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The relation between giant magnetoresista(@®R) and phase separated nanostructures igy@y, is
studied using magnetotransport measurements together with transmission electron microscepyyamé
croanalysis. The samples were melt-spun ribbons isochronally annealed up to 873 K, and all show in their
grains a homogeneous spinodal decomposition characterized by long parallel Co-excess stripes. These stripes
have 40-nm modulation periods and develop along the crystalline directions of each grain. Different anneals do
not change appreciably the observed microstructures, while the magnetoresistance is initially enhanced by a
factor of 2, followed by a 35% drop above 823 K. The latter coincides with the observation of a secondary
lamellar decomposition of 4 nm modulation length. We propose that the GMR effects in CuCo alloys originate
from these nanoscopic modulations of the constituents induced by nonequilibrium processes.
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[. INTRODUCTION scale, many models for GMR in granular alloy systems as-
sume, as we said, dispersed magnetic granules within the
The discovery of giant magnetoresistafi@MR) in mag-  structural grains. For the CuCo system, the assumption is to
netic multilayer$? opened new areas in magnetism and maghave superparamagnetic Co nanoclusters embedded in a Cu-
netic materials research at the nanoscopic scale. Later orich conductive matrix. The results of different magnetic
magnetic granular systems were found to have similameasurementgnainly magnetization datare usually inter-
effects"*and Cy_,Ca, was one of the first compounds to be preted to obtain the distribution of momenriisr size$ of
investigated for GMR effects. Initially, this alloy was as- these hypothetical magnetic granules. These measurements
sumed to be a standard granular system, but we show in thege, in fact, the result of a statistical average over different
following that this is not quite the case, as other microstruciocal configurations, and should only be safely applied if the
tures are involved. existence of a nonpercolative granular formation is con-
Magnetic granular alloys are conventionally conceived agirmed. Notwithstanding, on account of the averaging char-
being composed basically of magnetic granuleanoclus-  acteristic of the magnetic results, other possible morphologi-
terg embedded in a nonmagnetic metallic matrix. A numbercal configurations could have their results reasonably
of phenomenological models to explain GMR in granularexplained by spherical granules, thus blurring the real
materials consider these granules, resulting from segregatigources for spin-selective electron scattering in these materi-
processes, as the main source for electronic spin-selectivads. Special attention should be given in this case to self-
scattering either accounting for possible interactions betweearganized structures at the nanoscopic scale coming from
the (saturatedd magnetic granulésor analyzing its size or interactions between the constituents.
moment distributiorf. Although relatively successful in de- As a matter of fact, CuCo is not a simple granular mate-
scribing true granulars, such as AgCo and many othersrial, for it is well known to exhibit a large miscibility gap
these models were not able to fully explain all the observedvith a wide metastable region. This has made it for decades
results in CuCo alloys, such as the high-field saturation of good example for spinodal decompositi8ras well as for
the magnetoresistancer ferromagnetic resonance effefts. nucleation and growth studies at the late stages of the
Recent studieSesting the interplay of granular size disper- process?> Lately, this pair of transition metals has also been
sion and dipolar magnetostatic interactions in the GMRused to evaluate observation techniques for precipitates in
properties of CuCo suggest that in spite of having a reasortransmission electron microscop¥EM),'® since these ele-
able agreement between model and experimental results,maents are rather difficult to distinguish by standard methods
bona-fide description of the microscopic structures ison account of the very similar atomic numbers and bulk
strongly needed. More recently, Vergara and Madtfrga lattice parametergin the fcc lattice. In spite of the draw-
studying the effect of isothermal heat treatments in CuCdyacks, a couple of works did get direct visualization of spin-
ribbons arrived basically at the same conclusion. Many otheodal decomposition in CuCo alloy$?2
works about these melt-spun ribbons could be mentioned, in Spinodal decomposition is understood as a form of segre-
particular, the findings of Panissad al.,** which show the gation that takes place in some nonequilibrium alloys, where
presence of two magnetic components for a hypothetical dighe concentration of the solute varies almost sinusoidally
tribution of grain sizes, or those of pezet al?in showing  within a few hundred lattice parameters along certain crys-
the need for a double magnetic density for the Co grains ifalline directions. Precipitates of the solute, on the other
lower concentration alloys. hand, can ultimately be induced by thermal activation start-
In the search for a reliable description at the nanoscopitng from spinodally decomposed regions, as observed in sev-
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eral immiscible material¥’ It is relevant to point out that the Il. EXPERIMENTAL
mere presence of precipitates cannot, by itself, tell whether The CuCo ribbons were produced at the Istituto di Fisica
they have been formed from spinodal decomposition or byl.o '

leati q h ithough K rino, Italy, by standard planar flow casting at nearly 35 m/s
nucleation and growth processes. Although many works of}, 5 controlled Ar atmosphere, with high quenching rates of

GMR materials deal with true granular compounds, in the_ 5% 1P K/s. Subsequent characterization of the samples,
sense that those alloys do not undergo spinodajhe magnetotransport analysis, TEM imaging, and energy
decompositiod, a number of so-called granulars does gispersive spectroscopEDS) microanalysis were done at
present this phase separation, making the analysis of GMhe Instituto de fica and Centro de Microscopia Elatica,
properties more difficult because of the domain-wall associty FRGS, Porto Alegre, Brazil, respectively.
ated magnetization processes that have to be consitfeled.  We have measured situ the resistivity of the samples as
some cases, the lamellar decomposition was even suggestgdunction of temperature with a home-made, low-frequency,
to be responsible for producing GMR out of two ferromag-four-probe ac detection briddé during isochronous anneals
netic phase$’ for different final interruption temperaturds, from 494 to
Because of the above-mentioned difficulties in observa873 K, reproducing the GMR results described in our previ-
tion at the nanoscopic scale and the complex microstructuresus work?!
we see in these materials, the link between microstructural Each sample was thermally treated only once to follow
changes and magnetotransport properties is not fully undethe effect of the anneals. The anneals took place in a spe-
stood yet. In order to shed light on the evolution of the mi-Cially made lamp furnace with high precision temperature
crostructures with the anneals and correlate it to the resisti@nd heating rate controls. Each annealing procedure con-
ity behavior, as well as to the appearance of GMR and itSisted in the same controlled heating process, always at the

changes, we have done a systematic study of the behavior §#M€ constantisochronal heating rate of 9.8 K/min until
Cligg. sCOy0. 5 Melt-spun ribbons, based on an isochronou he final annealing temperature was reached. At this tempera-

thermal procedure to be described below. Here, we conce ure Tf'. heating was interrupted and the cooling process
i started immediately. The cooling cycle can be described by a

trate on the 10% Co content, which is known to be in the . ) ,
. . nearly constant slope of around2.5 K/s. This rate is suffi-
unstable region of the phase diagfdrof the CuCo system . X .
. 7. cient to ensure the quenching of the thermodynamic state
that forces the appearance of spinodal decomposifidh. . .
also shows a sizeable GMR from the as-spun state onwar ttained aff;. Subsequently, the magnetization and magne-
P resistance were measured: the magnetization in a dc

as our previous work demonstrated. SQUID magnetometét in magnetic fields up to 5 T at three

In this paper, we show that the difficulties to understandyiferent temperatures, 4.2, 20, and 300 K, and the magne-
GMR effects in CuCo alloys are indeed related to the lack Ofgesistance in fields up to 6.5 T, at 4.2 and 300 K. With this
an accurate determination of the actual microstructures. ABrocedure, we follow the magnetotransport changes with the
we shall see in the following, the resulting microstructures ingnneals, and relate them to the evolution of the microstruc-
these materials are initially more complex than a simpleyres.
granular alloy that evolves to the limit of coalescence. The Images of TEM and x-ray microanalysis have been used
as-made(melt-spun CuCo samples are described by ran-i characterize the microstructures for each step of the an-
domly oriented structural fcc grains of 500—-3000 nm size neajing process. For this analysis, the samples were prepared
each of which has already developed a lamellar splnodallyby the tripod polisher technique and ion milling, and ob-
decomposed phase, with a fixed period of 35—-45 nm. Thelsgrved in a 200-kV-JEM 2010 analytical microscope
mal anneals first enhance the M&ubling its valug, which equipped with an energy dispersive NORAN-Pioneer mi-
is then followed by a marked decrease above 823 K. Thgrpanalysis systenfEDS) using a Si detector. We prepared
latter might be the result of taking the system into an irre-gpq analyzed with TEM and EDS at least three different

versible region at high temperatures, where a secondary ﬁn‘%ramples for each kind of heat treatmétas-made” and the
(~4 nm) lamellar spinodal decomposition also appearsyariousT; isochronous anneals

Since no apparent change in the modulation length of the

lamellar structure is observed below 823 K, we propose that

the increasing amplitude of the spinodal oscillations with the [ll. RESULTS AND DISCUSSION
anneals is the key to understand the MR enhancement. As the
segregated material is Qor a Co-rich CoCu alloy, dense
enough to be magnelicthis would form smooth interfaces ~ We first focus on the magnetotransport properties of our
where spin-selective electron scattering could take placesamples. Since we measure the resistivity as a function of
thus favoring the enhancement of MR with the amount ofapplied field and temperature, we will write it as
segregated Co. On the other hand, the subsequent decrease=gf(H,T), denoting field induced changes aapy

MR above 823 K should be associated with the smaller pe=p(H,T)—p(0,T) and thermal changes aspt=p(0,T)

riod lamellae which appear at higher annealing temperatures: p(0,300). When not specified, the following notation is
Such a reduction in the modulation length might inducealso usedp(T)=p(0,T). The resistivity of the samples be-

a decoupling of the effective Rudermann-Kittel-Kasuya-fore annealing was found to be70 n(Q m.

Yosida interaction(or its equivalent between Co-rich re- Figure 1 displays the normalizeth situ resistivity
gions, disfavoring MR in this case. changesA p+/p(300 K) as a function of temperature. This

A. Magnetotransport properties
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FIG. 1. Normalized thermal changes of thesitu resistivity,
Ap1/p(300) (left-hand sidg, and its derivativedp/dT (right-hand FIG. 2. Magnetoresistanc@MR) versus field of different an-
sidg, as a function of temperature, for &Go,, samples. A linear nealed CyCo,, samples measured at a low temperatife
behavior inA py/p(300) is observed below 650 K and a clear irre- _4 5« |ngicated temperatures are the final annealing tempera-
versiblz_e decrease abovz_e it, as seen from the return cooli_ng path aftﬁfresTf of isochronous anneals for each sample. Some hysteresis is
annealing up td. The irreversible “nose” a_b_ove 650 K is a gen- observed on each curve. Note that the largest saturation value of
eral feature in these alloys. Also, a clear minimum at 723 K OCCUIIR occurs atT,=823 K, but then drops abruptly for highd
for dp/dT during the anneal for all Gg-5 C0yq.5 Samples. —873 K.

guantity increases linearly up to 650 K, above which it has
an irreversible decrease up 1g=873 K, the largest final continuously, indicating that the degree of ferromagnetic
annealing temperature we have studied. As previously showecharacter increases with the anneals. Our present study is
by some of ug! each return cooling path, as the one indi- fully consistent with this observation. In Fig. 2, this trans-
cated in the picture, is fully retraceable after we reinitiate thdates into the deviation from the parabolic behavior of MR
annealing procesgvhich is, howevernot discussed in this and, consequently, smaller saturation fields for higher
work, where the samples were treated only once, at a con- Figure 3a) shows the absolute values of the saturation
stant heating rate up td; and then cooled down to room MR, taken at 6.5 T, as a function of the final annealing tem-
temperaturg On the right-hand scale of Fig. 1, we have peraturesT;, measured af=4.2 K and 300 K. In either
plotted the derivative of the resistivity for the heating pro- case, we see that the behavior of the magnetoresistance is
cess,dp/dT, which shows a clear minimum around 723 K, basically the same: its saturation value grows continuously,
followed by changes in slope above it. The very same behawoughly doubling upon reaching=823 K, and then drop-
ior is seen in that temperature range for the other Co concering abruptly (by nearly 35% for the nextT;=873 K. The
trations of Cy_,Co, studied by usX=5% and 15% with  largest MR (~23.5% for T=4.2 K) appears close to the
a minimum in dp/dT at nearly the same temperatdfe. point where the negative slope in the resistivity increases
These other concentrations correspond to ribbons producettain in magnitude~ 823 K). This point is in the upper part
with the same quenching parameters reported herexfor of the irreversible region starting at 650 K, as depicted in
=10% and belong to the same instability region of the phas&ig. 1, beyond which the results do not cyclically reproduce
diagram. This leads us to believe that the event marked dhe values for the resistivity.
this particular temperaturé/23 K) depends essentially on Figures 3b) and 3c) show, respectively, the values for
the chemical species involved. Such an observation is a fuA p+/p(300) and magnetizatiohl, after annealing, at room
ther evidence that “chemical repulsion,” one of the require-temperature, as a function off;. Note that while
ments for spinodal decomposition, is indeed present. Ap+1/p(300) decreases continuously from=650—-823 K,
Figure 2 shows the MR Apy /p(T) versus applied field the magnetization and the magnetoresistance increase in this
of the annealed GgCo,o samples measured@t&=4.2 K, for  range. The fact that the magnetization grows is consistent
different final annealing temperatur€g, as indicated. Some with an enhanced degree of ferromagnetic character, as mea-
hysteresis is observed in our results, which is consistent witsured from the reduction of the saturation field from hyster-
the literature?>° The hysteretic state at low temperatures isesis loops. On the other hand, a scrutiny of Fig. 1 indicates
sometimes associated with a blocking proc8¢asken as an that a number of different segregation processes are taking
evidence of a superparamagnetic stat# these alloys, but place while the annealing temperature is raised above 650 K,
this has to be reconsidered on account of our observations &s they are associated to different slopes of the resistivity
this work. Figure 2 also shows that the saturation value ofluring the anneals. Such processes are linked to structural
MR grows steadily up td;=823 K, then drops for the next changes of many different origin such as all kinds of migra-
final annealing temperaturé;=873 K. From a previous tion, diffusion, phase separation, dislocations, stress relief.
study?! in Cu,_,Co, alloys we know that ad; is increased As the changes involving magnetic species may have a cru-
the apparent saturation fie({ffom hysteresis loopsreduces cial effect on the magnetic behavior of the treated samples,
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25 A bel thempo(T) and pr(T), respectively. The effect of the
A 110 annealing is represented, at room temperature, through the
2 20 ) "’-\ \a | &  expression
< _— a &
X v _
& 15 A— Is § Apr| P (300 K)=po(300 K)
/ = Po annealing Po
10 N I\ which has been plotted in Fig(l3. Now, extending Mathies-
IJ,IJL P PY sen’s rule, we may extract the magnetic-field dependent part
% of the resistivity as follows:
] I
a (b)
=-03} p1(H,T)=po(T)+ pmad H, T). )
& Assuming the propertypm,d0,T)=0, then py(300 K)
06l =p(0,300 K) is the sample resistivity before annealing. At

L L L L L room temperature, we have

Pmag( Hs,300 K)

G =
E MR(300 K) pr (300 K) (4)
% where Hg is the saturation field. After simple algebra, we
arrive at
. Pmag(HSasoo K) ( ApT)
————=MR(300 1+ ——|. 5
* po(300 K S o B

The result of this procedure is shown in FigdB where a
substantial change in trend is seen above 638 K, with a large
maximum at the 823 K threshold. It seems rather clear from
this simple analysis that the increase, followed by a sharp
drop of MR for Ty above 823 K, is mainly associated with a

L magnetic effect in the irreversible region which deserves fur-
500 600 700 800 900 ther investigation.
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—
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FIG. 3. (a) Absolute values of the saturation magnetoresistance
(MR) (at 6.5 T), as a function off;, measured at low4.2 K) and at TEM results have revealed that all observedydCa,
room temperature§300 K); (b) Values of Ap/p(300), after an- samples, for allT; studied in this work(including as-made
nealing, as a function off;; (c) MagnetizationM at 5 T, as a sampleg show the vast majority of the structural grains hav-
function of T;; and(d) Normalized “magnetic resistivity” compo- ing a clear coarse modulation with wavelengths ranging from
nentpmag/ P00, @s a function off;. All lines are just guides for the 35 to 45 nm. We see no appreciable changes of these periods
eye. with T;. As shown in the TEM micrograph of Fig(d, this
coarse modulation is clearly seen as long stripes of light and
we believe that the microstructural changes responsible fodark contrast running across the whole grain. The observa-
the changes in the resistivity are also responsible for théion of this contrast comes from both the slightly different
magnetic changes that determine the electronic scatteringbsorption coefficients for each composition coupled to the
and as a result, the behavior of the magnetoresistance.  difference in Co content between regions. This is clearly
The magnetoresistance can be described schematically 8sen from the comparison of tlaay microanalysis of these
regions, in Fig. 4b), indicating a spinodally decomposed
Apy  p(H,T)—p(0,T) grain.
- p(T) - p(0T) ' 1) Some words of warning to this respect are in order: the
rather clear change in shading from one stripe to the next,
that is, the ratio between the resistive changes arising frorseen in Fig. 4a), is a combined result of the tilt and illumi-
magnetic scattering and the totakro field resistivity. This  nation conditions for local changes in Co concentration
means that the enhanced MR observed after annealing mighithin the focused regions. These features, associated with
come from reducing the residual resistivilyy stress relief, the electron microscope settings, produce the clear-cut con-
for examplg, from an increasing magnetic contribution, or trast in two shades and should not be considered as a proper
even from both processes at once. sharp interface. The description of the real spatial distribu-
Because of the irreversibility region in Fig. 1, the sampletion of Co should most likely be a smooth, continuous, al-
resistivity before and after the annealing differ. We shall la-most sinusoidal function of the length in the anisotropy di-

MR
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FIG. 4. (8 TEM micrograph showing a lamellar spinodal de-
composition within a structural grain of a o0, as-made . E
sample. A clear coarse modulation of quasiperiodic stripes with -
wavelengths of 40 nm is observe() x-ray microanalysiSEDS) FIG. 5. Few dispersed precipitates are also seen in the samples:
from dark and light contrast regions of the lamellag¢af Note the  (z) Small coherent Co precipitates 6f5-nm size(seen as ringlike
slight difference in Co content observed from the intensityKof  objects(Ref. 29, see pointing arrows observed in an unannealed
lines of dark and light regions. sample. They were observed under BFZA method a[diif)] axis

. . ) zone. Inset: diffraction pattern at tHe0Q] direction; (b) larger
rection. Real samples with defects, stresses, and the like M@ynconerent Co precipitates of 30-nm sigeen as groups of inter-

deviate from that ideal picture by slightly changing periodsference fringes concentrated along a dislocation region are ob-
or directions of growth with respect to the theoretical predic-served in a sample annealedTat=873 K. No lamellar is seen in

tion, but always keeping the smooth transition from one rethese two cases.
gion to the next that characterizes this kind of segregation.

Albeit limited by the constraints of our microscope maxi- initial transformations are not observed for segregation, as
mum possible tilt of the electron beam with respect to thethese are rather fast phenomena. In fact, the amount of en-
sample, nearly 90% of the regions explored with TEM showergy transferred to the sample is much smaller in isochronal
this coarse lamellar modulation. A few grains in our samplesanneals(where the temperature is raised steddilgs op-
failed, however, to exhibit the same modulated contrast, eveposed to the isothermal treatments that deliver substantially
when observed under different diffraction conditions. But thelarger total heat quantities, taking the system directly into the
presence of some grains that did not undergo lamellar spifate stages of the transformations. Nevertheless, the initial
odal decomposition is expected in energetic terms, as thgtages may contain most of the relevant transformations in
local temperature during the fast quench, or the local Cdhese samples and are the point of interest of our study. The
content in each grain, may have been thermodynamicallyesults for the highest final annealing temperatymgsiong
unfavorable for the appearance of such a microstructure. annealing timesare expected to be equivalent for either iso-

On account of our isochronal annealing procedure, wehermal or isochronous treatments with equivalent energy
were able to observe the initial stages of the transformationsansfer’® for those systems where a final thermodynamic
induced by the anneals. In our work, we found no significanstate can be defined. As we shall see below, our isochronous
changes in the wavelength of the modulations of the stripesesults show both the initial lamellar segregatiof 40 nm)
associated with different anneals, in apparent disagreemeand the latter oné4 nm), which would correspond to Busch
with the isothermal results of Buseh all’ We should say a et al!’ late stage observations.
few words about isochronous anneals, as most of the works Along with the stripes, small coherent Co precipitates of
published in this field are based on isothermal treatments. Ifew nanometers siz&ecognized by their ring-shape strain
our (isochronous treatments, the temperature is swept con-contrast®) also appear for all samples studied under Bright
tinuously up to the final annealing temperatte This im-  Field Zone Axis(BFZA) conditions™® These small precipi-
plies that heat is transferred gradually to the sample, and thates 5 nm) are homogeneously distributed over the
transformations depend on the heating rate. Isothermal amrains and have no particular preference for grain bound-
neals are easier to understand if one is speaking of very sloaries, as seen in Fig(&.
processes: the amount of heat is directly proportional to the For higher annealing temperaturés=823 and 873 K, a
time of the anneal, so the transformations are neatly propoismall number of grains also show larger noncoherent Co
tional to time. However, the time that the sample takes tayranules, around 30 nm size, as can be seen in Fim. 5
arrive at the annealing temperature is neglected in compariFhose grains failed to show any contrast that could be asso-
son to the total time. When isothermal annealing is used fociated with lamellar(spinodal decomposition. These larger
aging, as it was the case in the work of Busattal.,!’ the  granules are seen preferentially in the regions of dislocation
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the same as that of the wide ones, as shown in Fig, 6
where both kinds of lamellar structures are seen in the same
structural grain. This is a result of the elastic energy anisot-
ropy inducing the composition profile to develop along cer-
tain preferred crystallographic directions.

C. Discussion

A description of these microstructures should be based on
the thermal history of the samples. The large 40-nm periodic
segregation must have been frozen-in during production, due
to the very fast quenching rates for melt spinning, around 5
X 10° K/s. The narrower 4-nm lamellar formations seen for
high T; (where, coincidentally, MR decreagsegrowing at
the grain boundaries would then correspond to a secondary
process, occurring at a much slower cooling rate. This would
be the case for the cooling down after thermal treatments
(with quenching rates around 2.5 K/Fhis is observed pro-
vided the samples are treated abdye 823 K, high enough
to allow decomposition upon quenching according to the
phase diagrant but lower than the coexistence temperature
for starting nucleation processes. The range of temperatures
explored in the anneal$rom 300 to 873 K is characterized
by huge changes in the atomic mobility, which is increased
by a factor of 18* with respect to room temperatutéthere-
fore allowing for metastable and/or unstable segregation

FIG. 6. A secondary lamellar decomposition is present in somd UPhill diffusion™ ) processes to take place.
samples after annealed at high@st873 K: (a) Grains showing We have shown that GyCo;, melt-spun ribbons cannot
heterogeneous small lamellar structures at the grain boundaries. ARe described as simple granulars where one would find small
rows indicate the modulation periods of the lamellé®;Enlarged ~ saturated Co superparamagnetic particles homogeneously
portion of a grain boundary showing this finer decomposition ofdispersed in the copper matrix. Fof above 823 K, as seen
4-nm narrow stripes running perpendicularly to fe@1] directions  in Fig. 5, formation of large Co-rich precipitates is indeed
of the cubic matrix. Inset: typical splitting of the diffraction pattern observed in a small fraction of the grains that do not show
of spinodal decompositiofRef. 19 for (131) reflection;(c) typical ~ any lamellar decomposition but, even if intergranular inter-
structural grain of~2000x 1000 nn? fully segregated showing actions and/or cluster size distributions are considered, it
both types of lamellae, with large and small modulation periods,seems very unlikely that those few granules alone could pro-
running along the same direction. Black and white arrows indicateluce such noticeable changé@screase by a factor of 2 and
for comparison the corresponding periods. subsequent 35% reductipef MR. We have, in turn, ob-

) ) i ) served that the reduction of the MR is related to the appear-
strain contrasts. In these regions, like those in F{§),5%b-  ance of the narrow stripes at the grain boundaries, identified
servation under BFZA contrast did not show any small Cogg 5 secondary spinodal decomposition that forms in the ir-
precipitates, suggesting that the presence of the larger onesyersible region.
may be due to the growth of the smaller ones. We should \ye pelieve the behavior of the resistivity during the an-
mention that the appearance of Co precipitates of any sizgeals and the resulting magnetoresistance to be intimately
indicates, of course, that nucleation mechanisms and coargpnnected to the microstructures of the ribbons. As stated by
ening are acting simultaneously on the segregation procesgojometz and Smirnov, the residual resistivity in a spinod-
This could probably be due to inhomogeneous heat transfeyjly decomposed region of a binary alloy changes as the
during the rapid guench, which is one of the key factors toariation of the amplitude of the concentration oscillations
induce nucleatior’ _ _ takes placé® That is, upon increasing the annealing time in

Remarkably, at the highest (873 K), we found in some  jsothermal anneal@r T; in isochronal treatmentsthe am-
samples an additional decomposition in the form of narrowsityde of the oscillation increases, irrespective of the period
stripes with smaller period that develop heterogeneouslyior the lamellae, and this changes the residual resistivity.
starting from the grain boundarigsee Fig. €] and running  Thjs also translates into increasing the MR, changing both
mostly along the 001] directions of the cubic matrikFig.  the residual resistivity and its magnetic contributias long
6(b)]. These formations display the typical splitting of the a5 the segregated Co is magngtithe appearance of a sec-
(131) reflection[see Fig. &), insell, characteristic of spin- ond decomposition period would certainly have a swifter ef-
odal alloys!® These finer lamellae were scarcely seen infect on the magnetoresistance mainly by inducing large
other samples of lower;, although evidence of the initial changes on the magnetic component of the MR rather than
stages of its formation was found in somg=823 K  from changes on the zero-field resistivity, as can be inferred
samples. The direction of growth of these narrow lamellae igrom Fig. 3d).
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Apart from our TEM study, we have a further evidence subsequent isochronous anneals continue to develop the
for the description of these quasiperiodic Co-rich regiondamellar segregation by increasing the amplitude of the os-
coming from magnetic force microscopy studies performectillations, thus enhancing MR, until the segregatetag-
on the very same samples used for the TEM analysis preietic) material is saturated. An irreversible region is found,
sented here. Although still preliminary, the restiitslearly ~ starting at 650 K, above which the magnetization and MR
show regions of magnetic orientation of approximately theare substantially enhanced while the resistivity decreases.
same size and periodic nature observed for the nanoscopfnneals beyond 823 K develop a secondary segregation with
lamellae in TEM micrographs. This requires a detailed de-a smaller modulation perio# nm), affecting substantially
scription of the samples in terms of magnetic moment distrithe magnetoresistance properties. We report that the only rel-

butions compatible with the microstructures observed. evant microstructural changes we have seen, associated with
the sudden decrease of MR in the high-temperature irrevers-
IV. CONCLUSIONS ible region, are the appearance of the finer nanostripes devel-

o o ] oping at the grain boundaries, most probably, a result of the
We have measureth situ the resistivity of a series of gecond guench after annealing.

melt-spun samples of nonequilibrium CuCo ribbons during oy results thus demand a new rationale for the possible
specially designed isochronous anneals interrupted at diffekoyrces of spin-selective electronic scattering in these mate-
ent final treatment temperatur@s and cooled immediately rials consistent with the nanoscopic scales imposed by these
after. Each sample was thermally treated only once. We havgeriodic stripes. This must consider, as we claim, the quasi-
also measured the magnetization and magnetoresistance @srodic microstructures reported in this work, having mag-
functions of applied field and temperature, as well as obnetic regions with inhomogeneous moment distributions that
tained TEM images ang-ray microanalysis to characterize change in content with the thermal treatments. Such a sce-
the microstructures for each step of the annealing process.narig is quite different from the multilayer or pure granular

We succeeded in establishing a relation between the nan@ases and shows that the composition modulation can lead to

able GMR seen, even for as-made CuCo samples, must be

related to the large, homogeneous, lamellar spinodal decom-
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