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We have studied the structural, magnetic, and transport properties of Co nanoparticles embedded in a Cu
matrix using x-ray absorption fine structuf€AFS) spectroscopy, macroscopic magnetization, and transport
measurements. We observed by XAFS, on annealed samples containing 3, 10, 12, and 25 at. % Co, that there
is a systematic contraction of the average coordination distance around Co atoms with the increasing Co
content and annealing. The results are consistent with the growing of small fcc nanoparticles and correlated to
the evolution in the superparamagnetic behavior, observed by magnetization measurements. We present a
simple model to connect the diameter of Co nanoparticles to the average coordination distance and its mean-
square fluctuation. Our analysis leads to cluster sizes ranging from 1 nm to more than 8 nm. We found that for
a particle diameter of about 4.4 nm the sample containing 10 at. % Co presents a maximum in the giant
magnetoresistand&SMR). Moreover, we observed that the disorder is significantly reduced around that size,
due to the hardening of Co bonds, further favoring the GMR. Our analysis gives direct structural parameters
and emphasizes their role in the transport and magnetic properties of the Co-Cu system.
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[. INTRODUCTION the properties of the material. Naturally, the burning question
is how these structural and morphological properties relate to
Artificial composite materials formed by the combination the amplitude of the GMR effect. Spin-dependent electron
of magnetic and nonmagnetic elements exhibit very excitingscattering at interfaces seems to be the most relevant param-
physical properties. Magnetic anisotropy, magnetic momengter in the GMR descriptiofi.*! The amount of interface in
enhancement, superparamagnei®PM) or ferromagnetic granular systems depends on the shape and size of the par-
behavior, depending on size and temperature, and magneticles and on their distribution. An atom probe-field ion mi-
exchange coupling are just a few important physical aspectsroscopg AP-FIM) was recently used to study the morphol-
that insert these materials at the frontier of research. Amonggy of particles in the range of 1-10 nm and a reasonable
the most remarkable questions concerning these materials aagreement with the theoretical model of GMR behavior re-
the conditions leading to the phenomenon of giant magnelated to the diameter of the particle was fodfid° Neverthe-
toresistance(GMR), discovered in magnetic multilayers less, the size of the particles is not the only important param-
more than a decade ag@he GMR phenomenon refers to a eter: the degree of organization at the interfaces, roughness,
very large modification in the electrical resistivity when a magnetic moment changes, magnetic interactions, and de-
magnetic field is applied. Subsequently, GMR was also obtailed microstructure are also relevant parameters to fully
served in granular magnetic composites, prepared bunderstand the involved physics of GMR?23
sputtering?~* and melt-spinning’ techniques, with magni-  There has been a large effort in investigating the morphol-
tudes comparable to those found in multilayered systemsgy and structure of the Co particles in Cu using techniques
The effect is understood in terms of the spin-dependent scasuch as transmission electron microscdp¥M), 18 x-ray
tering of the electrons at interfaces, impurities, and, to aiffraction® and small-angle x-ray scatterifiyHowever, it
lesser extent, within the magnetic eleméhts. is inherently difficult to characterize the Co-Cu system em-
Cobalt and copper form a granular magnetic system wittploying scattering and diffraction techniques because of the
nanoscale clusters of Co atoms embedded in the nonmagimilarity of their atomic scattering factors and the small
netic Cu matrix. Such a system displays one of the largedattice mismatch between the Co and Cu compact structures.
values for the GMR found in granular systems. This propertyMany striking features, like the detailed microstructure, in-
is a consequence of the macroscopic magnetization, artérmixing, or roughness at the interface, and extension of
thence it is related to the cluster-size distribution and to in-magnetic interactions, remain to be tackled. X-ray absorption
tergranular magnetic interactiofs.'* Besides the magnetic fine structure(XAFS) spectroscopy is a local and selective
properties, questions related to the shape and size of the pdool, capable of probing the local environment of a selected
ticles, to the structural parameters, and to the mechanism @ftomic element*?*The similarity between Co and Cu atoms
crystal nucleation and growttr*8are crucial to fine-tuning can be turned into an advantage when using the XAFS spec-
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troscopy. The low electronic contrast, similar metallic radius, ‘ ‘
and local arrangement allow one to treat both atoms as iden-
tical scatters and use the same backscattering amplitudes and LA
phase shift functions in the analy4fsXAFS has already

been applied to study the evolution of Co particles in granu- g 5 ;
lar alloys?’~?*The conclusions were that, in the range of Co g QQQQQG RO
content up to 15 at. %, Co atoms segregate into small par- © I ﬁb v
ticles, keeping the fcc packing arrangement, with a system- Ooooggﬁﬁﬁ
atic contraction in the average nearest-neighbor distance 0L g ﬁgzﬁ
around Co as the thermal annealing is increased. However, Pl
this trend has not been directly correlated to the transport and I
magnetic properties of the system. ‘ ‘

In this work, the structural and magnetic properties of Co 0 ﬁqq«,«mqq
particles embedded in a Cu matrix were studied using XAFS sl "
spectroscopy and macroscopic magnetization and then corre- . B

lated to transport measurements. There is a systematic con-
traction of the average distance around Co, with increasing
Co content and annealing, which is correlated to the growth
of the particles and the evolution of the SPM behavior. The
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average nearest-neighbor distance and disorder obtained I

from XAFS are linked to the average Co particle size -25 _@@6%@99222 [ﬁii@@@@é@e

through a simple model and lead to particle sizes ranging >>>>>DE PEEDDED.
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from 1_nm to more than 8 nm. Analys!s based on the mag 2000 2000 P 2000 4000

netization measurements leads to particle sizes up to ¥nm, field (kA/m)

because such analysis gives only the average size of the SPM

particles. The GMR behavior, measured at room temperature FIG. 1. Magnetoresistance of the {g0uy, Sample at 300 KA)

and at 4 K for 10 at. % Co samples, has been directly correand 4 K(B), for different currents used in the Joule heating.

lated to those sizes and leads to the conclusion that the GMR

effect reaches a maximum for average particles of about 4.through them. The samples are labeled by the current used in
nm. This value seems to optimize the GMR because the pathe annealindthe as-quenched sample will be referenced as
ticles are sufficiently large to change orientation under ar0 A). X-ray diffraction characterization performed on a few
applied magnetic field and have still a large amount of surselected CgCuy, and Cg=Cu,5 samples showed the charac-
face to effectively scatter the conducting electrons. Nevertheteristic fcc pattern imposed by the Cu matrix. No hcp phase
less, an additional parameter, the thermal and structural disvas observed for the GgCuy, series, which has been con-
order, which can be related to the matrix lattice dynamicsfirmed by the fingerprint of the near-edge spectra measured
particle-size distribution, and interface roughness, has to ben the same sampl&sand also by the XAFS data presented
considered to understand the magnetic and magnetotransp@itSec. IV,

properties.

Ill. TRANSPORT AND MAGNETIC PROPERTIES

Il. SAMPLES . .
Magnetic and transport characterization has been per-

Samples containing 3, 10, 12, and 25 at. % Co embeddefbrmed using a Quantum Design MPMS XL7 superconduct-
in a Cu matrix (named here as GGuy;, Co0;Clyg, ing quantum interference devicgSQUID) magnetometer.
Co,,Cugg, and Cg:Cu,5, respectively were produced by The magnetic field behavior of the electrical resistance has
rapid quenching using the melt-spinning technique. Theyeen characterized by using the four-point scheme to mea-
have the shape of thin metallic ribbons, 10 mm long by 5sure the resistance and applying the magnetic field in the
mm wide, with a thickness of about %m. At room tem-  plane of the ribbon, perpendicular to the bias current. These
perature, the Co atoms form a metastable phase dilutethagnetoresistance measurements were performed on most of
within a well-crystallized Cu matrix. Co mobility within the the Joule-treated GgCuy, samples, at 300 K and 4 Krig.
matrix can be activated by thermal annealing, leading to thd). These samples present a rather large GMR ratio, defined
diffusion and segregation of cobalt into small particles. Therhere as AR/R[%]=100xX[R(H=5000 kA/m)—R(H
mally treated samples display typically GMR ratios up to=0)]/R(H=0), with a maximum module of about 27% at 4
30% at low temperatures! Instead of heating up the K and 11% at 300 K, reached for the 5-A samgiég. 2).
samples using the conventional resistive furnace, the dwithin the 4—5-A Joule-treated samples, the GMR s still
Joule heating treatment was appli@drhis technique gives large and comparable to the its maximum value.
the amount of energy needed for the mobility in a rather The GMR dependence on the magnetic field is sensitive
short period of time compared to the conventionalto the amount of blocked and unblocked particles, with a
technique’>®? The Co-Cu samples studied here were an-strong dependence on temperatutéBlocked particles are
nealed by applying, during 1 min, a constant current passingasily aligned with a rather small magnetic field and contrib-
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phases#33a SPM phase formed by a distribution of small,
unblocked ferromagnetic particles and a ferromagné&iMd)
phase formed by large blocked particles. The results, pub-
lished in detail elsewheré,show that the average magnetic
moment of the SPM particles increases as the annealing cur-
rent increases. Assuming that the SPM particles are spherical
and taking the saturation magnetization for bulk fcc Co, their
average diameteDgpy has been estimated. As expected
from the magnetic behavior, a growing particle size has been
obtained as the annealing current increases. However, the
average diameter obtained turn out to be limited to a maxi-
mum value of 3 nnf® This is because, even at room tem-
perature, a fraction of particles are blocked and do not con-
tribute to the SPM behavior.

IV. X-RAY ABSORPTION FINE STRUCTURE

A. Experiment

XAFS measurements were carried out around theKCo
Co;Clyy, CoCugg, and

SPM particles tend to be aligned by the magnetic fieldo, oy, . samples. Each series was submitted to different
against the thermal disorder. As the temperature decreasqferma| annealing. The measurements were performed at the
more Co particles become blocked and the width of theyag heamiing® at the Brazilian Synchrotron Light Labora-
GMR curve becomes narrower. It can be noticed that th‘?ory(LNLS) running at 1.37 GeV and with an average stored

resistance values do not saturate, even at[#ig. 1(B)], at

current of 150 mA. The photon energy was selected using a

the maximum applied magnetic field, which accounts for agj(111) channel-cut crystal monochromator, which provided
rather large amount of very small SPM particles.

The magnetization measurements at 300-l§. 3) clearly

an instrumental energy resolution of about 1.5 eV at 7709
eV. All samples were measured at room temperatii® in

show that the system behaves as a typical superparamagiglysmission mode, with ionization chambers as incident and
with a large fraction of unblocked Co particles. The magneygngmitted beam detectors. The beam size, illuminating the
tization approaches more quickly the saturation for sample§ampje at 14 m from the source, was about 5 mm horizontal
annealed with increasing currents, which is the indication OBy 0.5 mm vertical. Co and Cu metal foils were measured as
the clustering of Co atoms within the Cu matrix. One Calyeterence compounds. In order to evaluate the thermal and
notice that for all samples a hysteresis has been systemallgatic disorder contributions, the references and one

cally observgd, superir.nposed' ont'o the SPM beha(\hingret Co;Cugy sample were measured at 8 K, using a closed-cycle
of Fig. J). This hysteretic contribution can arise from single- cryorefrigerator.

domain particles that are blocked at that temperature. Mag-
netic dipolar interactions can also play an important role in
such a behavior®
The magnetization data have been fitted using a model The oscillatory fine structure of an x-ray absorption spec-
function that assumes the existence of two magneticrum, the XAFS signal y(k), is given by [u(k)
— mo(K) 1/ mo(K), wherek is the photoelectron wave number

B. XAFS signal

modulus[ k= \(2m/%#2)(E—E,); Ex is the energy of th&

20 ; . . .
igﬁ edgd, u(k) the absorption coefficient, andy(k) the so-
= A 4A called atomic absorption coefficient. The XAFS signal de-
< 10 —45A pends on several parameters and can be obtained in its sim-
5 X?: plest way as a summation over all interference patterns
5 scattered off by all neighboring atorfs?® These neighbor-
"§ 0 ing atoms are considered to form shells around the absorbing
B central atom:
g -10 2
» _ SONJ 2 2
il x(K)=2, (—2) Fi(k)exp( —2k?0?)
20 . . 00 0 100 ] kR,
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magnetic field (kA/m)

Sin 2kR; + (k) ]. 1)

y —2R,;
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FIG. 3. Magnetization results for the GC€uy, samples, an- ) . )
nealed with different currents, at 300 K. The inset is a close-up oHereR; is the average distance between the absorbing cen-
the region near the origin, in order to show the hysteretic behaviotral atom and thgth shell, with a Gaussian rms deviation
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FIG. 4. XAFS signal extracted from the raw absorption spectra  FIG. 5. Fourier transform of the XAFS signal displayed in Fig.
of some representative Uy, samples. The upper panel displays 4. One can observe in the upper panel the imaginary part and modu-
the signal in the whole range used in the data analysis, while th@s of both Co and Cu bulk metals and the,§2uy, sample, Joule
bottom panel shows an enlarged region, where one can compare theated with 4 A. One should note also the indication of multiple
signal of the samples with those of bulk Cu and Co. scatteringMS) in the fourth shell, which indicates the fcc structure
adopted by the Co atoms within the particles(B) only the imagi-
from the average distance expressedoly which accounts —nary part of the_coordination peal_< is enlarged to emphasize the
for the thermal and static disordeM; is the number of atoms Vvariation of the distance observed in the samples, between those of
in the jth shell, with backscattering amplitudg (k); S5 is the bulk Cu and Co.
the amplitude reduction factor due to photoelectron correla-
tion; A (k) is the mean free path of the photoelectron; andfcc packing, rather than the hcp one, of the bulk Co. Never-
¢;(K) is the total phase shift. The first shell of atoms, namedheless, one can remark that the XAFS amplitudes are closer
the coordination shell, is well described by the theory involv-to that of bulk Co, pointing out that, on average, there are
ing only single scattering of the photoelectron. For farthermore Co than Cu neighbors surrounding Co atoms in these
shells, multiple scattering can give important contributions,samples.
especially on these well-ordered and compact strucfidres. The XAFS signal, from 3.3 to 14 A', weighted by the
photoelectron wave numbér was analyzed using the Fou-
_ rier transform(FT) technique, applying a Hanning apodiza-
C. XAFS analysis tion window, with paramecier 20P$r¥e r?mdulus and imaginary
The data analysis was performed using twnNXAS — parts of the FT are displayed in Fig(%. For the sake of
code® A straight line, fitted in the pre-edge region, was clarity, in Fig. 5A) only one intermediate sample was se-
subtracted from the raw spectra, which were then normalizetkcted to compare to the standards. Figu(B)Sshows the
to the edge jump in a knot of the initial oscillatiot@bout 20  imaginary part, around the coordination shell, for selected
eV above the edge The edge energ¥y was determined Co,(Cuy, Samples. In range of the coordination-shell contri-
choosing the first inflection point in the edge region of thebution, the samples are between both standards, with inter-
spectra and energy-dependent spegffB) were turned into mediate average distance and slightly reduced amplitude
the photoelectron wave number modulus depender(¢d. compared to the bulk Co. The small reduction in amplitude
Then, XAFS signals were extracted, fitting a five-segmenbf FT's for the coordination shell, which is accompanied by
cubic spline above the edge. The net XAFS oscillations at REn increase in the width of the peak, is related to the small
for some selected GgCuyy samples are shown in Fig(A).  increase of disorder. The second important remark concerns
The two reference samples, Co and Cu metal standards, attee more distant shells. It is known that, due to the focusing
shown for comparison. The CK-edge fine structure of effect?*?®the fcc structure has a strong multiple-scattering
Co-Cu samples resembles that of the bulk Cu, with a slightl{MS) contribution in the region of the fourth shell, enhancing
different frequency(or distance [Fig. 4B)]. This similarity =~ the FT amplitude in that region compared to the hcp struc-
is evidence that the structure around Co atoms assumes thae. This MS effect is clearly observed in the Co-Cu
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samples, showing that the packing is indeed fcc. The exis- TABLE I. XAFS results.R is the first-neighbor average dis-
tence of this MS effect indicates, in addition, that the structance,A¢? is the relative Debye-Waller factor, antiEy is the
tural disorder is very small compared to the bulk crystallineabsorption-edge energy correction. The coordination number was
samples. fixed at the Co bulk valu¢l2). The error bars in distance, Debye-

In order to obtain the quantitative structural parameterghaller factor, andAgy fluctuate for each sample, but are always
for the Co-Cu samples, the peak in the FT corresponding tgmaller than=0.003 A, +3x10"* A% and 0.2 eV, respec-
the coordination-shell contributiofirom 1 to 3 A was se-  Vely.
lected and backtransformed inkospace. A standard nonlin-

ear least-squares fit was applied to simulate to the Fourier]—OUIe R Af’j ) Ao
filtered data® The parameterR andN stand for the average CUTent(A) A) (x10°* A% (ev)
coordination distance and average coordination number, re- CosCuy,
. 5 :
spectively Ao represents the disorder, or Debye-Waller fac-q 2557 23 21
tor, relative to the reference sample used in the fit. The phasg 2552 23 16
shift and amplitude extracted from the Fourier-filtered ex-, 2556 20 20
perimental spectrum of bulk Co at RT was used as reference. ¢ 2 559 19 29
The parameter® and Ao?, as well as the origin of the 2555 24 24
energyAE,, were allowed to vary during the fit, whild 2'543 29 1'6
was kept equal to 12. The reported error bars were estimat 2.538 21 1'4
by the standard parabola method with a confidence interva i i
imposed to be larger than 68%. Co;,Cligg
0 2.538 15 1.0
D. XAFS results 2 2.530 17 0.6
The results of the best-fit analysis for the unknown pa-3 2.526 16 0.4
rametersR, Ao?, and AE, (average distance, relative 4 2521 14 03
Debye-Waller factor, and edge-energy corregtionith N 5 2518 10 —01
=12, are shown in Table | for the GOuy;, C0;Culgg, 6 2519 7 0.0
Co,,Clgg, and CgsCu;5 samples. In all series studied, we 7 e 4 0.1
observed significant differences in the Co neighborhood, re2 2.511 2 —0.1
lated toR and Ao, which are summarized in Fig. 6. Coy,Clig
. . 0 2.524 16 0.5
1. Average nearest-neighbor distance 35 2512 12 0.4
The Co average nearest-neighbor distaii®evaries from 4 2.516 13 0.5
the Cu-Cu bond distanc&¢,=2.556 A) to close that of the 4.5 2.513 12 0.7
fcc Co-Co bond Re,=2.504 A), according to the Co con- 5 2.515 13 0.5
tent and annealing conditiontssee Fig. 6A)]. For the ¢ 2511 9 0.2
Co;Cuy; samples, the average distance is kept essentially
equal to that of Cu-Cu bond. Only the last two samples, C0x:Clyrs
Joule treated at 5.5 A and 6.0 A, show a reduction in thé 2.497 6 0.1
average distance, indicating the formation of Co-Co bonds® 2.500 9 0.0
For the Cq,Cuyy samples, the average distance is smalle® 2.499 3 0.2
than that of Cu even for the as-quenched sample and shows 2.498 8 0.0
a decrease as the Joule current increases. Around 5—7 A8a 2.502 3 0.6
plateau is observed and above 7 A the average distance 9s 2.498 2 0.4

much closer to that of bulk fcc Co. For the £0ugg
samples, the behavior is very similar to the gy,
samples with a bit smaller average distance. For theegregate into particles. When the concentration reaches 25
Co,5Cu5 samples, the average distance does not display sigt. % Co (CosCu;5 sampley the particles are big enough so
nificant variations with increasing annealing. It is close to thethat the number of Co-Co bonds dominates completely. For
bulk Co value, meaning that most Co atoms are bonded tthe Joule-treated samples, the thermal energy gives mobility
Co. In fact, one can notice that the average distances ate the Co atoms and allows their coalescence, leading to an
between those from the fo@.504 A and hcp(2.494 A increase in the particle size and a reductiofiRdbwards the
phases, and it can be inferred that, for such a concentratiobulk Co average distance. This behavior is well illustrated by
the hcp phase starts to develop. These results can be undéie CqyCuy, series. The behavior of the gBuy; samples
stood in the following way. For as-quenched samples there idicates that much more thermal energy is necessary to
a trend ofR towards the bulk Co interatomic distance as theform Co particles, with the appearance of a significant num-
Co content increases. For §Zuy; samples, the Co atoms are ber of Co-Co bonds only for annealing current higher than 5
dispersed in the Cu matrix, simply substituting Cu atomsA. For the CgsCuys series, the particle sizes are big enough
For higher Co contents, there is a tendency for Co atoms teo that XAFS does not sense the increasing in the particle
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' I A analysis?*?®The thermal disorder depends on the dynamical
2.56 7 properties of the lattice and can vary significantly from one
matrix to anothet®®’ The fact thato? found for the
Co,5Cuy5 samples is close to the bulk Co is not surprising.
The contribution too? is mainly coming from well-ordered
large nanoparticles, whose thermal behavior is nearly the
same as the bulk Co and whose structural component is neg-
ligible. For the CgCugy;, C0;Cuyy and Cq,Cugg Samples,
the additionalAo? found can be assigned to two origins:
first, it can arise from a static disorder or bond-length disper-
sion at interfaces; second, it can be of thermal origin and
depends on the nature of the neighboring atoms bound to Co.
In both casesAo? depends on the surface-to-volume ratio.
The thermal behavior around Co atoms evolves from a
situation where Co atoms are diluted within the Cu matrix to
another one where they are within large Co nanoparticles.
The thermal Debye-Waller factor for Cu is greater than for
Co2" and the experimentaho® cannot be associated en-
tirely to an interfacial disorder. To get more insight into this
point, the Co and Cu metal standards and the 6-A Joule-
treated CeCuyg Sample were also measured at 8 K. The
thermal contribution to the disorder at RT compared to 8 K
[Ac2,=0?(RT)—o?(8 K)] for bulk Co and Cu was found
0 2 4 6 8 to be 0.0034 and 0.00472%A respectively, which confirms
that Co-Co bonds are stiffer than Cu-Cu bortik the case
of the 6-A CqiCuy, sample, Acr%H was found to be
FIG. 6. Resulting neighbor distancé®) and relative Debye- 0.0036 &, very close to the Co bulk value, showing that
Waller factors Ao?) from the fitting of the XAFS equatiofeq.  Sufficiently large Co nanoparticle thermally behaves like
(1)] to the XAFS signal of the coordination shell, obtained from thebulk Co. Nevertheless, when Co is diluted within the Cu
first peak of the Fourier transform backtransformed iktspace.  matrix or forming small nanoparticles, it behaves like Cu in
The different symbols hold for the GBuy; (A), Co,Cuy, (@), bulk Cu, with an increased thermal Debye-Waller factor
Co,,Cugg(O), and CgsCuys () samples. The lines are just guides compared to the Co matrix. This is the case of the@g,
for the eyes. samples, whose increase in disorder, compared to Co in bulk
Co at RT, is about 0.0023%[Fig. 6B)]. Thence, we can
size due to the thermal annealing. These results are in agreargue that the measured values foo? are essentially of
ment with Monte Carlo simulation<. thermal origin and are associated to a softening of the modes
due to the amount of Co atoms bound directly to the Cu
matrix, with some smaller structural contribution.

A
i

Joule current (A)

2. Relative Debye-Waller factor

Another important issue is the behavior of the relative
Debye-Waller factorAo2. As can be seen in Fig.(B), for E. Model for Co particles within a Cu matrix
the CosCulys samplesAo? is very small, close to zero,  We present here a simple quantitative model to associate
which means that the disorder is almost that of bulk Co. Fothe measured average distance and relative Debye-Waller
the lowest-concentration GBUy; sample Aa? has the high-  factor to the average particle size. Contrary to other models
est values. Even upon annealing, they are kept roughly corfor estimating particle size using the reduction in the coordi-
stant. In this case, Co atoms are mainly replacing Cu atomgation numbe?®° our model is based upon a contraction on
and only small clusterédimmers, trimmers, ett.may de-  distances. Owing to the similarity among Co and Cu struc-
velop. Essentially all Co atoms are bonded directly to the Cuures, the coordination number must be the same, indepen-
matrix. A more interesting situation takes place in the case oflent of the structural changes of the system. The average
intermediate CQCuy, and Cq,Clgg concentrationsAo? is  nearest-neighbor distance and disorder depend on the relative
halfway between the G€uy; and CgsCu;s series. For the number of Co-Co and Co-Cu bonds. In order to count this
as-quenched and weakly annealed {Cog, samplesdo? is  relative number, we propose a model for closed-shell par-
almost constant, but it starts to decrease around the 3—4-#cles, separating the Co atoms forming particles into two
Joule-treated samples. In the range of thermal annealingategories{(i) those within the surfacéor interface of the
from 4 to 7 A, whileR gets to an almost constant valdeg?  particles and(i) those within the core of the particles. The
decreases monotonically down to close to zero. atoms in the first category have, as nearest neighbors, Cu
In XAFS the Debye- Waller factor comes from structural (outside the particleand Co (inside the particle atoms,
and thermal disorderss€= o3;+ o'2,), which enter equiva- whereas the second category of Co atoms have just Co near-
lently in the theory and cannot be separated in theest neighbors. The average distance and relative disorder
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measured by XAFS around Co atoms depend on the propor- TABLE Il. Closed-shell fcc clustersNy and Ng are the total
tion of the first to the second categories. As the Co particléwumber of atoms in the whole particle and on the surface, respec-
size increases, the surface/volume ratio decreases and th¢ely. N; (not listed in this tableused in Egs(2) and (3) is the
second category of Co atoms weights the average towardg/mber of atoms in the shell just below the surface, in such a way
the bulk Co interatomic distance and to a smaller overalfhat for thenth shell,N, is the value of\s for the (n—1)th shell.
structural disorder. Experimentally, we have already pointedPcsp is the diameter of the cluster taking into account the fcc Co

out that both average distance and disorder tend to decreai€ratomic distancé2.504 A.
with the increase of Co content and annealing.

The basic assumption, which turns the model very simple>"! Nt Ns Ns Dese (MM)
is that the small mismatch(2% or AR=Rc,—Rc, Ny
=0.052 A) of Cu Re,=2.556 A) and Co Rc,=2.504 A) O 1 1 1 0.25
bonds is totally absorbed by the atoms within the particlel 13 12 0.923 0.75
surface. This assumption has support from studies of Co/C& 55 42 0.764 11
multilayers, where the Co-Co bonding perpendicular to the3 147 92 0.626 15
surface relaxes rapidly to the bulk bondiftf° and from 4 309 149 0.482 1.9
x-ray diffraction data on a Co-Cu system, where the Co-rictb 561 246 0.439 2.3
phase has the lattice parameter close to the fcc Co phases 923 349 0.378 2.7
This means that inner atoms of sufficiently large particlesy 1415 498 0.352 3.2
retain the bulk Co distance and only the surface Co atomg 2057 629 0.306 3.6
relax to accommodate to the matrix. Consequently, ong 2869 825 0.288 4.0
should differentiate among three nearest-neighbor environtg 3871 989 0.256 4.4
ments for Co atoms forming particle§) Co atoms forming 11 5069 1230 0.243 4.8
the core of the particle have the bulk Co average distance, 6521 1477 0.227 592
(Rco) and no bond-length dispersiofi) surface Co atoms ;3 8134 1726 0.212 5.6
have average distance equal the bulk &g (), despite their 1, 10150 2026 0.200 6.0
d|stort(_ed neighborhood, becau_se the mismatch is accomm 12330 2323 0.188 6.4
dated in such a way that the distance to Cu outside is longer, 14990 2674 0.178 6.8
(RcytTAR/2) than the distance to Co inside the particle17 17815 3018 0.169 792
(Reot+ AR/2); (iii ) intermediate Co atoms, those forming the ' '
shell of atoms just below the surface, have an intermediat 21000 3386 0.161 6
’ ?9 24 450 3762 0.154 8.0

distanceR, = R+ AR/4—that is, the average betweBg,,,
to core Co atoms, andc,+AR/2, to surface Co atoms. The
last two environments for Co atoms have bond-length disper-

sions that are taken into account by a static Debye-WaIIe\;vhere Ne, N,, and N are the surface, intermediate, and

factor. In such a way, small particles—i.e., formed by three ore number of Co atoms forming the particle. Based on the
to four shells—are enabled to have a continuous relaxatioff g b '

from the core to the surface. For large particles, this relax>€duence of cIosed—_sheII partlcle@SP’s)_ for the fcc Cc.)
ation is still taken into account in the outmost shells butPacking(Table 1), which can be approximated to spherical

becomes less relevant. particles of diameteD csp, and Eq.(2), we can calculate the
Following such model, the expected average distance igXPected average distanc®y) for a given particle size
given by [Fig. 7(A)]. The model can also be applied to calculate the
bond-length dispersion or static disorder. The squared rms
~ NsReyt NiRj+NcRe, deviation fromR, , which gives the bond-length dispersion,
M Ng+ N, +N¢ ’ @ is calculated taking the summation

2 :NS(RCU_RM)2+NI(RI_RM)2+NC(RCO_RM)2 3
Ist N+ N, + N, '

The model predicts that for Co atoms isolated within thesurface/volume ratigFig. 7(B)]. It is assumed here that the
Cu matrix, or small Co particles, the average distance istatic disorder of the fcc matrix is negligible, so the; and
close to the bulk Cu bond and the static disorder is nearly o2, are equivalent.
zero. As particles grow, the distance tends to the bulk Co The static disorder alone cannot explain the measured
bond, while the static disorder increases, reaches a maximurelative Debye-Waller factor. One has to add the contribution
and then, for large particles, decreases along with theoming from the lattice dynamics, associated with the num-
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< 10!t
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20 L 1 1
2.52 2.54 2.56
< R(A)
3
g FIG. 8. Correlation between the average coordination distance
“b and the Debye-Waller factor. The solid line connects the points
< whose coordinates am,, and Aaf,l for each closed-shell particle.
The experimental points come from the XAFS resulgXo?),
from the studied samples.

Waller factor, \o2,=0.088 A, for bulk Ct?®%" This fact
further justifies our model, where the details of the relaxation
at the interface are simplified.

& Wwe may note that there is a simple correlation between
the Ry andA o values. The solid line in Fig. 8 is connect-
ing the points whose coordinates dkg andAaﬁ,I for each
closed-shell particle listed in Table II. One can see that, when
the particle size decreases, b&fy andA 3 increase. It is
also clear that there is a correlation between the experimental

- . . 2 _
ber of Co atoms bound to the Cu matrix. When Co particles"’we.r"’lge d|star)cé|?) and relative d|so_rder£(a ). The ex
erimental points follow the behavior of the calculated

L . p
are very Iarzge,' the thermal behavior is practmally thf’ﬂ. of leIkcurve, demonstrating that the model describes quite well the
Co andAo7y is zero. When the Co atoms are individually

. 1 : | general trend of the system, further corroborating with the

dispersed within the Cu, the lattice dynamics around Co ig;ssymptions made in the model, despite their simplicity. On

controlled by the Cu matrix, and the thermal contributionthe other hand, one should note that this model can be easily
should be the relative disorder among Cu and Co bullgdapted for more sophisticated descriptions of the diffusion

samples. This value can be taken as the experimental relativg cobalt in copper that can be found in the literat(see

FIG. 7. Results based on the model to estimate the particle siz
As the size of the particle increases, the coordination distéite
and Debye-Waller factaiB) change from values similar to the bulk
Cu to values similar to the bulk Co. In pan@) are displayed the
static (A\) and thermal {/) contributions for the total ¢ ) Debye-
Waller factor.

Debye-Waller factor found for the GBuy; samples, i.e.,
Ac?~0.0023 K. This agrees, within the error bar, with the
value that can be estimated from Bohmer and Rébes.,

Ref. 41, e.g.
Comparing the average nearest-neighbor distance from
XAFS [Fig. 6(A)] with the calculated average distance from

Ac?~0.003-0.001 2. The relative contribution to the the model[Fig. 7(A)], one can estimate, by interpolating
thermal disorder is taken as the valuer?~0.0023 &  data, the average particle diamet®g(,) for each mea-
weighted by the surface/volume rati&ig. 7(B)]. For in-  sured sample. The results are presented in Fig. 9 for the
creasing particle size, the thermal disorder decreases veo;Cuy;, C0o,(Clyg, and Cq,Cugg Samples as a function of
rapidly, while the static disorder increases, reaching a maxijoule current. One can observe that the average particle di-
mum around 3 nm, and then slowly decreases. Both contriameter is indeed increasing with Co content and annealing
butions are comparable for particles larger than 3 nm. Howeurrent. For the CgCuy; samples, Co atoms remain diluted
ever, the thermal fluctuations, owing to the softer bonds tawithin the matrix up to 5 A and after that segregate, reaching
the Cu matrix, completely dominate the total relative disor-about 2 nm for 5.5 and 6 A. For G¢Cuy, Samples, the nano-
der (Ao =Ac2+Ao?2,) below that size. This means that particles start with a size close to 2 nm for the as-quenched
the increased rms fluctuation in distance, or disorder, fosample up to a value close to 5 nm for 5—-7 A and then close
small nanoparticles has to be mostly associated to the thete 10 nm for 9 A. For C,Cugg Samples, the nanoparticles
mal behavior of the matrix, rather than to static disorder astart with about 3 nm for the as-quenched sample, grow
the interface. Indeed, even the maximum mismatch in disquickly to about 7 nm for 4-5 A, and then close to 10 nm for
tance, AR=0.052 A, is smaller than the rms bond-length 6 A. However, owing to the fact that the average distance
fluctuation at RT coming from the absolute thermal Debye-quickly converges to a value close to the bulk Co, the error
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16— . these samples have an average Co nanoparticle diameter of
1al & 1 ~4.4+1 nm (Fig. 9 and Table I, i.e., a surface/volume
. ratio of about~0.26+0.05. In addition, we observed that
121 ; , the disorder is significantly reduced at that range of anneal-
® ing currents and this favors the GMR. The reduction in the
101 1 disorder seems to be mostly of thermal origin and related to
T s; ] a hardening of Co bonds when the particles grow up to a
= certain level. Both the optimized surface/volume ratio and
05 6l . the reduction of disorder give rise to the pronounced GMR.
] For the same annealing conditions, the average particle
4r {3 i size increases with the Co content. For instance, within 4-5
20 ¥ i A currents, the CgCugg samples have an average particle
size around 7 nm, while the G8uy; ones have less than 1
o & A 1 nm. As reported in the literatufe’*2the maximum GMR

0o 2 4 6 8 10 value as a function of the annealing current is practically
independent of the Co content in the range of 5-15 at. % Co
samples. The same holds for conventional furnace

FIG. 9. Average diameter of the Co patrticle from the compari-annealing§'28'3l'3zwith the maximum GMR reached within
son of our XAFS results with the values from the model. The lines400—-500 °C. This means that, for higher Co content, the
are just a guide for the eyes. The stars are the results from magneaximum GMR is achieved with a higher average nanopar-
tization data(Ref. 29 for the CqCugy, samples. ticle size. We can conclude that the average nanoparticle di-

ameter is not the only important parameter to optimize the
bar becomes excessively large for particles larger than 8—GMR effect. Indeed, the maximum GMR is achieved owing
nm. An additional increase in the particle diameter reflectdo a combination of several factors. As the spin-dependent
itself only as a minor change in the average distance. For thacattering at the interface plays the major role in GMR, the
reason, the discussion is limited to particles smaller than 8naximum effect in a granular system depends strongly on
nm and the CgCu,5 samples are excluded. the size and distribution of particles and on the quality of the
interface. Smaller particles display larger surface/volume ra-
tios but, on the other hand, the magnetic moments of very
small particles are more difficult to align, due to the thermal

The average size of the SPM particles for the,{Cog, ~ €NErgy. Moreover, very small particles may have their mag-
samples at RT, as reported by Ceetal,??is plotted in Fig.  Netic moments reduced due to the maffiSuch factors,

9, along with the results from XAFS. The saturation in theircOmbined with the effect of dipolar interactions and the op-
average size, less than 3 nm at RT, is clearly seen and tak&§al intergranular spacing, give rise to the experimental
place because, even if the average particle size is increasingdfveé shown in Fig. 2. For a given Co content, in order to
only particles below a critical size are contributing to the Maximize GMR, the nanoparticles have to be large enough to
superparamagnetism. This result is not incompatible with théeact to an applied magnetic field, but should have enough
one obtained by XAFS, which senses all Co atoms, includingurface, with a minimum amount of disorder—i.e., well-
as well those that are forming large blocked particles as thosgefined magnetic interfaces—to scatter conduction electrons.
diluted within the matrix.

In general, the interatomic distances in nanoparticles are
not the same as in the bulk. Our assumptions in the model
only hold for granular systems where both the matrix and We have studied the structural, magnetic, and transport
dispersed metal have very similar structural characteristicqproperties of cobalt nanoparticles embedded in a copper ma-
as is the case of Cu and Co. The Co assumes a fcc structutréx using XAFS spectroscopy, macroscopic magnetization,
as the Cu matrix, with a mismatch in lattice parameter ofand transport measurements of samples containing 3, 10, 12,
only 2%. It should be pointed out that our model for estimat-and 25 at. % Co, annealed under different conditions. We
ing nanoparticle sizes from XAFS distances is more reliableobserved by XAFS that there is a systematic contraction of
for the intermediate sizes because interface details and relatie average coordination distance around Co atoms and a
ation are less relevant for particles with more than three talecrease in the disorder with the increasing Co content and
four shells, i.e., larger than 1.0 nm. On the other hand, thannealing. These results are consistent with the growing of
model becomes inaccurate for particles larger than 8 nm dugmall fcc Co nanoparticles and correlated to the evolution in
to the error bars from the XAFS analysis. Fortunately, interthe superparamagnetic behavior. We presented a simple
esting samples displaying large GMR fall within this rangemodel to correlate the diameter of the Co nanopatrticles to the
of sizes. average coordination distance and to its mean-square fluctua-

From the magnetotransport measuremeifig. 2), one tion. Our analysis, based on the structural model, leads to
can observe that the maximum GMR effect for the ay,  cluster sizes ranging from 1 nm to more than 8 nm. We found
samples is reached for the annealing current within 4-5 Ahat the maximum GMR, for samples containing 10 at. % Co,
annealing current. Based on our model and the XAFS resultgccurs for nanoparticles with diameter of about 4.4 nm. This

Joule current (A)

V. DISCUSSION

VI. CONCLUDING REMARKS
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corresponds to about 26% of the Co atoms at the particleMoreover, our analysis indicates that the disorder is not
matrix interface. This size optimizes the GMR because thenainly connected to the static bond-length variation at inter-
particles are sufficiently large to change orientation under afaces, but rather to the thermal fluctuation.

applied magnetic field and have a large amount of surface to
magnetically scatter the conducting electrons responsible for
the transport properties. Nevertheless, the average nanopar-
ticle diameter is not the only important parameter to optimize We would like to acknowledge A. Ramos for reading and
the GMR effect. For instance, the maximum GMR is criticizing the manuscript. This research w@srtially) sup-
achieved with a higher average nanoparticle size for samplgsorted by LNLS—National Synchrotron Light Laboratory,
with higher Co content. In addition, we observed that theBrazil, and financial support was received from FAPESP
mean-square fluctuation, or the disorder, is significantly re{processes 1998/03774-5 and 1998/163R9@NPq, and
duced around that sizg.4 nn), further favoring the GMR. LNLS.
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