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Microstructural and magnetic evolution upon annealing of giant magnetoresistance melt-spun
Co-Cu granular alloys
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This paper reports a thorough microstructural and magnetic analysis performed on as-quenched and annealed
melt-spun CoxCu1002x granular alloys presenting giant magnetoresistance. The use of three different techniques
has been necessary to follow the evolution of the Co atoms with the thermal treatment. X-ray diffraction
~XRD! detects the fraction of the Co atoms which are arranged in nanometric clusters. From the analysis of the
hysteresis loops we have identified three different Co arrangements, each one with a different magnetic
response: Co superparamagnetic nanoclusters, a Co-rich ferromagnetic phase, previously detected by XRD,
and Co atoms diluted into the Cu matrix with no magnetic contribution. Finally, by means of the extended
x-ray absorption fine structure spectroscopic technique performed on the CoK edge, we have analyzed the
local configuration of the Co atoms, in particular, at the interfaces between the magnetic nanoclusters and the
Cu matrix. Using the information gathered with these techniques, the microstructural evolution has been
correlated to the giant magnetoresistance response of the CoCu system.
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I. INTRODUCTION
The giant magnetoresistance~GMR! phenomenon is a

huge decrease of the electrical resistance when a mag
field is applied. This phenomenon was first discovered
samples composed of alternating layers of a magnetic
nonmagnetic layers.1 Afterwards, the GMR was also ob
served in granular samples2,3 composed of clusters of a mag
netic element embedded in a nonmagnetic metallic ma
The GMR effect in granular systems is attributed to the sa
physical mechanisms as in multilayers, that is, sp
dependent scattering of the conducting electrons at the m
netic clusters. Although the microscopic origin of the GM
is still unresolved, it is generally accepted that the spin s
tering occurs predominantly at the interfaces of the magn
clusters and the metallic matrix.4–7 Thus, small magnetic
clusters enhance the GMR because the smallest their size
highest the number of atoms at the interface. However, th
are other structural properties of the granular samples
influence on their GMR response; in fact, the GMR respo
of the granular samples is generally attributed to a comp
tion among the surface-to-volume ratio, concentrati
and/or size-distribution of the magnetic particles, their m
netic state and the magnetic interactions amo
them.4,9,6,7,10,8,11The important role of the structure of th
interfaces between the magnetic granules and the met
matrix has been also underlined.12–14

Granular alloys are usually composed of two immiscib
elements, one magnetic and the other a metallic nonmagn
one, such as Ag-Co, Cu-Co, Ag-Fe, or Cu-Ni.15 A metastable
solid solution of both elements is obtained with the use
ultrarapid techniques such as electrodeposition, sputte
laser ablation, or melt spinning.16,17 The microstructure of
these metastable alloys is easily modifiable by suitable t
mal treatments: the supplied thermal energy is spent in
taining a more estable state by the precipitation of both
0163-1829/2003/67~22!/224415~11!/$20.00 67 2244
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ments that compose the alloys. Therefore, granules of
minority element grow embedded into the matrix of the m
jority one.

In this work, we have studied CoxCu1002x (x
55,10,15,20) melt-spun granular alloys in the as-quenc
state and annealed at increasing temperatures between
and 650 °C. As reported elsewhere,14,18–21the evolution of
the GMR response of the CoCu granular alloys with t
annealing temperature is independent of the sample com
sition (x), that is, it increases slowly from the as-quench
state to the annealed at 450 °C, where it reaches the m
mum value, and at 500 °C it drops abruptly and continu
decreasing until the end of the thermal treatment. Althou
the CoCu granular system has been extensively studie
recent years, there are no conclusive results about its
microstructure, mostly due to the experimental difficulty
resolving small structures out of a matrix when the eleme
involved have very close atomic numbers, as for Co and
The relevant information gathered about these syste
comes mainly from macroscopic evidence, such as magn
and transport properties from which the microscopic inf
mation available is deduced using more or less accu
models. In this work, we report a thorough microstructu
study that has allowed us to follow in detail the changes t
the thermal annealing causes in the microstructure of
samples, in particular in the distribution of the Co atom
This way, we have completed a previous work14 where we
presented preliminary results and strengthened the impo
role of the interface in the GMR response of the samples

The melt-spinning method produces inhomogene
samples: in the as-quenched state the Co atoms are m
diluted into the Cu matrix and/or forming nanoclusters with
superparamagnetic response. The thermal treatment ind
the segregation of the Co atoms and the diluted part dim
©2003 The American Physical Society15-1
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ishes on behalf of the superparamagnetic and/or ferrom
netic phases. By means of three complementary techniq
we have been able to study the microstructural evolution
the samples with the annealing. First of all, we have used
x-ray diffraction ~XRD! technique. This technique detec
crystalline phases having long-range structural order~on a
scale no smaller than some ten nm!. Therefore, it is able to
probe mainly the large Co clusters which are responsible
the ferromagnetic behavior but will not detect the prese
of Co nanoclusters and/or the Co atoms diluted in the
matrix. Secondly, the magnetic study through the analysi
the hysteresis loops of the samples has provided us
useful microstructural information concerning the Co co
taining phases. From the different magnetic response
each Co arrangement we have been able to complemen
previous information of the XRD analysis about the ferr
magnetic phase and to reveal and quantify the percentag
Co not detectable by XRD because it is forming superpa
magnetic Co nanoclusters, and/or is diluted into the Cu m
trix. These Co nanoclusters are responsible of the GMR
havior. Finally, the extended x-ray absorption fine struct
~EXAFS! technique is a local probe~on a scale of a few Å!,
very sensitive to the local structure around the absor
atom. In this case, we have exploited the EXAFS techni
for studying the surroundings of the Co atoms as a func
of the thermal treatment and, in particular, for probing t
evolution the Co-Co interatomic distances and the struct
disorder around the Co atoms. This concise study has
lowed us to gain precise knowledge of the microstructure
the samples at each stage of the thermal treatment an
certify the close correlation between the microstructure
the GMR response in granular alloys, in particular the i
portant role of the Co-nanoclusters interfaces.

The paper is distributed as follows. In Sec. II we pres
the experimental techniques, in Sec. III the data analysis
results, and in Sec. IV the discussion. Finally, we brie
outline the the main conclusions in Sec. V.

II. EXPERIMENTAL TECHNIQUES

We have studied a series of CoxCu1002x (x55,10,15,20)
samples prepared by rapid quenching in the form of lo
ribbons of about 30mm thick. 1-cm long pieces of eac
sample were thermal annealed at these annealing tem
tures Tann5400,450,500,550,600,650 °C during 30 min
an Ar controlled atmosphere furnace in order to avoid oxi
tion. For each composition, the very same piece of sam
was used for all the experiments.

The magnetoresistance~MR!, defined as the change of th
electrical resistanceR under an applied magnetic fieldm0H

MR~%!5
R~m0H !2R~m0H50!

R~m0H50!
3100, ~1!

has been measured at 10 K using the conventional
points configuration. The measuring loop was 0T →7 T
→27 T →0 T. The hysteresis loops were recorded at 3
K with a magnetic field up to 7 T. Both measurements w
performed in a SQUID magnetometer.
22441
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X-ray diffraction and absorption experiments were carr
on in the GILDA beamline22 at the European Synchrotro
Radiation Facility ~ESRF! in Grenoble ~France!. High-
resolution XRD patterns were obtained using a two-cir
diffractometer equipped with a Ge~111! crystal analyzer on
the diffracted beam. The instrumental line broadening is
width at half maximum~FWHM! 2u,0.01°. The XRD pat-
terns were collected at room temperature using a wavele
of 0.9535 Å . For x55,10, and 20 samples, measureme
were performed for all annealing stages, in the angular ra
22,2u,88°. Additional spectra with better statistics we
collected in the region around the~111! Bragg peaks (22
,2u,30). X-ray spectra forx515 were also taken for the
as-quenched state and 400 °C annealing. For all the sam
as-quenched and annealed, XRD patterns were also colle
using an angle dispersed setup based on a 2D imaging
detector.22 The wavelength was 1.0334 Å and the instrume
tal resolution 0.06–0.07° in 2u. Notice that even if the area
detectors cannot reach the angular resolution and the a
lute accuracy on lattice parameters available on a high re
lution diffractometer, the 2D geometry offers several adva
tages and gives useful complementary information. In fa
the very high count statistics allows one to detect and p
form a reliably characterization also of those phases hav
relatively weak signal. Moreover, the possibility to integra
the diffraction pattern over a large portion of the Debye rin
allows one to reduce the effect of privileged orientation
the sample and is mandatory for an accurate and relia
analysis of peak area and shape.

Co K-edge EXAFS spectra were collected at 77 K inx
55,15, and 20 as-quenched and annealed samples in t
mission geometry. On the other hand, EXAFS measurem
of x510 samples were collected at room temperature in
tion 7.1 at the Daresbury Synchrotron Radiation Sou
~SRS!, U.K. The monochromator used in the measureme
was a double monocrystal of Si oriented in the~111! direc-
tion.

III. DATA ANALYSIS AND RESULTS

A. Giant magnetoresistance„GMR …

The measurement of the MR at 10 K and up to a magn
field as high as 7 T allows one to reach the saturation va
of the MR for all the annealed samples. Table I displays
values of the GMR at 7 T as a function ofTann for each
compositionx. The evolution of the modulus of the MR with
the annealing temperature is similar for the four compo
tions studied: it increases up to 450 °C and starts to decr
at 500 °C. The maximum value of the GMR~32%! was
found for thex515 alloy.

TABLE I. Values of the GMR at 7 T and 10 K.

aq 400 °C 450 °C 500 °C 550 °C 600 °C 650 °C

x55 4.2 12.1 21.4 14.3 6.1 3.3 –
x510 12.1 25.2 27.1 22.4 13.5 4.7 –
x515 11.6 31.9 30.9 21.5 9.4 3.0 –
x520 16.2 25.2 26.6 16.9 6.4 2.4 –
5-2
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B. X-ray diffraction „XRD…

High-resolution x-ray diffraction patterns of samplesx
55 display one set of peaks that corresponds to a Cu-
fcc phase. On the other hand, the diffractograms of sam
x510,15, and 20 reveal the existence of two fcc phases:
corresponds to a Cu-rich phase and the other to a Co-
phase. It is important to note that both phases appear eve
the as-quenched state.

The high resolution XRD and the XRD patterns collect
using the angle dispersed setup were used for giving com
mentary information in the following way: from the analys
of the high-resolution patterns we have been able to ext
the evolution of the lattice parameters as a function of th
mal treatment and composition with very high accura
Analyzing the patterns obtained using the angle disper
setup we have been able to carefully estimate the areas o
peaks and thus the relative percentage of each phase i
samples. Diffraction patterns~high-resolution and 2D-angle
dispersed! were thoroughly analyzed by means of the R
etveld profile refinement method as implemented in theGSAS

software,23 and the XRD peak shape was modeled with
pseudo-Voigt function.

Line-shape analysis on the XRD patterns indicates
grain size in the Cu-rich phase is about 90–100 nm, whe
the Co-rich phase, inx510,15, and 20 samples, is compos
of crystallites that grow in size with the annealing tempe
ture from about 20–30 to 90–100 nm. This is an import
finding from the point of view of the magnetic analysis, b
cause a 20–30 nm size Co granule is expected to displ
ferromagnetic~FM! response.24 For this reason, in the fol-
lowing, and in order to not confuse the different arrang
ments of the Co atoms, we will call this fcc phase theCo-
rich FM phase.

The evolution of the lattice parameter as a function of
annealing temperature is presented in Fig. 1 for the Cu-
phase and in Fig. 2~a! for the Co-rich FM phase. Finally, by
measuring the Co and Cu peaks area (ACo, ACu) on the 2D-
angle dispersed diffractograms, we have estimated the
centage of this Co-rich phase (XCo%) from the proportion-
ality between both parameters

FIG. 1. Evolution of the Cu-rich fcc phase lattice paramet
obtained from the analysis of the room temperature high-resolu
XRD patterns.
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XCu

XCo
~2!

and the conditionXCu1XCo5100. If Cu and Co atoms were
completely separated in two different phases we would h
XCu/XCo5(1002x)/x. The results of these calculi are pre
sented in Table II. The fact thatXCo%,x in all the samples
studied, even those annealed at 650 °C, means that the
of the Co atoms are diluted into the Cu matrix or/and
ranged in clusters too small to be detected by this techniq
We must note that even if the evaluation of Co-rich pha
peak area is affected by larger uncertainty, owing to the re
tive weakness of its contribution with respect to that of t
Cu-rich phase, the results of these calculi (XCo%) show a
trend as a function of thermal treatment consistently rep
duced for all the compositions, that is, the percentage of
is almost unchanged up to 550 °C and forTann>550 °C it
increases approaching the total amount of Co in the sam
(x), as observed in Fig. 2 in which we have plotted the d
of Table II in order to remark this feature. In the as-quench
stateXCo% is a minority part of all the Co forx510 and 15
samples~2.6 and 4.9 %, respectively! and a higher amount is
found forx520 samples (13.6 %). But atTann5650 °C the
majority of the Co in the samples~7.3, 14, and 19 % forx
510,15, and 20, respectively! is forming this ferromagnetic
phase of 90–100 nm size. These results will be taken
account when analyzing the hysteresis loops of the samp

C. Hysteresis loops

The evolution of the hysteresis loops withTann is similar
for the four concentrations (x) studied: the hysteresis loop

s
n

FIG. 2. ~a! Evolution of the lattice parameters obtained from t
analysis of the room temperature high-resolution XRD patterns
the Co-rich fcc phase. Note that they-axis scale is the same as i
Fig. 1. The arrow marks the point where the MR is maximum.~b!
Percentage of Co-rich FM phase (XCo%) as calculated from the
peaks area of the 2D-angle dispersed spectra~data of Table II!. The
continuous line is a guide for the eye.
5-3
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TABLE II. Values of the percentage of Co in the Co-rich phase (XCo%) obtained from the peaks area
the DRX 2D-angle dispersed spectra@these data are also displayed in Fig. 2~b!# and percentages of eac
magnetic phase as calculated in the magnetic analysis@Eq. ~10!#.

aq 400 °C 450 °C 500 °C 550 °C 600 °C 650 °C

x55 XCo% 0 0 0 0 0 0 0
% FM 0 0 0 0 0 –
% SPM 2.55~5! 4.05~5! 4.85~5! 4.35~5! 4.25~5! –
% dil. 2.45~5! 0.95~5! 0.15~5! 0.65~5! 0.75~5! –

x510 XCo% 2.6~6! 2.1~4! 3.4~7! 1.5~5! 6~1! 7~1! 7~1!

% FM 1.9~2! 1.9~2! 1.5~2! 1.4~1! 6.3~1! 9.0~5!

% SPM 6.1~2! 7.4~2! 7.2~2! 7.6~1! 2.5~2! 0
% dil. 2.0~3! 0.7~3! 1.3~3! 1.0~2! 1.2~2! 1.0~5!

x515 XCo% 4.9~7! 6.3~6! 5.2~4! 7.3~6! 9.4~3! 11.5~7! 13.8~7!

% FM 2~1! 5.5~3! 4.5~3! 4.8~3! 8.5~6! 14.2~4!

% SPM 6~1! 6.9~3! 9.7~3! 8.8~3! 4.8~6! 0
% dil. 7~1! 2.6~4! 0.8~4! 1.4~4! 1.7~9! 0.7~4!

x520 XCo% 13.6~8! 13.6~8! 12.8~6! 14~6! 16.0~4! 17.8~6! 19.0~8!
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of the as-quenched and annealed atTann,550 °C samples
are not saturated even at a magnetic field as high as 7 T
present small coercivities~between 60 and 230 Oe! and re-
manence, while forTann>550 °C well-saturated hysteres
loops are obtained. As an example, we display in Fig. 3
evolution of the hysteresis loops with the annealing tempe
ture (Tann) for x515 as-quenched and annealed samp
measured at 300 K. The nonsaturating behavior of the h
teresis loops is due to the presence of Co nanoclusters f
ing a superparamagnetic~SPM! phase. On the other hand
the coercivity and remanence of the loops have two differ
origins: first of all, inx55 samples, where no Co-rich FM
phase was detected by XRD even at the last stages o
annealing, we propose that they appear due to dipolar in
actions between the SPM nanoclusters. Second, inx
510,15, and 20 samples, we attribute the coercivity and
manence of the loops to the several-ten-nm-sized fcc Co-
ferromagnetic phase previously observed in the XRD an
sis. As deduced from Table II,XCo% increases with the an
nealing temperature and approaches the totality of the C
the samples~x!, what explains that at higher annealing tem
peratures (Tann>550 °C) the hysteresis loops are we
saturated and thus display a dominant FM behavior.

The SPM contribution to the total magnetization is d
scribed by the Langevin law25

MSPM5Ms
SPML~a!, where L~a!5 cotha2

1

a
, ~3!

where Ms
SPM is the saturation magnetization of the SP

phase anda5mm0H/kBT. m is the magnetic moment of th
Co nanoclusters given bym5Ms

fcc Co(pD3/6), wherepD3/6
is the volume of the clusters, assumed spheres with diam
D, and Ms

fcc Co5164.8 Am2/kg is the saturation magnetiza
tion of the bulk fcc Co. In order to take into account th
22441
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different sizes of the SPM Co clusters in the sample we h
introduced a log-normal size distribution functionf (D),
which is defined as26

f ~D !5
1

A2pDb
expS 2

ln2 ~D/a!

2b2 D , ~4!

and depends on two parameters,a andb. The mean particle
diameter (D̄) and the standard deviation (s) are given by

D̄5aeb2/2, s25D̄2S D̄2

a2
21D . ~5!

The SPM contribution to the total magnetization of an arr
of Co nanoclusters with a size distribution function given
Eq. 4 is described by

MSPM5Ms
SPME

0

`

f ~D !L~a!d D. ~6!

In a SPM system with dipolar interactions among t
nanoclusters, Alliaet al.27 suggest that the anhysteret
curve, given by

S5
1

2
~M 11M 2!, ~7!

whereM 1 andM 2 are the magnetization of the positive an
negative branches, respectively, must follow the Lange
law. In our case, we have applied this model to thex55
samples, and therefore fitted the Langevin equation@Eq. ~6!#
to the calculated anhysteretic loops of the as-quenched
annealedx55 samples.

On the other hand, forx510, 15, and 20 samples, wher
the FM contribution to the total magnetization comes fro
5-4
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the Co-rich FM phase previously observed by XRD, we ha
implemented this FM contribution to the total magnetizati
by the following ad hoc equation suggested by Stear
et al.:28

FIG. 3. Hysteresis loops of samplesx515 as-quenched and an
nealed atTann5400,450,500,550, and 650 °C measured at 300
The continuous line is the fitting of the samples with Eq.~9!, the
SPM (222) and FM (•••) contributions to the total magnetiza
tion are also plotted. A detail of the fits at low magnetic fields
shown in the insets.
22441
e

MFM5
2Ms

FM

p
arctanFH6Hc

Hc
tanS pMr

2Ms
FMD G . ~8!

In this expression,Mr is the remanent magnetization,Ms
FM is

the saturation magnetization of the ferromagnetic phase,
Hc is the coercive field.

Thus, the theoretical expression of the total magnetiza
for x510,15, and 20 samples is

M5MSPM1MFM5Ms
SPME

0

`

f ~D !L~a!dD

1
2Ms

FM

p
arctanFH6Hc

Hc
tanS pMr

2Ms
FMD G . ~9!

The fitting of expression~9! to the experimental data ha
been implemented using thePROFIT package.29 Six param-
eters have been fitted:a, b, Ms

FM , Ms
SPM andHc . The rem-

anent magnetization (Mr) has been fixed to the experiment
value.

The results of the fitting for the SPM phase are display
in Table III, and the corresponding to the FM phase, forx
510,15, in Table IV. The fitted hysteresis loops ofx515
as-quenched and annealed at 400, 450, 500, 550, and 65
samples with the corresponding SPM and FM contributio
are displayed in Fig. 3.

From the saturation magnetization of both magne
phases given in Tables III and IV we have estimated qua

TABLE III. Values of the SPM phase parameters obtained fro

the fitting of the hysteresis loops.Ms
SPM is in Am2/kg andD̄ ands

in nm.

aq 400°C 450°C 500°C 550°C 650°C

x55 Ms
SPM 4.21~1! 6.66~8! 8.04~8! 7.18~1! 7.040~5! –

D̄ 2.72~1! 1.68~2! 1.97~3! 2.71~1! 4.34~1! –

s 0.99~1! 1.14~2! 0.96~3! 0.87~1! 0.84~1! –

x510 Ms
SPM 10.1~3! 12.2~3! 11.81~3! 12.5~1! 4.2~4! 0

D̄ 2.51~9! 2.52~6! 2.71~1! 2.96~1! 5.1~3! –

s 1.2~1! 1.20~7! 0.60~2! 0.87~2! 1.3~3! –

x515 Ms
SPM 10~2! 11.3~5! 16.0~4! 14.5~5! 8~1! 0

D̄ 4.5~5! 1.2~3! 2.4~2! 3.31~7! 3.6~2! –

s 2.1~5! 2.2~6! 2.2~3! 0.94~7! 0.4~2! –

TABLE IV. Values of the FM phase parameters obtained fro
the fitting with Eq.~8! of the hysteresis loops ofx510,15 samples.
Ms

FM is in Am2/kg andHc in Oe.

aq 400°C 450°C 500°C 550°C 650°C

x510 Ms
FM 3.2~4! 3.1~4! 2.4~3! 2.39~4! 10.31~3! 14.85~9!

Hc 240~40! 250~30! 190~10! 350~30! 120~10! 123~3!

x515 Ms
FM 4~2! 9.2~6! 7.5~4! 7.8~5! 14~1! 23.5~1!

Hc 150~70! 150~10! 170~10! 172~8! 150~6! 160~20!

.

5-5
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tatively the percentage of Co in each magnetic phase as
ratio of the corresponding saturation magnetization~SPM or
FM! and the saturation magnetization of bulk fcc Co:

%SPM~FM!5
Ms

SPM(FM)

Ms
fcc Co

3100, ~10!

that is, we have considered that if all the Co in the sam
(x) contributed magnetically, the total saturation magneti
tion of the sample would be that of the bulk fcc Co. T
remaining percentage@1002(%SPM1%FM)# represents
the amount of Co atoms that do not contribute magnetic
because are diluted into the Cu matrix. The results of th
calculi are presented in Table II.

D. Extended x-ray absorption fine structure „EXAFS…

The structural EXAFS signals were extracted from a
sorption spectra using standard procedures for backgro
substraction and data normalization.30 Systematical errors
were minimized using the same procedure for all the d
sets. The fine structure extended from 20 to 700 eV was
normalized to the jump of theK-absorption edge, then fitte
using a cubic spline curve to remove the low frequen
background oscillation and converted to photon-elect
wave vectork space. The EXAFS signalsx(k) obtained for
the CoK edge are displayed in Fig. 4 for the as-quench
and annealedx55 samples. At a glance, no changes a
observed with the thermal treatment due to the fact that
and Cu have very similar backscattering properties. Af
wards, the range 2,k,12 Å 21 of the EXAFS signals were
Fourier transformed to radial coordinatesR in order to gain
direct information about the structure around the Co si
From the Fourier transforms some qualitative informat
can be obtained. It is noticeable that the amplitude of the
peak of the Fourier transform displays the same evolu
with Tannregardless ofx: it grows until 450 °C, afterwards i
decreases and then it increases again above 550 °C.

FIG. 4. EXAFS signals of the as-quenched and annealedx55
samples collected at 77 K.
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Quantitative information about the local structure arou
the Co atoms and its evolution with the annealing tempe
ture was obtained by fitting the filtered EXAFS data to t
expression31

kx~k!5 (
j

S0
2Nj f j~k,p!

e22s j
2k2

e22G j /k

Rj
2

sin@2kRj

1f j~k,p!#. ~11!

The sum expands over all the species of backscattering
oms at the same distanceRj of the central atom with vari-
ances j

2 ~Debye-Waller factor! around the absorber, andNj is
the number of such atoms. The scale factorS0

2 is related to
the many body effects ande22G j /k is a mean free path term
that takes into account the inelastic losses of the photoe
tron. f j (k,p) is the magnitude of the effective curved-wav
backscattering amplitude for thej th type of atoms and
f j (k,p)5@2d(k)2p#1F j (k), where the first and secon
terms represent the modification in the phase shift of
ejected photoelectron wave function by the potential of
central absorbing and backscattering atoms, respectively
our case, the central atom is Co and two types of scatte
atoms must be taken into account: Co and Cu. Howe
since both atoms are almost indistingishable as backsca
ers because their electric scattering characteristics are
similar, we have performed the analysis as if only Co ato
surrounded the absorber. Moreover, although the stable c
talline phase of the Co below'400 °C is hcp, in the presen
samples crystallizes in fcc structure, as qualitatively dedu
from the sole comparation of the CoK-edge x-ray absorption
near edge structure~XANES! spectra of all the CoCu
samples with a pure fcc CoK-edge spectrum and a hcp C
K-edge one, as displayed in Fig. 5 forx515 sample.

The fitting of the EXAFS signals has been performed
two different ways that have given the same results. T
difference between both procedures is the way the ba
scattering parametersf (k,p), and f(k,p) have been ob-

FIG. 5. XANES spectra of the CoK edge of thex515 samples,
fcc Co K edge, and hcp CoK edge. The similarity of the XANES
spectra of the CoCu samples to that of the fcc Co demonstrates
the Co crystallizes in fcc structure in the CoCu granular sample
5-6
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MICROSTRUCTURAL AND MAGNETIC EVOLUTION UPON . . . PHYSICAL REVIEW B 67, 224415 ~2003!
tained: first, from an experimental EXAFS spectrum of
pure fcc Co sample collected at 77 K, and second, they h
been theoretically generated with theFEFF6.0codes.32

The best advantage of the first method is that it redu
the number of fitting parameters, becauseS0

2 and G are au-
tomatically included in the experimental amplitude functio
This improves the best fit quality and the reliability of th
results. We have isolated the contribution of the nea
neighbors corresponding to the first peak of the Fou
transform (1.7,R,3 Å! by using the standard Fourier fi
tering technique and then fitted the filtered data to equa
11 with j 51. The error bar in each parameter (60.005 Å for
the interatomic distanceR and 10% for the Debye-Walle
factor s2) is obtained using theMINOS command of
MINUIT ,33 taking into account the effects of correlations b
tween the parameters. In Fig. 6 is displayed the fitting of o
of the samples ink andR spaces.

On the other hand, when using theoretically calcula
backscattering parameters we have also limited the fit
range to the nearest neighbors in the Fourier transform
have used multiple scattering theory34 for taking into account
the contribution of the neighbors up to 5 Å far from the
central atom to the first peak of the Fourier transform. In t
case the fitting was performed in theR space with theFEFFIT

program,35 and the errors were calculated by the fitting pr
gram itself.

No discrepancy between both fitting procedures has b
found, so we can be really confident of the presented res
The results of both fittings for the interatomic distancesR
and the Debye-Waller factorss2 are displayed in Fig. 7.

IV. DISCUSSION

First of all, let us remark the different and complementa
information that each technique, described in the previ
section, gives us about the microstructure of the sample
each stage of the annealing. This is to underline that usin
the three techniques is necessary for achieving an exhau
picture of the microstructure of these complex alloys.

The XRD technique is sensitive to the long-range str
tural order ~some ten nm!. In all the samples, it detects
Cu-rich fcc phase. In samplesx510,15, and 20, XRD de-
tects also a fraction of all the Co in the samples (XCo%)
arranged in a Co-rich fcc phase. This Co-rich phase gro
with the thermal treatment from 20–30 to 90–100 nm size

FIG. 6. Fourier filtered EXAFS function and fit in~a! k space
and ~b! R space, for the sample Co15Cu85 annealed at 500 °C.
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grain size which is big enough for presenting a ferromagn
response. On the other hand, the magnetic analysis
formed on the hysteresis loops of the samples distinguish
ferromagnetic phase, which must be the Co-rich phase
viously observed by XRD, and also a superparamagn
phase composed of Co nanoclusters. The remaining frac
of Co with no magnetic response must be diluted into the
matrix. Finally, the EXAFS technique is a short-range ord
technique and detects all the Co atoms in the sample
matter which environment they are embedded in. Thus
final results of the EXAFS analysis are an average over
the possible surroundings of the Co atoms in the sam
depending on their location, that is, inside the Co-rich fer
magnetic phase, forming the superparamagnetic nanoc
ters, diluted into the Cu matrix or at the interfaces. In t
following sections we will discuss the results obtained fro
each technique.

A. XRD

The XRD patterns ofx55,10,15, and 20 as-quenched a
annealed samples display a set of peaks corresponding
Cu-rich fcc phase of 90–100 nm size. In addition, in the c
of the x510,15, and 20 samples, even at the as-quenc
state, the XRD detects a fraction of the Co in the samp
(XCo%, see Table II!, arranged in a ferromagnetic fcc pha
of 20–30 nm size. Raising the annealing temperature,
Co-rich ferromagnetic phase grows in size up to 90–100

FIG. 7. Evolution of the interatomic distancesR and Debye-
Waller factorss2 with Tann around the Co atoms obtained from th
EXAFS analysis using both fitting procedures explained in the te
The difference between both results has been included as an
bar. The arrow marks the point where the GMR is maximum.
also indicate in the figure the measuring temperature of the EXA
spectra.
5-7
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andXCo% approachesx, until at Tann5650 °C the majority
of the Co atoms are located at this ferromagnetic phase
tectable by XRD. Moreover, it is important to note that t
evolution ofXCo% with the annealing temperature is syste
atic for every x: it remains nearly constant forTann

,550 °C but increases rapidly from 550 to 650 °C, see F
2~b!.

Figures 1 and 2~a! show the evolution of the lattice pa
rameters of the two fcc phases~Cu-rich and Co-rich! as a
function of the annealing temperature. Forx55, the thermal
treatment causes only a slight variation of its unique Cu-r
fcc phaseDa/a'1024. The measured lattice parametera
'3.614 Å! is higher than the value estimated from the Ve
ard’s law for a Co5Cu85 solid solution (a'3.611 Å!. This
suggests the presence of Co clusters embedded in the Cu
phase, not detected by XRD, but expected from the magn
and magnetotransport results. On the other hand, for box
510 and 20 samples, the thermal treatment causes a d
ent evolution in each phase. The lattice parameter of e
phase evolves to the value of pure fcc Cu and pure fcc
respectively, as the annealing temperature increases, whi
an indication of the segregation process induced by the t
mal treatment. In particular, the lattice parameter of the C
rich phase exhibits no substantial changes from the
quenched state to the annealing atTann,550 °C, but above
this annealing temperature it increases up to the value of
fcc Cu bulk (afcc Cu53.615 Å!. The global increment of the
Cu-rich phase lattice parameter in all the process is'0.1%.
On the other hand, the lattice parameter of the Co-rich ph
decreases down to the value of the fcc Co bulk (afcc Co
53.544 Å!. In this case, the change of the lattice parame
for the Co-rich phase is larger ('0.4%). The decrease is no
monotonous but displays some structure: from the
quenched state to the annealed at 400 °C the lattice pa
eter remains unchanged. From 400 to 450 °C it decrea
abruptly, evidencing the onset of a demixing process
which the Cu atoms are expelled out of the Co-rich partic
Between 450 and 550 °C the lattice parameter of the Co-
phase exhibits an anomalous behavior: first, it smooths
decrease and then, between 500 and 550 °C, it increa
suggesting an interruption or even an inversion of the dem
ing process. Finally, from 550 to 650 °C the segregation p
cess is restarted and the lattice parameter continues its
creasing down to the fcc Co bulk value.

B. Magnetism

The magnetic analysis will give us an indirect view of t
microstructure of the samples and it will allow us to follo
the evolution with the thermal treatments of the differe
magnetic phases present in the samples.

The as-quenched samples of each composition pre
important differences in the distribution of the Co atoms
each magnetic phase, due to the preparation method. A
can see in Table II, in thex55 as-quenched sample, the C
atoms are equally distributed between the SPM phase
diluted into the Cu matrix ('2.5% in each phase!. On the
other hand, for both thex510 and 15 as-quenched sampl
22441
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there is a'6% of Co in the SPM phase and'2% in the FM
phase, while the amount of diluted Co is 2% forx510 and
7% for x515.

However, we can observe again in Table II that the qu
tative evolution withTann of the percentage of Co in eac
phase is indeed systematic for the three compositions.
steps can be readily distinguished in this evolution: up to 5
and above 550 °C.

For Tann,550 °C, the percentage of Co atoms diluted
the Cu matrix diminishes on behalf of the SPM phase, a
the mean diameter in this annealing range of the SPM
clusters ranges between 2 and 3 nm within the error~see
Table III!, in agreement with the values found in th
bibliography.18,36,37 However, there is a slight difference i
the x515 as-quenched sample, which presents a very la
mean diameter~4.5 Å! that decreases when annealing
400 °C. This is explained by looking at the evolution of th
percentage of FM phase: from the as-quenched state to
annealed at 400 °C it increases abruptly, which means
the big Co nanoclusters present in the as-quenched state
grown with the annealing and crossed the limit of the SP
size, adding to the FM phase atTann5400 °C. FromTann
5400 to 500 °C the percentage of FM phase remains alm
unchanged, and this trend is also followed by thex510 even
from the as-quenched state.

For Tann>550 °C, inx55 both the SPM phase and th
diluted percentage of Co atoms remain almost unchan
and the size of the SPM nanoclusters increases up to 4 nm
x510,15 samples the SPM phase diminishes on behalf of
FM one, until the latter becomes the unique magnetic con
bution at Tann5650 °C. Meanwhile, the mean diameter
the SPM nanoclusters increases rapidly up to 5 nm. I
important to note that in this annealing temperature ra
(550–650 °C) there is a'1% of Co atoms that remain
diluted into the Cu matrix inx55 as well as inx510 and 15
samples.

Finally, if we compare in Table II the percentage of C
rich FM phase previously obtained from the XRD analy
(XCo%) and the data extracted from the magnetic analy
(%FM), we can observe that the evolution of the FM pha
with the annealing temperature is coincident in both cas
that is, it remains nearly constant forTann,550 °C but in-
creases rapidly from 550 to 650 °C. However, there
some quantitative discrepancies between the data obta
from both techniques due to the limitations of both calcu
tion methods.

In sum, the magnetic analysis gives us an insight into
microstructure of the samples. In fact, it is very important
remark that the magnetic results show that at 500 °C ther
still a dominant percentage of SPM phase formed by sm
magnetic clusters~2–3 nm! likely to produce GMR.

C. EXAFS

EXAFS is a powerful short-range order technique th
provides information about the closest neighborhood of
Co atoms. Depending on where the Co atoms are locate
the sample, they present different environments: diluted i
the Cu matrix, in the Co-rich FM phase with grain siz
5-8
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MICROSTRUCTURAL AND MAGNETIC EVOLUTION UPON . . . PHYSICAL REVIEW B 67, 224415 ~2003!
bigger than 20–30 nm, in the 2–4 nm sized SPM nanoc
ters or at the interfaces between the nanoclusters and
matrix ~for a 2–4 nm size cluster the 60–40% of the ato
are at the interface!. In any case, we must remind that th
magnetic analysis and also the XRD results show that,
x55,10, and 15 samples atTann,550 °C, the majority of
the Co is in the SPM phase, thus a large contribution to
EXAFS signal at those stages of the annealing comes f
the Co atoms at the SPM nanoclusters.

First, we are going to discuss the evolution of the int
atomic distances presented in Fig. 7. The interatomic
tanceR is the average of the interatomic distances of the
atoms in the four different environments described abo
Each environment presents different values ofR and the
weight of each environment changes withTann, thus a cor-
rect interpretation of this parameter is extremely difficult.
any case, we can perform a qualitative analysis of its evo
tion with Tann for everyx.

The sample withx55 displays the highest interatom
distances because in this case the Co atoms are diluted
the Cu matrix or forming SPM nanoclusters, thus a gr
number of Co atoms are surrounded by Cu atoms, and, a
Cu atoms are bigger than the Co ones, the Co-Cu interato
distance is larger than the Co-Co one. On the contrary,
interatomic distances of thex520 samples are close to th
of the fcc Co~2.507 Å! even in the as-quenched state b
cause in this case there is an important percentage o
atoms in the Co-rich FM phase, thus most of the Co ato
seeCo and the interatomic distances are similar to that of
bulk fcc Co. Upon annealing, the interatomic distances of
four compositions studied display an overall decreasing tr
down to the value of the fcc Co bulk, which is a clear ind
cation of the segregation of the Co atoms. The decrea
trend of the interatomic distances is not monotonous but
sents certain degree of structure in the curves. However
evolution of the interatomic distances is difficult to interpr
because, as mentioned previously, this parameter aver
the values of the different environments whose weig
change with the thermal treatment and composition.

On the other hand, the interpretation of the Debye-Wa
factor s2 is easier: it diminishes when the Co atoms reor
nize, no matter whether they are in the Co-rich FM phase
the Co nanoclusters or diluted into the Cu matrix, becauses2

is a measure of the structural and thermal disorder around
Co atoms. In this case the thermal disorder is the same fo
the as-quenched and annealed samples with equalx because
they have all been collected at the same temperature, thu
changes ofs2 with the thermal treatment must come sole
from the structural disorder. Evenmore, forx55,15 and 20
the EXAFS spectra were collected at 77 K, thus the con
bution of the thermal disorder to the Debye-Waller factor
very small and the most important contribution comes fr
the chemical disorder. As the atoms at the interfaces betw
the Co nanoclusters and the matrix present the hig
chemical disorder, they constitute the main contribution
s2, at least forx55 and 10, where almost all the Co atom
are forming nanoclusters~2–3 nm! in the SPM phase. Fo
x510, the thermal disorder partly masks the chemical dis
22441
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der contribution tos2, since for these samples the EXAF
spectra were collected at room temperature.

The overall decreasing trend of the structural disor
with Tann shown in Fig. 7 is again the fingerprint of a demi
ing process in which Cu atoms are expelled from the
local environment and join together towards an ordered
Co structure. The decreasing trend ofs2 is not monotonous,
but it displays three stages: from the as-quenched stat
Tann5450 °C starts the segregation process of the Co ato
The annealing between 450 and 500–550°C inverts the
tial decreasing trend, pointing out an interruption of the s
regation. We attribute this increment of the structural dis
der around the Co atoms to a slight redissolution of Co a
Cu that starts between 450–500 °C. This effect provokes
interdifussion of Co and Cu at the interfaces, which con
tute the main contribution to the Debye-Waller factor. Thu
it is in the x55 samples where this anomaly in the segre
tion process is better observed, because in these sample
most all the Co is arranged in nanoclusters~see Table II!, and
a significant number of Co atoms are at the interfaces. W
increasing the annealing temperature, both processes, th
dissolution and the segregation, are in competition.
Tann>550 °C, the Debye-Waller factor diminishes again b
cause the FM phase is majority~see Table II!and though the
number of atoms at the interfaces decreases and have m
less relative contribution to the total structural disord
around the Co atoms~in a 25 nm size cluster only the 6% o
Co atoms are at the interface!.

D. Correlation between the microstructure and the GMR

The GMR results presented in Table I show that the e
lution of the GMR with the thermal treatment is independe
of the composition of the samplesx: it increases from the
as-quenched state to the annealed at 450 °C, wher
reaches a maximum, and then it drops at 500 °C and con
ues decreasing till the end of the thermal treatment. A sim
GMR trend with the annealing temperature in the Co
granular system has been found by other authors.18–21

It is generally accepted that small magnetic particles~high
surface-to-volume ratio! highly concentrated@below the per-
colation thresholdpc'30% ~Ref. 11!# are necessary condi
tions for an optimum GMR in granular alloys.4,11,38,39The
concentration can be given by the distances between ne
boring particles, calculated by the following expression
an aleatory arrangement of clusters:40

t5S 6

pNc
D 1/3

2D̄, ~12!

whereNc is the number of clusters per unit volume, given

Nc5
%SPM

100 S p

6
D̄3D . ~13!

These calculi are represented in Fig. 8.
5-9
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With this in mind, we can summarize the consequence
the thermal treatment on the microstructure of the Co
granular alloys and its correlation with the GMR response
follows:

~1! Up to 400 °C the annealing induces, on one hand,
precipitation of the Co atoms and thus the creation of S
nanoclusters from the Co diluted atoms, increasing also
concentration of magnetic nanoparticles~see Table II and
Fig. 8!. On the other hand, it reduces the interfacial roug
ness, as deduced from the evolution of the Debye-Wa
factor ~Fig. 7!. These three factors enlarge the GMR, and
x515 sample annealed at 400 °C achieves the maxim
value~31%! because it presents the smallest cluster size
also the largest concentration of magnetic particles~mini-
mum t). As long as the thermal treatment goes
(400–450 °C), both the particle size andt increase slightly,
but the interfacial roughness decreases slightly~Fig. 7! giv-
ing rise to an increase of the GMR inx55,10 and 20
samples.

~2! Between 450,Tann,550 °C bothD̄ ~Table III! andt
~Fig. 8! keep on increasing slightly. Meanwhile, the latti
parameter of the Co-rich FM phase stops its decreasing to
fcc Co bulk value@see Fig. 2~a!# and, at the same time, th
Debye-Waller factor detects an enhancement of the struc
disorder at the interfaces of the Co clusters~see Fig. 7!. We
attribute this interruption in the segregation process to
slight solubility of Co and Cu that starts at'500 °C. In fact,
in the CoCu phase diagram41 it becomes apparent that abov
'500 °C the Cu redissolves into the Co. This mechan
induces the interdiffusion of Co and Cu, roughening the
terfaces of the Co granules, particularly in the nanome
sized ones to which is attached the existence of GMR
degrades it abruptly at the same time independently ox
because this effect is intrinsic to the CoCu system. A num
of theoretical studies about the correlation between the
crostructure and the GMR in granular alloys account for
need of rough interfaces between the magnetic and met
element for enhancing the GMR.4,13,12These theories are a
based on previous studies on multilayers, where the chem
disorder at the interfaces of the magnetic-non magnetic
ers has been observed to enhance the GMR in m

FIG. 8. Mean interparticle distances calculated from Eq. 12 a
function of Tann. The arrow marks the point where the GMR
maximum.
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systems.1,42 However, there is experimental evidence of t
degrading of the GMR due to interfacial roughness in Co/
multilayers by Hallet al.43 and Suzuki and Taga,44 and this
has been also observed in other systems of multilayers s
as Co/Ag~Ref. 45! and NiFe/Cu.46 Thus, although the theory
of the GMR for granulars differs from our experimental r
sults, the findings in Co/Cu multilayers justify our concl
sions.

~3! For Tann>550 °C, the redissolution of Co and C
also explains the'1% of Co that remains diluted into th
Cu matrix observed in the magnetic analysis~Table II!. De-
spite the solubility of Co and Cu, the percentage of F
phase (XCo%) increases, decreasing the SPM one@see Figs.
2~b! and Table II#, and as a consequence the Co-rich F
phase lattice parameter decreases to the fcc Co bulk one@Fig.
2~a!# and also the Debye-Waller factor diminishes~Fig. 7!.
This means that the magnetic clusters surface-to-volume
tio decreases rapidly, decreasing the influence of the inte
cial roughness in the GMR response and also the nanoc
ters concentration, which degrades the GMR, that diminis
to zero.

This way, our microstructural study on the CoCu granu
alloys has provided experimental evidence of the direct c
relation between the GMR and the microstructural proper
of the samples. In particular, we have demonstrated that
interfacial roughness plays a significant role in the GM
response of the CoCu granular alloys, and even regulates
GMR changes when both the magnetic particles sizes
distances among them are small, enhancing the GMR as
interfacial roughness decreases.

V. CONCLUSIONS

We have studied the changes induced by the thermal tr
ment in the microstructure of the CoxCu1002x (x
55,10,15,20) melt-spun granular alloys and related them
the changes in the GMR. The as-quenched samples cont
majority of Co SPM nanoclusters responsible of the GM
phenomenon coexisting with a percentage of Co atoms
luted into the Cu matrix and, inx510,15, and 20 samples
also with a Co-rich FM phase. The thermal treatment indu
the segregation of the Co atoms from the Cu matrix, cha
ing the percentage of each magnetic phase: forTann
,550 °C the diluted percentage diminishes on behalf of
SPM phase while the FM percentage remains unchan
and for Tann>550 °C the FM phase suddenly increases
behalf of the SPM one and there is a'1% of Co atoms
diluted into the Cu matrix. This deep knowledge of the m
crostructure at each stage of the annealing has allowed u
experimentally demonstrate the main factors that lead to
optimum GMR response in CoCu granular alloys: lar
surface-to-volume ratio and concentration of the magn
clusters and smooth interfaces.
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