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CoFe—AgCu granular films of compositions ranging from 0.17-0.44 ferromagnetic atomic
concentration were prepared by rf sputtering. The microstructure and the transport and magnetic
properties suggested that this family of samples can be classified into two groups with a crossover
concentration at about 32 at. %. The experimental results for samplegegns,Cu, and
CogFesAg7oCus, Which are representative of both different behaviors, are discussed. For the
as-prepared sample with higher CoFe content, an uncompensated out-of-plane antiferromagneticlike
microstructure with dominant demagnetizing interactions was observed. The particle growth
through the annealing led to large in-plane ferromagneticlike clusters with dominant magnetizing
interactions. The thermal dependence of the remanence-to-saturation ratio of the as-prepared and
annealed samples indicated the existence of a high degree of magnetic correlations leading to a very
low magnetoresistivity: In none of the cases was a Stoner—Wohlfarth behavior observed. On the
contrary, for the sample with lower CoFe content, the magnetoresistivity change was much higher,
and the remanence followed the expected behavior, since magnetic correlations were strongly
reduced through dilution. €997 American Institute of Physids$s0021-897¢07)69608-5

In the past few years, giant magnetoresistii@MR)  obtained by magnetic force microscogilFM), at room
has been found in granular alloys consisting of a distributiortemperature. MagnetoresistivigviR) was measured using
of small ferromagneti¢FM) particles which have been ran- an ac four-probe technique with the magnetic field applied in
domly segregated in a nonmagnetic metallic matr&x-  the film plane along the current direction. The magnetization
amples of granular alloys exhibiting GMR &€0a,Cly .  curves were measured by a vibrating sample magnetometer

CaAg: -, FEAQ: -, and (NiFe),Ag; . In this paper we (ygu) with the magnetic field parallel to the film plane.
present a study of the structural, magnetic and GMR proper- Taking into account the microstructure, GMR, and the

ties of CoFe—AgCu granular alloys. We have included Fe as . . . . o
) : . . “agnetic properties, this family of samples can be classified

a minor ferromagnetic component in the largely studied. . .
. . : into two groups with a crossover concentration at about 32

Co—Ag system in order to increase GMR as previously

reportec® and a small amount of Cu to increase immiscibil- at. %. We present in this work the experimental results for
ity between CoFe and the nonmagnetic matrix. We have reSamples CoFeAgsCu, (sample A and CqgFesAg7oCuy
cently showf the existence of an uncompensated antiferro{Sample B, which are representative of both different behav-
magneticlike microstructure at volume concentrations belowors. TEM micrographs evidence the granular nature of all
the percolation thresholk,=0.55 (Ref. 5] in the granular  samples. The AFM images for the as prepared samples A
system Cg,Fe;Ag05,Cu, (x=0.33, and we have reported on and B show the existence of a random distribution of ferro-
magnetic interactions arising from the microstructure effectmagnetic(FM) particles which have been segregated from
ing GMR and magnetic properties. The aim of this work is tothe matrix (Fig. 1). XRD data and TEM indicate that the
discuss that the stabilization of that magnetic microstructurgnean diameter is about 3 nm in both as prepared samples. A
is related to the ferromagnetic content and thus to the magnygh estimation of the mean distances between particles
netic correlations. may be obtained from the volume concentration, leading to

Eleven CoFe—AgCu films of compositions ranging from 3.4 and 4.2 nm for samples A and B, respectively, in agree-
0.17-0.44 ferromagnetic atomic concentration were rf sput- . . ' '
. : " ment with TEM. The annealing procedure strongly changes

tered onto glass microscope slides. Post-deposition pha;

segregation was promoted by rapidly annealiogl § at e microstructure: The particles surrounded by other par-
600, 650, and 750 °C. A detailed explanation on the experi:[ides grow, leading to a broad distribution of irregular large
mental procedure is given in Ref. 6. The particle size distri-299regates an a certain amount of small particles, as ob-

bution and the microstructure of the films were studied byserved in the AFM images. These aggregates are larger than
x-ray diffraction (XRD), transmission electron microscopy about 100 nm in sample A annealed at 750 °C and XRD data

(TEM), and atomic force microscopyAFM). Images of the indicate that the mean diameter of the particles forming them
magnetic flux density perpendicular to the film plane wereis about 15 nm. However, the mean diameter is about 10 nm
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FIG. 3. Thermal dependence of the RTS ratio for the samplasAprepared
and annealed at 600 and 750)°Golid lines are guides for the eye.

FIG. 1. AFM micrograph at room temperature for the as-prepared sample At.OSte}t'C energy. Thl§ maQ”et'C grrangement ShOUId Iead_to
dominant magnetizing interactions. The micromagnetic
structure of sample A suggested by MFM images is also

for sample B annealed at 750 °C due to the fact that the meatbnfirmed by the change in sign of the overall interactions

particle distance is longer and the FM content is lower thanhrough annealing, deduced from the Henkel plGsvi

in sample A. plots),” and also explains the field dependence of both the

MFM image for the as prepared sample(Rig. 2) re-  magnetization and the magnetoresistivifR). A detailed

veals the existence of a magnetic microstructure perpendiculiscussion on these topics may be found in Ref. 4.

lar to the film plane* The magnetic moment of the particles We focus here on the study of the remanent-to-saturation

tend to be arranged parallel along an out-of-plane directiofiRTS) magnetization ratio. We show in Fig. 3 the tempera-

forming elongated clusters which are themselves aligned anure variation of the RTS ratio obtained from the hysteresis
tiparallel with respect to the nearest neighboring cluste#e  loops for the as-prepared and two annealing temperatures of
alternated bright—dark regions in Figl. As a consequence sample A. In all three curves a very slight thermal depen-
of this magnetic microstructure, the flux density lines tend todence is displayed, which suggests that the strength of the
be closed through neighboring clusters of antiparallel momagnetic interactions is high enough to overcome the rema-
ments, leading to dominant demagnetizing interactions. Th@ence decay due to thermal activation. For the as-prepared

MFM image for sample A annealed at 750 °C does not showsample A, the value of the RTS ratio extrapolated a0 is

any additional contrast with respect to the AFM image, indi-about 0.22, which is much lower than the 0.5 value predicted

cating that the out-of-plane component of the particle mo4in the Stoner—Wohlfart{SW) model for an assembly of

ments is lost. The large aggregates shown in the AFM imageoninteracting single-domain particles with uniaxial anisot-
may form large ferromagnetic clusters with the magneticropy. This reduction in the RTS ratio may be understood
moment lying in the film plane in order to minimize magne- taking into account that the remanent magnetization of the
as-prepared sample A is related to the existence of meta-
stable states of the quasiantiferromagnetic arrangement of

Hi0 elongated clusters rather than to individual particles. On the
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FIG. 4. The same as Fig. 3 for sample (8s-prepared and annealed at
FIG. 2. MFM micrograph at room temperature for the as-prepared sampl&50 °Q. The pointT=0, M,/M¢=0.5 was included in both curves to test
A. Bright—dark regions indicate opposite magnetic pole orientation. the applicability of the SW.
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FIG. 5. The relative MR changdMR=[MR(H)~MR5,J/MR.x as a FIG. 6. The same as Fig. 5 for the as-prepared sample B.

function of the applied field for the as-prepared sample A, at 23 and 290 K. .
present in the system even at room temperature, as the MFM
image and RTS ratio suggest: Only the uncorrelated mo-
. .nents give a net contribution to MR. On the contrary, the
pontrary, Fhe RTS ratio for the annealed sample A at 7_50 (I\U;R changes for the as-prepared sample B at 23 and 290 K
|sbmutchoh8|g:1k<]ar t:antO.S a}ndlthe ex;rapolate?fvﬂu‘i:am IS f(see Fig. & are much higher than those corresponding to
about 0.8 ( € nysteresis loops have a high degree .OsampIeAand a large variation between both temperatures is
squareness This enhancement of the RTS ratio agrees Wlthalso observed—19.8% at 23 K and-9.8% at 290 K. Al-
the magnetlc mlc_rostructure shown in the MFM_AFM Im- though the size of the magnetic particles is similar in both
ages. T_he formation of large aggregates allow_s d|re<_:t ferroéls-prepared samples A and B, the higher dilution of the latter
r_nagnetlc exchange through the surfacc_e of neighboring Palind the longer distance between the particles, lead to a de-
ticles of the same aggregate, leading to a magnetiG, o ase in the magnetic correlations among them. Therefore,

microstructure consisting of large FM clusters with the net sample B, a larger amount of CoFe particles contributes to

magnetic moment randomly oriented along in-plane direc-MR' increasing the MR change with respect to sample A.

Eo?ks.fln this S|tuat1t|c_)rr;1,_the grr?nular allcr)1y mostly t;ehfa;/r;—:‘s E‘Q_‘I_%Aoreover, the bimodal structure of the MR curves at low
ik ferromagnet. This exchange enhancement of the elds is not present in sample B since magnetic interactions

ratio has been also observed in a variety of nanostructuregl . - high enough to stabilize the elongated cluster struc-

materl_alsff_ For s_ample A annealed at 600 °C an mtermedlate[ure_ The rest of the studied compositions suggest that the
behavior is depicted and the RTS value extrapolated-t® anomalous behavior observed in LRE;AGsCl, is an in
54 -

is about 0.41: The aggregation process partially destroys tht‘?insic property of these CoFe—AgCu granular alloys, which

antiparallel arrangement of glongate_d clusters. is associated with the magnetic correlations, and it appears
A completely different situation is observed for sample bout above 32 at. % of FM content. A detailed study for a

B. Although the mean size of the particles in the as prePareaariety of compositions will be published elsewhere soon.

sample is about the same than that of sample A and the This work was supported by Spanish CICYT through the

particles grow through annealing, the RTS ratios for the aS{ AT94-1024-CO2-02 and the Catalan CIRIT through the
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