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This paper reports a thorough microstructural and magnetic analysis performed on as-quenched and annealed
melt-spun CoCuy oo 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 etige, 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 ments that compose the alloys. Therefore, granules of the
The giant magnetoresistan¢&MR) phenomenon is a minority element grow embedded into the matrix of the ma-
huge decrease of the electrical resistance when a magnejisrity one.
field is applied. This phenomenon was first discovered in |n this work, we have studied QBugy (X
samples composed of alternating layers of a magnetic and 5 10,15,20) melt-spun granular alloys in the as-quenched
nonmagnetic layers.Afterwards, the GMR was also ob- state and annealed at increasing temperatures between 400
served in granular sampfelcomposed of clusters of a mag- and 650 °C. As reported elsewhéfé®2lthe evolution of

netic element embedded in a nonmagnetic metallic matrix,o GMR response of the CoCu granular alloys with the

The QMR effect in.granular systems .is attributed tolthe Sa_m%nnealing temperature is independent of the sample compo-
physical mechanisms as in multilayers, that is, spin-

. ) sition (x), that is, it increases slowly from the as-quenched
dependent scattering of the co_nductmg elegt_rons atthe Madiate to the annealed at 450 °C, where it reaches the maxi-
netic clusters. Although the microscopic origin of the GMR ’

is still unresolved, it is generally accepted that the spin scathum va_lue, an_d at 500 °C it arops abruptly and continues
tering occurs predominantly at the interfaces of the magneti@©créasing until the end of the thermal treatment. Although
clusters and the metallic matrix’ Thus, small magnetic the CoCu granular system has bee_n extensively stu@ed in
clusters enhance the GMR because the smallest their size, tfRFent years, there are no conclusive results about its real
highest the number of atoms at the interface. However, ther@icrostructure, mostly due to the experimental difficulty of
are other structural properties of the granular samples thdgsolving small structures out of a matrix when the elements
influence on their GMR response; in fact, the GMR responsénvolved have very close atomic numbers, as for Co and Cu.
of the granular samples is generally attributed to a competiThe relevant information gathered about these systems
tion among the surface-to-volume ratio, concentrationcomes mainly from macroscopic evidence, such as magnetic
and/or size-distribution of the magnetic particles, their mag-and transport properties from which the microscopic infor-
netic state and the magnetic interactions amongnation available is deduced using more or less accurate
them#°6.710811The important role of the structure of the models. In this work, we report a thorough microstructural
interfaces between the magnetic granules and the metallgtudy that has allowed us to follow in detail the changes that
matrix has been also underlin&d* the thermal annealing causes in the microstructure of the
Granular alloys are usually composed of two immisciblesamples, in particular in the distribution of the Co atoms.
elements, one magnetic and the other a metallic nonmagnetihis way, we have completed a previous wérwhere we
one, such as Ag-Co, Cu-Co, Ag-Fe, or Cu?RIA metastable presented preliminary results and strengthened the important
solid solution of both elements is obtained with the use ofrole of the interface in the GMR response of the samples.
ultrarapid techniques such as electrodeposition, sputtering, The melt-spinning method produces inhomogeneous
laser ablation, or melt spinnintg:}’ The microstructure of samples: in the as-quenched state the Co atoms are mainly
these metastable alloys is easily modifiable by suitable thediluted into the Cu matrix and/or forming nanoclusters with a
mal treatments: the supplied thermal energy is spent in olbsuperparamagnetic response. The thermal treatment induces
taining a more estable state by the precipitation of both elethe segregation of the Co atoms and the diluted part dimin-
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ishes on behalf of the superparamagnetic and/or ferromag- TABLE I. Values of the GMR at 7 T and 10 K.
netic phases. By means of three complementary techniques
we have been able to study the microstructural evolution of aq 400 °C 450 °C 500 °C 550 °C 600 °C 650 °C

the samples with the annealing. First of all, we have used the_
x-ray diffraction (XRD) technique. This technique detects
crystalline phases having long-range structural or@er a

scale no smaller than some ten nrfherefore, it is able to
probe mainly the large Co clusters which are responsible fof
the ferromagnetic behavior but will not detect the presencé

of Co nanoclusters and/or the Co atoms diluted in the Cu X-ray diffraction and absorption experiments were carried
matrix. Secondly, the magnetic study through the analysis ofn in the GILDA beamlin& at the European Synchrotron
the hysteresis loops of the samples has provided us vemngadiation Facility (ESRP in Grenoble (Francé. High-
useful microstructural information Concerning the Co CoN-resolution XRD patterns were obtained using a two-circle
taining phases. From the different magnetic responses @fiffractometer equipped with a GEL1) crystal analyzer on
each Co arrangement we have been able to complement tiige diffracted beam. The instrumental line broadening is full
previous information of the XRD analysis about the ferro-yidth at half maximum(FWHM) 26<0.01°. The XRD pat-
magnetic phase and to reveal and quantify the percentage gfrns were collected at room temperature using a wavelength
Co not detectable by XRD because it is forming superparapf 0.95% A . For x=5,10, and 20 samples, measurements
magnetic Co nanoclusters, and/or is diluted into the Cu magere performed for all annealing stages, in the angular range
trix. These Co nanoclusters are responsible of the GMR bezp<29<88°. Additional spectra with better statistics were
havior. Finally, the extended x-ray absorption fine structurggjiected in the region around th@11) Bragg peaks (22
(EXAFS) technique is a local prob@n a scale of afew A <29<30). X-ray spectra fox=15 were also taken for the
very sensitive to the local structure around the absorbegs quenched state and 400 °C annealing. For all the samples,
atom. In this case, we have exploited the EXAFS techniques._quenched and annealed, XRD patterns were also collected
for studying the surroundings of the Co atoms as a functlorﬂjsing an angle dispersed setup based on a 2D imaging plate
of the thermal treatment and, in particular, for probing thegetecto”? The wavelength was 1.0334 A and the instrumen-
evolution the Co-Co interatomic distances and the structurgly) resolution 0.06—0.07° in@ Notice that even if the area
disorder around the Co atoms. This concise study has aljetectors cannot reach the angular resolution and the abso-
lowed us to gain precise knowledge of the microstructure ofyte accuracy on lattice parameters available on a high reso-
the samples at each stage of the thermal treatment and fQijon diffractometer, the 2D geometry offers several advan-
certify the close corr_elatlon between th_e microstructure _anqiages and gives useful complementary information. In fact,
the GMR response in granular alloys, in particular the im-the very high count statistics allows one to detect and per-
portant role of the Co-nanoclusters interfaces. form a reliably characterization also of those phases having
The paper is distributed as follows. In Sec. Il we presentgjatively weak signal. Moreover, the possibility to integrate
the experimental techniques, in Sec. Il the data analysis anghe djffraction pattern over a large portion of the Debye rings
results, and in Sec. IV the discussion. Finally, we briefly5j1ows one to reduce the effect of privileged orientation on
outline the the main conclusions in Sec. V. the sample and is mandatory for an accurate and reliable
analysis of peak area and shape.
Il. EXPERIMENTAL TECHNIQUES Co K-edge EXAFS spectra were collected at 77 Kxin
i _ =5,15, and 20 as-quenched and annealed samples in trans-
We have studied a series of @hgox (x=5,10,15,20)  mission geometry. On the other hand, EXAFS measurements
samples prepared by rapid quenching in the form of longyt y— 10 samples were collected at room temperature in sta-
ribbons of about 3Qum thick. 1-cm long pieces of each {ion 7.1 at the Daresbury Synchrotron Radiation Source
sample were thermal annealed at these annealing temper@SRS’ U.K. The monochromator used in the measurements

tures Tn=400,450,500,550,600,650 °C during 30 min in\yas a double monocrystal of Si oriented in d1) direc-
an Ar controlled atmosphere furnace in order to avoid oxidajgp.

tion. For each composition, the very same piece of sample

42 121 21.4 14.3 6.1 3.3 -
x=10 12.1 25.2 27.1 22.4 135 4.7 -
x=15 11.6 319 30.9 215 9.4 3.0 -
20 16.2 25.2 26.6 16.9 6.4 2.4 -

was used for all the experiments. 1. DATA ANALYSIS AND RESULTS
The magnetoresistan¢®IR), defined as the change of the
electrical resistancR under an applied magnetic fiepd,H A. Giant magnetoresistance(GMR)
The measurement of the MR at 10 K and up to a magnetic
MR(%) = R(uoH) —R(uoH=0) %100 n field as high as 7 T allows one to reach the saturation value
R(uoH=0) ’ of the MR for all the annealed samples. Table | displays the

values of the GMR at 7 T as a function @t,,, for each
has been measured at 10 K using the conventional foutompositionx. The evolution of the modulus of the MR with
points configuration. The measuring loop wasT 0-7 T the annealing temperature is similar for the four composi-
——7T —0 T. The hysteresis loops were recorded at 30Qtions studied: it increases up to 450 °C and starts to decrease
K with a magnetic field up to 7 T. Both measurements wereat 500 °C. The maximum value of the GME2% was
performed in a SQUID magnetometer. found for thex=15 alloy.
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FIG. 1. Evolution of the Cu-rich fcc phase lattice parameters 15 P - _
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XRD patterns. i gy . -
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High-resolution x-ray diffraction patterns of samples

=5 display one set of peaks that corresponds to a Cu-rich FiG, 2. (a) Evolution of the lattice parameters obtained from the
fcc phase. On the other hand, the diffractograms of samplegnalysis of the room temperature high-resolution XRD patterns for
x=10,15, and 20 reveal the existence of two fcc phases: ongae Co-rich fcc phase. Note that tieaxis scale is the same as in
corresponds to a Cu-rich phase and the other to a Co-richig. 1. The arrow marks the point where the MR is maximuin).
phase. It is important to note that both phases appear even Rercentage of Co-rich FM phas&X{,%) as calculated from the
the as-quenched state. peaks area of the 2D-angle dispersed spedeita of Table Il. The

The high resolution XRD and the XRD patterns collectedcontinuous line is a guide for the eye.
using the angle dispersed setup were used for giving comple-

. . . . i ACu XCu

mentary information in the following way: from the analysis —ao— 2
of the high-resolution patterns we have been able to extract Aco Xco
the evolution of the lattice parameters as a function of therand the conditiorX¢,+ Xc,=100. If Cu and Co atoms were
mal treatment and composition with very high accuracy.completely separated in two different phases we would have
Analyzing the patterns obtained using the angle disperseticu/Xco=(100-x)/x. The results of these calculi are pre-
setup we have been able to carefully estimate the areas of ti§&Nnted in Table Il. The fact thac.%<x in all the samples
peaks and thus the relative percentage of each phase in tRE/died, even those annealed at 650 °C, means that the rest
samples. Diffraction patternéigh-resolution and 2D-angle of the (_30 atoms are diluted into the Cu mairix or/and_ar-
dispersell were thoroughly analyzed by means of the Ri- ranged in clusters too sme}ll to be detec_ted by this .technlque.
etveld profile refinement method as implemented inghes e must note that even if the evaluation of Co-rich phase
software?® and the XRD peak shape was modeled with ap‘)eak area is affecFed by Ia_rge_r unceﬂamty, owing to the rela-
pseudo-Voigt function. tive \_Neakness of its contribution with respgct to that of the

Line-shape analysis on the XRD patterns indicates thapu-rich phase, the results of these calcilic{%) show a
grain size in the Cu-rich phase is about 90—100 nm, wheredéend as a function of thg(mal treatment consistently repro-
the Co-rich phase, iR=10,15, and 20 samples, is composedfjuced for all the compositions, that is, the percentage _of Co
of crystallites that grow in size with the annealing tempera-S @lmost unchanged up to 550 °C and fof,=550 °C it
ture from about 20—30 to 90—100 nm. This is an important"Creases approaghmg the. totallamount of Co in the samples
finding from the point of view of the magnetic analysis, be- (X), s observed in Fig. 2 in which we have plotted the data
cause a 20—30 nm size Co granule is expected to display%{ Table I in order to _remark this feature. In the as-quenched
ferromagnetic(FM) responsé? For this reason, in the fol- StatéXc% is a minority part of all the Co fox=10 and 15
lowing, and in order to not confuse the different arrange-Sampleg2.6 and 4.9 %, respectivelpnd a higher amount is
ments of the Co atoms, we will call this fcc phase he-  found forx=20 samples (13.6 %). But &,,=650 °C the
rich FM phase majority of the Co in the sample§.3, 14, and 19 % fok

The evolution of the lattice parameter as a function of the= 10,15, and 20, respectivelys forming this ferromagnetic
annealing temperature is presented in Fig. 1 for the Cu-ricihase of 90-100 nm size. These results will be taken into
phase and in Fig.(@) for the Co-rich FM phase. Finally, by account when analyzing the hysteresis loops of the samples.
measuring the Co and Cu peaks aréa{, Ac,) on the 2D-
angle dispersed diffractograms, we have estimated the per-
centage of this Co-rich phas&§.%) from the proportion- The evolution of the hysteresis loops with,, is similar
ality between both parameters for the four concentrationsxj studied: the hysteresis loops

C. Hysteresis loops
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TABLE Il. Values of the percentage of Co in the Co-rich phaXe£0) obtained from the peaks area in

the DRX 2D-angle dispersed specfthese data are also displayed in Figb)2 and percentages of each

magnetic phase as calculated in the magnetic andligsjs(10)].

aq 400°C  450°C 500°C 550°C  600°C 650 °C
x=5 X% 0 0 0 0 0 0 0
% FM 0 0 0 0 0 -
% SPM  25%5)  4.055  4.855  4.355  4.255) -
%dil. 2455 0955 0155  0.655  0.755) -
x=10 X% 2.66) 2.1(4) 3.47) 1.55) 6(1) 7(2) 7(1)
% FM 1.92) 1.92) 1.52) 1.41) 6.3(1) 9.05)
% SPM  6.12) 7.42) 7.22) 7.6(2) 2.52) 0
% dil. 2.003) 0.7(3) 1.33) 1.02) 1.2(2) 1.0(5)
x=15 X% 4.97) 6.3(6) 5.2(4) 7.3(6) 9.43  1157)  13.87)
% FM 2(1) 5.53) 4.503) 4.803) 8.5(6) 14.24)
% SPM g1) 6.93) 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)
x=20 X% 13.68) 13.68)  12.96) 14(6) 16.04)  17.896)  19.08)

of the as-quenched and annealedTgt;<550 °C samples different sizes of the SPM Co clusters in the sample we have
are not saturated even at a magnetic field as high as 7 T ardtroduced a log-normal size distribution functidi{D),
present small coercivitie@etween 60 and 230 @and re-  which is defined &8

manence, while fofT,,=550 °C well-saturated hysteresis

loops are obtained. As an example, we display in Fig. 3 the 1
evolution of the hysteresis loops with the annealing tempera- f(D)=

ture (Tyy) for x=15 as-quenched and annealed samples \/EDB

measured at 300 K. The nonsaturating behavior of the hys-

teresis loops is due to the presence of Co nanoclusters forndnd depends on two parametersand 8. The mean particle
ing a superparamagnetiSPM) phase. On the other hand, diameter D) and the standard deviatiow) are given by
the coercivity and remanence of the loops have two different
origins: first of all, inx=5 samples, where no Co-rich FM
phase was detected by XRD even at the last stages of the
annealing, we propose that they appear due to dipolar inter-

icilgr:]l_SS bet;vggn thel SPM nt?nt?c:usttr]ers. Sepqtnd,xtljn The SPM contribution to the total magnetization of an array
s ar; " Isampte?hwe attri Iute € co_erc(ljv]l Y %n "5t Co nanoclusters with a size distribution function given by
manence of the loops to the several-ten-nm-sized fcc Co-TicR, "y s gescribed by

ferromagnetic phase previously observed in the XRD analy-
sis. As deduced from Table IKc% increases with the an-
nealing temperature and approaches the totality of the Co in
the samplegx), what explains that at higher annealing tem-
peratures [4,=550 °C) the hysteresis loops are well-
saturated and thus display a dominant FM behavior. In a SPM system with dipolar interactions among the

The SPM contribution to the total magnetization is de-nanoclusters, Alliaet al”” suggest that the anhysteretic
scribed by the Langevin la&v curve, given by

2

282

52
——1].

a,2

_ 5 _
D=aef? ¢?=D?

©)

MSPM:M?MK f(D)L(a)d D. (6)

1
1 S=2(MT+M7), W
SPM SPM 2
M>"M=MZ""L(a), where L(a)= cotha— 3 3

whereM " andM ~ are the magnetization of the positive and

. . o negative branches, respectively, must follow the Langevin
where is the saturation magnetization of the SPM |aw. In our case, we have applied this model to #we5
phase an@=ppoH/kgT. o is fth% magnetic moment of the samples, and therefore fitted the Langevin equdtitm (6)]
Co nanoclusters given hy=Mg* “(7D3/6), wheremD3/6  to the calculated anhysteretic loops of the as-quenched and
is the volume of the clusters, assumed spheres with diametahnealeck=5 samples.
D, and M ©°=164.8 Anf/kg is the saturation magnetiza-  On the other hand, fax=10, 15, and 20 samples, where

tion of the bulk fcc Co. In order to take into account the the FM contribution to the total magnetization comes from

SPM
M s
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M (Am’/ke) TABLE lll. Values of the SPM phase parameters obtained from
— the fitting of the hysteresis loops15PMis in Am?/kg andD ando
0 r ] in nm.
10 - -
o i ] ag 400°C 450°C 500°C 550°C 650°C
ok ] x=5 MZ™M 4.21(1) 6.668) 8.048) 7.181) 7.04Q5) -
L J D 2721) 1.682) 1.973) 2.71(1) 4.341) -
20 ] o 0991) 1.142) 0.963) 0.871) 0.841) —
20T B x=10 MSP™ 10.13) 12.23) 11.843) 12.51) 4.24) O
10 - - D 2519 2.526) 2.741) 2.961) 5.1(3) -
o | ] o 1.21) 1.207) 0.602) 0.8712) 1.33) -
10 - 4 x=15 MP™ 102) 11.35 16.04) 14.55 8(1) 0
ol ™ 1 D 455 123 242 3317 362 -
) o 215 2.26) 223 0.947) 042 -
20 - .
10 - -
oL ] VP MEMﬂ t HiHct ™, ®
- ] =—_arcta ™ an o |
-10 -
20 [ e ] In this expression, is the remanent magnetizatidd" is
the saturation magnetization of the ferromagnetic phase, and
20 7 H. is the coercive field.
10 - ] Thus, the theoretical expression of the total magnetization
F . for x=10,15, and 20 samples is
o0 - _
-0 ] M=MSPM+MFM=M§PMJ f(D)L(a)dD
20 . 0
0 I ] 2MEM H+H, ™,
L . + arcta tan . 9
ok ] m Hc 2MEM
or . i The fitting of expressioit9) to the experimental data has
-10 . been implemented using tieROFIT package”® Six param-
N ] eters have been fittedz, 8, MEM, MZPMandH,. The rem-
anent magnetizatiorM,) has been fixed to the experimental
20 - 7 value.
10 B i The results of the fitting for the SPM phase are displayed
- : in Table Ill, and the corresponding to the FM phase, Xor
or i =10,15, in Table IV. The fitted hysteresis loops »#f 15
10 4 as-quenched and annealed at 400, 450, 500, 550, and 650 °C
- j ] samples with the corresponding SPM and FM contributions
20 e s eeees 7 are displayed in Fig. 3.
-8 “HO(T) 4 8 From the saturation magnetization of both magnetic
0 phases given in Tables lll and IV we have estimated quanti-
FIG. 3. Hysteresis loops of samples- 15 as-quenched and an-  TABLE IV. Values of the FM phase parameters obtained from

nealed afT,,=400,450,500,550, and 650 °C measured at 300 Kithe fitting with Eq.(8) of the hysteresis loops of= 10,15 samples.
The continuous line is the fitting of the samples with E®), the MM is in Am?/kg andH, in Oe.

SPM (———) and FM (- - -) contributions to the total magnetiza-
tion are also plotted. A detail of the fits at low magnetic fields is aq 400°C 450°C 500°C 550°C 650°C
shown in the insets.

x=10 MIM 3.24) 3.14) 2.43) 2.394) 10.313) 14.859)
the Co-rich FM phase previously observed by XRD, we have He 240(40) 25030) 190110) 350(30) 120(10) 1233)

implemented this FM contribution to the total magnetizationx=15 M™ 42) 9.26) 7.54) 7.85 14(1) 23.51)

by :hg following ad hoc equation suggested by Stearns H. 150(70) 15010) 170(10) 1728) 1506) 16020)
etal.:
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FIG. 4. EXAFS signals of the as-quenched and anneaie8 FIG. 5. XANES spectra of the Ci§ edge of thex= 15 samples,
samples collected at 77 K. fcc CoK edge, and hcp CK edge. The similarity of the XANES

spectra of the CoCu samples to that of the fcc Co demonstrates that
tatively the percentage of Co in each magnetic phase as titee Co crystallizes in fcc structure in the CoCu granular samples.
ratio of the corresponding saturation magnetizati®RM or
FM) and the saturation magnetization of bulk fcc Co: Quantitative information about the local structure around
the Co atoms and its evolution with the annealing tempera-
ture was obtained by fitting the filtered EXAFS data to the

M SPM(EM) expressioft

s
fcc Co
M s

%SPMFM) = X100, (10
—207k%g 2T Ik

kx(K)= > SiN;f;(k, m)——————sin[ 2kR;
that is, we have considered that if all the Co in the sample ! R;
(x) contributed magnetically, the total saturation magnetiza- +¢i(k,m)]. (12
tion of the sample would be that of the bulk fcc Co. The
remaining percentag€100— (% SPM+%FM)] represents The sum expands over all the species of backscattering at-
the amount of Co atoms that do not contribute magneticallms at the same distanég of the central atom with vari-
because are diluted into the Cu matrix. The results of thesanceaj2 (Debye-Waller factgraround the absorber, ai is
calculi are presented in Table II. the number of such atoms. The scale fa@ris related to
the many body effects arel 2"i’¥ is a mean free path term
that takes into account the inelastic losses of the photoelec-
tron. f;(k, ) is the magnitude of the effective curved-wave

The structural EXAFS signals were extracted from ab-backscattering amplitude for thgth type of atoms and
sorption spectra using standard procedures for backgroung;(k,=)=[246(k) — 7]+ ®;(k), where the first and second
substraction and data normalizati$hSystematical errors terms represent the modification in the phase shift of the
were minimized using the same procedure for all the dat&jected photoelectron wave function by the potential of the
sets. The fine structure extended from 20 to 700 eV was firstentral absorbing and backscattering atoms, respectively. In
normalized to the jump of thK-absorption edge, then fitted our case, the central atom is Co and two types of scattering
using a cubic spline curve to remove the low frequencyatoms must be taken into account: Co and Cu. However,
background oscillation and converted to photon-electrorsince both atoms are almost indistingishable as backscatter-
wave vectork space. The EXAFS signajg(k) obtained for  ers because their electric scattering characteristics are very
the CoK edge are displayed in Fig. 4 for the as-quenchedsimilar, we have performed the analysis as if only Co atoms
and annealedk=5 samples. At a glance, no changes aresurrounded the absorber. Moreover, although the stable crys-
observed with the thermal treatment due to the fact that Cealline phase of the Co below 400 °C is hcp, in the present
and Cu have very similar backscattering properties. Aftersamples crystallizes in fcc structure, as qualitatively deduced
wards, the range2k<12 A ~! of the EXAFS signals were from the sole comparation of the Goedge x-ray absorption
Fourier transformed to radial coordinati@sn order to gain near edge structuréXANES) spectra of all the CoCu
direct information about the structure around the Co sitessamples with a pure fcc CK-edge spectrum and a hcp Co
From the Fourier transforms some qualitative informationK-edge one, as displayed in Fig. 5 for 15 sample.
can be obtained. It is noticeable that the amplitude of the first The fitting of the EXAFS signals has been performed in
peak of the Fourier transform displays the same evolutioriwo different ways that have given the same results. The
with T,,,regardless ok: it grows until 450 °C, afterwards it difference between both procedures is the way the back-
decreases and then it increases again above 550 °C. scattering parameterjk,7), and ¢(k,7) have been ob-

D. Extended x-ray absorption fine structure (EXAFS)
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FIG. 6. Fourier filtered EXAFS function and fit i@ k space

2.525[
and(b) R space, for the sample Gfu; annealed at 500 °C. L

25150

tained: first, from an experimental EXAFS spectrum of a  ; sost
pure fcc Co sample collected at 77 K, and second, they have i
been theoretically generated with therre.0codes’?

. . . 2.5251 . J410°

The best advantage of the first method is that it reduces r T ¢ ]
the number of fitting parameters, becal%eandl“ are au- 2515 T 43107
tomatically included in the experimental amplitude function. 5 505/ E pp— 5 107

This improves the best fit quality and the reliability of the Y e T
results. We have isolated the contribution of the nearest 200 200 600 o 200 400 eoo - °
neighbors corresponding to the first peak of the Fourier T, .0 T, .0

transform (1.ZR<3 A) by using the standard Fourier fil- . ) o

tering technique and then fitted the filtered data to equation FIG: 7. Evolution of the interatomic distancésand Debye-
11 withj = 1. The error bar in each parameter.005 A for Waller factorso“ with T,,,around the Co atoms obtained from the

the interatomic distanc® and 10% for the Debye-Waller E?Aﬁianalys'sbuts'ng bo;htztt'ng Fl’trof]eduges e)fplell":je%'n the text.
factor 0_2) is obtained USing theminos command of e dirrerence petween Do results nas peen Included as an error

MINUIT, % taking into account the effects of correlations be- - The arrow marks the point where the GMR is maximum. We

. . " Iso indicate in the fi th ing t t f the EXAFS
tween the parameters. In Fig. 6 is displayed the fitting of ongilpseoclpa cate In the figure the measuring temperature of the

of the samples ik andR spaces.
On the other hand, when using theoretically calculate(é

o=

—
[\
f=

24950

o -

rain size which is big enough for presenting a ferromagnetic

esponse. On the other hand, the magnetic analysis per-

have used multiple scattering thedtor taking into account lﬁ)rmed on the hysteresis loops of the samples distinguishes a
ferromagnetic phase, which must be the Co-rich phase pre-

the tcolnt;lbutltonthof ff[hi nelgkhbfoth Lllzp 5. A tfar f;om treth' viously observed by XRD, and also a superparamagnetic
central atom to the first peak of the Fourier transform. in ISphase composed of Co nanoclusters. The remaining fraction
case the fitting was performed in tRespace with theerFIT

roaram® and the errors were calculated by the fitting bro of Co with no magnetic response must be diluted into the Cu
gra% itsélf SW u y NG Pro- matrix. Finally, the EXAFS technique is a short-range order

No di bet both it d has b technique and detects all the Co atoms in the sample, no
0 discrepancy between Doth Titling procedures Nas beep, . yqr \yhich environment they are embedded in. Thus the

found, so we can be reglly confident. of the prgsented resultﬁnal results of the EXAFS analysis are an average over all
The results of both fittings for the interatomic distané®s the possible surroundings of the Co atoms in the samples
> ) o
and the Debye-Waller factors™ are displayed in Fig. 7. depending on their location, that is, inside the Co-rich ferro-
magnetic phase, forming the superparamagnetic nanoclus-
IV. DISCUSSION ters, diluted into the Cu matrix or at the interfaces. In the

) ] following sections we will discuss the results obtained from
First of all, let us remark the different and complementaryeach technique.

information that each technique, described in the previous
section, gives us about the microstructure of the samples at
each stage of the annealing. This is to underline that using all
the three techniques is necessary for achieving an exhaustive The XRD patterns ok=5,10,15, and 20 as-quenched and
picture of the microstructure of these complex alloys. annealed samples display a set of peaks corresponding to a
The XRD technique is sensitive to the long-range struc-Cu-rich fcc phase of 90—100 nm size. In addition, in the case
tural order(some ten nr In all the samples, it detects a of the x=10,15, and 20 samples, even at the as-quenched
Cu-rich fcc phase. In samples=10,15, and 20, XRD de- state, the XRD detects a fraction of the Co in the samples
tects also a fraction of all the Co in the sample& {6) (Xco%0, see Table )| arranged in a ferromagnetic fcc phase
arranged in a Co-rich fcc phase. This Co-rich phase growsf 20-30 nm size. Raising the annealing temperature, this
with the thermal treatment from 20—30 to 90—100 nm size, &o-rich ferromagnetic phase grows in size up to 90-100 nm

backscattering parameters we have also limited the fittin
range to the nearest neighbors in the Fourier transform b

A. XRD
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and X% approaches, until at T,,=650 °C the majority there is a=6% of Co in the SPM phase anrel2% in the FM

of the Co atoms are located at this ferromagnetic phase dé@hase, while the amount of diluted Co is 2% for 10 and
tectable by XRD. Moreover, it is important to note that the 7% for x=15.

evolution ofXc% with the annealing temperature is system- However, we can observe again in Table Il that the quali-
atic for every x it remains nearly constant fof ., tative evolution withT,,, of the percentage of Co in each

<550 °C but increases rapidly from 550 to 650 °C, see Fig_phase is indeed systematic for the three compositions. Two
2(b). ' steps can be readily distinguished in this evolution: up to 500

and above 550 °C.
For T,,<550 °C, the percentage of Co atoms diluted in

rame.ters of the two f.CC phasé&u-rich and Co-richas a the Cu matrix diminishes on behalf of the SPM phase, and
function of the annealing temperature. ket 5, the thermal : : . .
the mean diameter in this annealing range of the SPM Co

treatment causes only a slight variation of its unique Cu—richClusters ranges between 2 and 3 nm within the efsee
~10-4 i

fcc phaseda/a~10"". The measured lattice parameter ( rape 1)) in agreement with the values found in the

~3.614 A is higher than the value estimated from the Veg'bibliography?&%'” However, there is a slight difference in

ard's law for a CgCugs solid solution @~3.611 '89 This  theyx=15 as-quenched sample, which presents a very large
suggests the presence of Co clusters embedded in the Cu-righ, o, diameter4.5 A) that decreases when annealing at
phase, not detected by XRD, but expected from the magnetiggg o This is explained by looking at the evolution of the
and magnetotransport results. On the other hand, for ooth percentage of FM phase: from the as-quenched state to the
=10 and 20 samples, the thermal treatment causes a diff€nealed at 400 °C it increases abruptly, which means that
ent evolution in each phase. The lattice parameter of eacfye pig Co nanoclusters present in the as-quenched state have

phase gvolves to the value_: of pure fcc Cu'and pure fcc_Cogrown with the annealing and crossed the limit of the SPM
respectively, as the annealing temperature increases, WhIChéTL‘Ze adding to the FM phase @t,=400 °C. FromT 4,

an indication of the segregation process induced by the thet- ,qq 14 500 °C the percentage of FM phase remains almost

mal treatment. In particular, the lattice parameter of the C“'unchanged, and this trend is also followed by xke10 even

rich phase exhibits no substantial changes from the aSom the as-quenched state.
guenched state to the annealingTgt,<550 °C, but above For T,,,=550 °C, inx=>5 both the SPM phase and the

this annealing temperature it increases up to the value of thgy 1aq percentage of Co atoms remain almost unchanged
fec Cu bulk (@ cy=3.615 A. The global increment of the ;4 the size of the SPM nanoclusters increases upto 4 nm. In

Cu-rich phase lattice parameter in all the process®1%.  ,_ 10 15 samples the SPM phase diminishes on behalf of the
On the other hand, the lattice parameter of the Co-rich phasgyy gne, until the latter becomes the unique magnetic contri-

ciecreases down to the value of the fcc Co bultedco  pytion atT,, =650 °C. Meanwhile, the mean diameter of
=3.544 A. In this case, the chan%e of the lattice parametefe spm nanoclusters increases rapidly up to 5 nm. It is
for the Co-rich phase is larger{0.4%). The decrease is not jynortant to note that in this annealing temperature range
monotonous but displays some structure: from the aS[550-650 °C) there is a=1% of Co atoms that remains

guenched state to the annealed at 400 °C the lattice paraijuted into the Cu matrix ik=5 as well as ink= 10 and 15
eter remains unchanged. From 400 to 450 °C it decreas%%mme&

abruptly, evidencing the onset of a demixing process in Finally, if we compare in Table Il the percentage of Co-

which the Cu atoms are expeIIed'out of the Co-rich particlgsrich FM phase previously obtained from the XRD analysis
Between 450 and 550 °C the lattice parameter of the Co-richy _ o4} and the data extracted from the magnetic analysis
phase exhibits an anomalous behavior: first, it s:m.ooths 'tf%FM), we can observe that the evolution of the FM phase
decrease and then, between 500 and 550 °C, it increasgfth the annealing temperature is coincident in both cases,

suggesting an interruption or even an inversion of the demixg, 4t is it remains nearly constant fdt,, <550 °C but in-

ing process. Finally, from 550 to 650 °C the segregation prograases rapidly from 550 to 650 °C. However, there are

cess _is restarted and the lattice parameter continues its dggme quantitative discrepancies between the data obtained
creasing down to the fcc Co bulk value. from both techniques due to the limitations of both calcula-
tion methods.

In sum, the magnetic analysis gives us an insight into the
microstructure of the samples. In fact, it is very important to

The magnetic analysis will give us an indirect view of the remark that the magnetic results show that at 500 °C there is
microstructure of the samples and it will allow us to follow still a dominant percentage of SPM phase formed by small
the evolution with the thermal treatments of the differentmagnetic cluster§2—3 nm likely to produce GMR.
magnetic phases present in the samples.

The as-quenched samples of each composition present
important differences in the distribution of the Co atoms in C. EXAFS
each magnetic phase, due to the preparation method. As we EXAFS is a powerful short-range order technique that
can see in Table Il, in the=5 as-quenched sample, the Co provides information about the closest neighborhood of the
atoms are equally distributed between the SPM phase ardo atoms. Depending on where the Co atoms are located in
diluted into the Cu matrix £2.5% in each phageOn the the sample, they present different environments: diluted into
other hand, for both thg=10 and 15 as-quenched samplesthe Cu matrix, in the Co-rich FM phase with grain sizes

Figures 1 and @ show the evolution of the lattice pa-

B. Magnetism
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bigger than 20—30 nm, in the 2—4 nm sized SPM nanocluseer contribution too?, since for these samples the EXAFS
ters or at the interfaces between the nanoclusters and tlspectra were collected at room temperature.

matrix (for a 2—4 nm size cluster the 60—40% of the atoms The overall decreasing trend of the structural disorder
are at the interfade In any case, we must remind that the with T,,,shown in Fig. 7 is again the fingerprint of a demix-
magnetic analysis and also the XRD results show that, foing process in which Cu atoms are expelled from the Co
x=5,10, and 15 samples at,,<550 °C, the majority of local environment and join together towards an ordered fcc
the Co is in the SPM phase, thus a large contribution to th&0 structure. The decreasing trendadfis not monotonous,

EXAFS signal at those stages of the annealing comes frorfjut it displays three stages: from the as-quenched state to
the Co atoms at the SPM nanoclusters. Tann=450 °C starts the segregation process of the Co atoms.
First, we are going to discuss the evolution of the inter-1h€ annealing between 450 and 500-550°C inverts the ini-
atomic distances presented in Fig. 7. The interatomic dis'Elal dgcreasmg tr(_end, p0|.nt|.ng out an interruption of the Seg-
tanceR is the average of the interatomic distances of the cdegation. We attribute this Increment of _the str_uctural disor-
atoms in the four different environments described aboveder around the Co atoms to a slight reo_hssolutlon of Co and
Each environment presents different valuesRofand the _Cu th".’u starts between 450-500 OC.‘ This effect prpvokes the
interdifussion of Co and Cu at the interfaces, which consti-

we|g_ht of each. envwonment change_s Withhn, thus a €O tute the main contribution to the Debye-Waller factor. Thus,
rect interpretation of this paramet.er is extreme]y d|f_f|cult. Init is in thex=5 samples where this anomaly in the segrega-
any case, we can perform a qualitative analysis of its eVolugion process is better observed, because in these samples al-
tion with Ta,, for everyx. _ _ ~ most all the Co is arranged in nanoclustéerse Table ), and

The sample withx=5 displays the highest interatomic 4 significant number of Co atoms are at the interfaces. When
distances because in this case the Co atoms are diluted infgcreasing the annealing temperature, both processes, the re-
the Cu matrix or forming SPM nanoclusters, thus a greatjissolution and the segregation, are in competition. For
number of Co atoms are surrounded by Cu atoms, and, as thg,, =550 °C, the Debye-Waller factor diminishes again be-
Cu atoms are bigger than the Co ones, the Co-Cu interatomigause the FM phase is majorityee Table Nand though the
distance is larger than the Co-Co one. On the contrary, thaumber of atoms at the interfaces decreases and have much
interatomic distances of the=20 samples are close to that less relative contribution to the total structural disorder
of the fcc Co(2.507 A even in the as-quenched state be-around the Co atom@n a 25 nm size cluster only the 6% of
cause in this case there is an important percentage of CGo atoms are at the interface
atoms in the Co-rich FM phase, thus most of the Co atoms
seeCo and the interatomip distan(_:es are Si_mila_lr to that of the D. Correlation between the microstructure and the GMR
bulk fcc Co. Upon annealing, the interatomic distances of the
four compositions studied display an overall decreasing trend The GMR results presented in Table | show that the evo-
down to the value of the fcc Co bulk, which is a clear indi- lution of the GMR with the thermal treatment is independent
cation of the segregation of the Co atoms. The decreasingf the composition of the samples it increases from the
trend of the interatomic distances is not monotonous but preas-quenched state to the annealed at 450 °C, where it
sents certain degree of structure in the curves. However, th€aches a maximum, and then it drops at 500 °C and contin-
evolution of the interatomic distances is difficult to interpret ues decreasing till the end of the thermal treatment. A similar
because, as mentioned previously, this parameter averageR trend with the annealing temperature in the CoCu
the values of the different environments whose weightgranular system has been found by other authbrs.
change with the thermal treatment and composition. Itis generally accepted that small magnetic parti¢legh

On the other hand, the interpretation of the Debye-Wallesurface-to-volume ratjohighly concentratedoelow the per-
factor o2 is easier: it diminishes when the Co atoms reorga-olation thresholch.~30% (Ref. 11)] are necessary condi-
nize, no matter whether they are in the Co-rich FM phase, iions for an optimum GMR in granular alloys*****The
the Co nanoclusters or diluted into the Cu matrix, becatfse concentration can be given by the distances between neigh-
is a measure of the structural and thermal disorder around tHeoring particles, calculated by the following expression for
Co atoms. In this case the thermal disorder is the same for ain aleatory arrangement of clustéfs:
the as-quenched and annealed samples with egbetause
they have all been collected at the same temperature, thus the ( 6 )1/3 _

t= —-D,

changes ofr? with the thermal treatment must come solely (12
from the structural disorder. Evenmore, fo+=5,15 and 20

the EXAFS spectra were collected at 77 K, thus the contri- ) ) )
bution of the thermal disorder to the Debye-Waller factor isVNereNc is the number of clusters per unit volume, given by

very small and the most important contribution comes from

N,

the chemical disorder. As the atoms at the interfaces between %SPM

the Co nanoclusters and the matrix present the highest Ne=——7—. (13
chemical disorder, they constitute the main contribution to 100 (ZS?»)

a?, at least forx=5 and 10, where almost all the Co atoms 6

are forming nanocluster®-3 nm in the SPM phase. For
x=10, the thermal disorder partly masks the chemical disorThese calculi are represented in Fig. 8.
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20 systems-*2 However, there is experimental evidence of the
degrading of the GMR due to interfacial roughness in Co/Cu
multilayers by Hallet al*® and Suzuki and Tag¥,and this

has been also observed in other systems of multilayers such
as Co/Ag(Ref. 45 and NiFe/Cu® Thus, although the theory

of the GMR for granulars differs from our experimental re-
sults, the findings in Co/Cu multilayers justify our conclu-

| sions.

(3) For T,,=550 °C, the redissolution of Co and Cu

also explains the=1% of Co that remains diluted into the
0 0 100 200 300 400 500 600 700 Cu matrix observed in the magnetic analy@l‘able Il). De-
T, (°C) spite the solubility of Co and Cu, the percentage of FM
phase Kc%) increases, decreasing the SPM ¢see Figs.

FIQ. 8. Mean interparticle distances calpulated from Eq. 12 as 3(h) and Table I], and as a consequence the Co-rich FM
func_tlon of Tann. The arrow marks the point where the GMR is phase lattice parameter decreases to the fcc Co bulkFige
maximum. 2(a)] and also the Debye-Waller factor diminish@sg. 7).

This means that the magnetic clusters surface-to-volume ra-

With this in mind, we can summarize the consequences ofio decreases rapidly, decreasing the influence of the interfa-
the thermal treatment on the microstructure of the COCLt|a| roughness in the GMR response and also the nanoclus-
granular alloys and its correlation with the GMR response asgers concentration, which degrades the GMR, that diminishes
follows: to zero.

This way, our microstructural study on the CoCu granular

(1) Up to 400 °C the annealing induces, on one hand, thalloys has provided experimental evidence of the direct cor-
precipitation of the Co atoms and thus the creation of SPMelation between the GMR and the microstructural properties
nanoclusters from the Co diluted atoms, increasing also thef the samples. In particular, we have demonstrated that the
concentration of magnetic nanoparticlesee Table Il and interfacial roughness plays a significant role in the GMR
Fig. 8. On the other hand, it reduces the interfacial rough+esponse of the CoCu granular alloys, and even regulates the
ness, as deduced from the evolution of the Debye-WalleGMR changes when both the magnetic particles sizes and
factor (Fig. 7). These three factors enlarge the GMR, and thedistances among them are small, enhancing the GMR as the
x=15 sample annealed at 400 °C achieves the maximurimterfacial roughness decreases.
value (31%) because it presents the smallest cluster size and
also the largest concentration of magnetic partici@mi-
mum t). As long as the thermal treatment goes on
(400-450 °C), both the particle size anthcrease slightly, We have studied the changes induced by the thermal treat-
but the interfacial roughness decreases sligtig. 7) giv-  ment in the microstructure of the @y (X
ing rise to an increase of the GMR r=5,10 and 20 =5,10,15,20) melt-spun granular alloys and related them to
samples. the changes in the GMR. The as-quenched samples contain a

(2) Between 456 T,,<550 °C bothD (Table IIl) andt majority of Co SPM nanoclusters responsible of the GMR
(Fig. 8 keep on increasing slightly. Meanwhile, the lattice phenomenon coexisting with a percentage of Co atoms di-
parameter of the Co-rich FM phase stops its decreasing to tHeted into the Cu matrix and, ir=10,15, and 20 samples,
fcc Co bulk value[see Fig. 2a)] and, at the same time, the also with a Co-rich FM phase. The thermal treatment induces
Debye-Waller factor detects an enhancement of the structuréine segregation of the Co atoms from the Cu matrix, chang-
disorder at the interfaces of the Co clustésse Fig. 7. We  ing the percentage of each magnetic phase: Tqp,
attribute this interruption in the segregation process to a<550 °C the diluted percentage diminishes on behalf of the
slight solubility of Co and Cu that starts at500 °C. In fact, SPM phase while the FM percentage remains unchanged,
in the CoCu phase diagréfrit becomes apparent that above and for T,,=550 °C the FM phase suddenly increases on
~500 °C the Cu redissolves into the Co. This mechanisnbehalf of the SPM one and there is=al% of Co atoms
induces the interdiffusion of Co and Cu, roughening the in-diluted into the Cu matrix. This deep knowledge of the mi-
terfaces of the Co granules, particularly in the nanometercrostructure at each stage of the annealing has allowed us to
sized ones to which is attached the existence of GMR anéxperimentally demonstrate the main factors that lead to the
degrades it abruptly at the same time independently of optimum GMR response in CoCu granular alloys: large
because this effect is intrinsic to the CoCu system. A numbesgurface-to-volume ratio and concentration of the magnetic
of theoretical studies about the correlation between the miclusters and smooth interfaces.
crostructure and the GMR in granular alloys account for the
need of rough interfaces between the magnetic and metallic
element for enhancing the GMR312These theories are all
based on previous studies on multilayers, where the chemical This work has been supported by the spanish CICyT un-
disorder at the interfaces of the magnetic-non magnetic layder Project No. MAT02-04178. A.G.P. thanks the University
ers has been observed to enhance the GMR in mangf the Basque Country for financial support.

t (nm)
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