hysteresis loops of the other as cast ribbons are well fitted by a superparamagnetic contribution and a ferromagnetic one, the latter
arising from the Co-rich precipitates. Room temperature coercivities, of about 30–50 mT, are lower than those predicted for a mecha-
nism of coherent rotation in the ensemble of non-interacting, Co-rich precipitates.

Index Terms—Magnetic properties, melt spinning, precipitation, spinodal decomposition.

I. INTRODUCTION

D IFFERENT ultra rapid solidification techniques have
been successfully applied to obtain Cu Co alloys

exhibiting giant magnetoresistance (GMR) [1]. The process
generally involves two stages: the alloy is first fast cooled from
the melt and then further annealed to achieve the optimal mi-
crostructure leading to GMR [1]–[6]. Recently, relatively large
GMR values [7] and a low temperature Kondo-like effect [8]
have been observed in as cast samples, processed by twin roller
melt spinning. The GMR and the Kondo-like effects are both
attributed to spin-dependent scattering mechanisms involving
small magnetic Co clusters/precipitates finely dispersed in the
Cu-rich matrix. Then, there is a clear key role of precipitates in
determining important properties in this alloy.
The twin roller processing technique imposes symmetric heat

extraction conditions during solidification, allowing one to ob-
tain quite uniform microstructures quenched at relatively low
rates (samples slowly cooled in a conventional melt spinning
process exhibit a quite heterogeneous structure). In the present
work, we explore the microstructure and the resulting magnetic
properties of a Cu Co alloy processed by twin roller melt
spinning at different substrate speeds, keeping the wheels in
contact by a known force of 24 N. We focus our investigation
on the precipitation microstructure in the as cast state and on the
magnetic behavior of these microstructures.

II. EXPERIMENTAL PROCEDURE

A master alloy of nominal composition Cu Co was pre-
pared by arc melting; the small ingots so obtained were further
remelted four times to improve homogenization. All these
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procedures were conducted under a Zr gettered Ar atmosphere.
The alloy was further processed in a twin roller melt spinning
device at three different tangential wheel speeds: 10, 20, and
30 m/s to obtain samples V10, V20, and V30, respectively.
The resulting ribbons were characterized by X-ray diffraction
(XRD) and transmission electron microscopy (TEM). XRD
profiles were recorded in a Philips PW 1710/01 diffractometer
in the range from 20 to 100 , in Bragg-Brentano configu-
ration, using Cu K radiation . TEM thin foils
were prepared by twin-jet electropolishing with an electrolyte
containing 500 ml distilled water, 250 ml ethanol, 250 ml
orthophosphoric acid, 50 ml propilic alcohol and 5 g urea. TEM
observations and selected area diffraction patterns were per-
formed in a Philips CM 200 UT microscope, operating at 200
kV and equipped with energy-dispersive X-ray spectroscopy
(EDS) facility. Magnetic measurements were performed in 6
mm long as-cast ribbons with the applied field parallel to the
sample length. The demagnetizing factors , resulted about

, leading to internal fields quite similar to the
applied field. Room temperature magnetic hysteresis loops
were measured in a vibrating sample magnetometer (VSM)
Lakeshore 7300, with a maximum field up to 1.5 T. The mag-
netic polarization as a function temperature was measured in a
Quantum Design SQUID magnetometer, under an applied field
of 10 mT (100 Oe) in the temperature range of 5 K–300 K.

III. RESULTS AND DISCUSSION

X-ray diffractograms corresponding to samples quenched at
different rates are shown in Fig. 1. As previously reported [7],
[8], the main phase is a Cu(Co) alloy while a minor
Co-rich phase (P) is also detected; in addition, quite small peaks
of CoO (antiferromagnetic, Neel temperature 290K) are ob-
served together with an unindexed phase/s indicated with a “?”
on the plot. The lattice parameters of the matrix and the minor
phase were calculated by fitting to the structural reflections 111,
200, 220, 311 and 222 a Pearson VII profile after correcting
the zero shift effect. No evidence of a spinodal decomposition
could be detected with this technique. Approximate values for
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Fig. 1. XRD patterns corresponding to the alloy quenched at different substrate
speeds. Major phase is Cu(Co) solid solution. Minor Co or Co-rich phase is
detected (coherent precipitates, P) together with an oxide phase, CoO (indicated
by arrows); unknown phase/s are indicated by a “?”.

TABLE I
PARAMETERS ESTIMATED FROM XRD DATA

the mean lattice strain were determined using the Stokes and
Wilson relation: , from measurements of the
integral breath of the diffraction lines after correcting for in-
strumental broadening; the values corresponding to the phases
investigated are indicated in Table I. XRD line analysis was not
used to estimate the crystallite size of the different phases; for
the minor phase, the Scherrer formula led to values smaller than
5 nm in all the samples, with a huge error associated. Moreover,
the grain size of the major phase was well above 100 nm, a range
where this formulae is not applicable.
The alloys obtained by this new procedure were further inves-

tigated with TEM and the microstructure details of sample V10
are illustrated in Fig. 2. It is a bright field image under two-beam
condition with (in the diffraction pattern only the trans-
mitted spot and the 002 diffraction spot have appreciable inten-
sity); in this condition, coherent precipitates show typical but-
terfly diffraction contrast due to lattice mismatch with thematrix
(Ashby-Brown contrast: lattice-strain effects around spherical
precipitates appear as lobes of low intensity with a line of no
contrast perpendicular to ).
Cu(Co) precipitates are not uniformly distributed in the

matrix grains but form colonies, mediated by precipitate-free
zones. This microstructure feature has not been previously

Fig. 2. Bright field image under two beam condition with (sample
V10). Nonuniform distribution of coherent precipitates with butterfly diffraction
contrast can be observed.

Fig. 3. Coherent precipitates in sample V10. (Top) Ring-shape coherent pre-
cipitates under bright field imaging from [100] zone axis (inset). (Bottom) Co-
herent precipitates size histogram and its log-normal fitting.

reported in these rapidly cooled alloys. Typical butterfly
diffraction contrast due to lattice mismatch with the matrix
indicates a fine dispersion of coherent precipitates. In the case
of Fig. 2, taken under two beam condition, the width of the
strain contrast around the coherent precipitates is broad. To
measure the size of these precipitates, bright field zone axis
imaging (BFZA) was used. Fig. 3(a) shows small coherent
precipitates recognized by their ring-shape strain contrast [9]
when studied under BFZA condition. Fig. 3(b) presents the
precipitate size histogram and the corresponding log-normal
distribution fitting, from which the mean precipitate diameter

nm and the distribution width were
obtained.
Larger, round precipitates of about 40 nm were observed in

the coherent precipitate free zone. They were identified as CoO
particles by extra reflections in the electron diffraction patterns



4520 IEEE TRANSACTIONS ON MAGNETICS, VOL. 49, NO. 8, AUGUST 2013

Fig. 4. SAED pattern of a 111 systematic row in sample V10. (Top) Low ex-
posure image showing the 111 CoO extra reflection. (Bottom) Large exposure
image of the faint reflections in a) showing the 444 reflection, corresponding
to the coherent precipitates.

[Fig. 4(a)], dark field contrast and EDS. To search for addi-
tional reflections corresponding to the coherent precipitates,
higher order reflections were excited, as for example
in Fig. 4(a). A large exposure image of reflection 333 and
444 reveals an additional spot corresponding to the coherent
precipitates [Fig. 4(b)] which is in agreement with XRD data.
EDS analysis on the coherent precipitates reveals an enhanced
Co peak.
The room temperature magnetic hysteresis loops shown in

Fig. 5 were fitted by the addition of a superparamagnetic
and a ferromagnetic contribution as [7]

(1)

(2)

where and are the ferromagnetic and superpara-
magnetic saturation magnetizations, respectively, the
internal coercive field, the remanent magnetization, and
the magnetic moment of the superparamagnetic units. Sample
V30 is superparamagnetic but samples V20 and V10 are better
described by considering both contributions. Assuming that
the paramagnetic units are Co clusters, the mean particle size

is estimated (see Table II).
The antiferromagnetic CoO phase is expected to influence
weakly the overall magnetization values.
The low field magnetization versus temperature behavior and

the blocking temperature distribution in the samples were inves-
tigated by measuring magnetization versus temperature curves
(see Fig. 6) following the ZFC-FC protocol, under a constant
field of 10 mT. The curve for sample V10 is consistent with a
wide distribution of blocking temperatures, with a certain frac-
tion of ferromagnetic particles, while V20 and V30 exhibit the
maximum in the ZFC curve at low temperature—15 K (V20)
and 14 K (V30)—indicating a superparamagnetic contribution.
The resulting blocking temperature distributions are shown in
Fig. 7. These distributions were fitted by log-normal functions
[10]; the mean particle size estimated from the distributions
and (considering the precipitates as pure Co) are listed in
Table II. It is worth noting that the precipitate sizes obtained
from the analysis of the hysteresis loop are somewhat larger

Fig. 5. Room temperature hysteresis loops of the alloy quenched at different
rates. Sample V30 is superparamagnetic while the magnetic polarization of sam-
ples V20 and V10 have two contributions: a superparamagnetic and a ferromag-
netic one.

TABLE II
PRECIPITATE MEAN SIZE ESTIMATED USING DIFFERENT ROUTES

TABLE III
HYSTERESIS LOOP PARAMETERS

than those calculated from the versus curves. This may
be due to the fact that only particles which are superparamag-
netic at room temperature are considered in the first one while
in the other case the complete distribution of blocking temper-
atures is swept.
Concerning the hysteresis behavior, many precipitates P are

large enough to be blocked even at room temperature (the crit-
ical superparamagnetic size is about 6 nm at 300 K) so the large
Co-rich particles are likely to be responsible for the ferromag-
netic contribution to the hysteresis loop; however, the measured
room temperature coercivity of about 30–50 mT is well below
the values predicted (about 0.3 T [11]) for an ensemble of non-
interacting single domain particles changing the magnetic po-
larization by a mechanism of coherent spin rotation inside the
precipitates.
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Fig. 6. Low field (10 mT) magnetic polarization as a function of temperature
in the ZFC and FC conditions.

Fig. 7. Blocking temperature distributions calculated from data in Fig. 6.

IV. CONCLUSION

Cu Co alloys have been produced with the technique of
twin roller melt spinning, applying a contact force between the
two rolling wheels of 24 N. Samples quenched at high rates
(V30) are superparamagnetic showing no evidence of interac-
tions in the versus curves at room temperature. As the
quenching rate decreases, two precipitate families are observed

by TEM: small coherent Cu(Co) precipitates forming colonies
and larger CoO ones ( 40 nm), found in the coherent precipitate
free zones between these colonies. The hysteresis loops of sam-
ples quenched at lower rates (V20 and V10) are consistent with
two contributions, with a soft ferromagnetic component in addi-
tion to the superparamagnetic one. Relatively small coercivity
values, of about 30–50mT, are measured at room temperature in
the as-cast state, which cannot be addressed by a coherent spin
rotation mechanism inside the Co-rich precipitates.
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