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Giant magnetoresistance and microstructures in CoAg granular films
fabricated using ion-beam co-sputtering technique
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The correlation between the GMR effect and the microstructures in ion-beam co-sputtered CoAg granular
films was systematically studied. The highest magnetoresistance was observeghAg samples. It is
sensitive to the annealing treatment and to the size of the cobalt granules. The microstructures of the sample
were studied by a variety of structural techniques. HREM provides a clear two-dimensional image of as-
deposited Cg,Ag,g samples. Real-time observation of TEM together with FMR indicates that the shapes and
sizes of cobalt granules evolve primarily in plane during the annealing process.
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I. INTRODUCTION nance(FMR) were used to investigate the microstructures of
the samples. We also observéd situ, during the annealing
Magnetic granular films are composite materials whichtreatment, the variation of the size and shape of cobalt gran-
usually consist of nanoscale magnetic granules embedded ies embedded in silver matrix for Gg#h\g,s samples by
an immiscible metallic matrix or in an insulator. The advan-TEM equipped with a real-time video recording system. The
tage of the materials is the ability to engineer the sizes of th%agnetoresistanc(eMR) ratio was measured by means of a
magnetic granules and the microstructures after depositioonventional four-terminal method.
In principle, magnetic granular films may exhibit the charac-  The samples were deposited onto glass substrates with a
ter of both the ultrafine particles and multilayer systemsnickness of order 400 nm for the GMR, XRD, and FMR
They display ur;usual m'agneticsand transport prEl’pe]mes'measurements, and onto a copper grid covered with a py-
Since Xiaoet al,” Berkowitz et al,” and Barnardst al. re- —,vjin colloid layer of a few ten nanometers in thickness for

ported the giant magnetoresistaf@&MR) effect in granular TEM and HREM study. The sample deposited onto the cop-
systems in 1992, many investigations have been undertaken

in this area. It has shown that the amplitude of MR depend =r g.nd was thin enough to be observeusitu, without any
strongly on the size of the magnetic granules and the fabri- inning procedure.

cation procedure, and that appropriate annealing procedure is

an important requirement for obtaining high performance

material®® The GMR effect has potential for use in mag- . RESULTS AND DISCUSSION

petic Sensor anq read-head apparé?um_wevgr, systematic A series of CqAg,_x samples were fabricated in the
investigation of influence of the magnetic microstructures Onrange of B=x=100 at. %. Magnetoresistance was measured

the transport properties of granular GMR materials is st|IIin applied fields up to 11.2 kOe. The magnetoresistance

seriously lacking and is essential to help to understand th R 0 Ao/ lculated di
fundamental mechanism of magnetotransport in these magi-v‘ ) ratio plp ~was calculate according  to
plp=[p(H)—p(0)]/p(0) wherep(0) and p(H) are the

netically inhomogeneous systems. P—LP\ i ) -
In this paper, we describe a microstructure and transporrles'St'V'ty in zero field and external field, r.espectlvely.
study of CoAg granular films, and discuss the dependence dfhe peak ofAp/p appeared for as-deposited £8975

the GMR on the microstructures and the annealing treatmengamples at room temperature. Figure 1 shows the XRD pat-
terns of these samples prepared gt 300 K, illustrating the

effect of changing cobalt concentration. These patterns ex-
hibit fcc cobalt structure fox<54 at. %, hcp cobalt structure
The samples were prepared by ion-beam co-sputteridg appears forx=75 at. %. Although there is strong tendency
at a substrate temperaturég) of 300 K. X-ray diffraction  for phase separation in the CoAg granular system, no crys-
(XRD), transmission electron microscofyEM), high reso- tallographic evidence of either fcc or hcp cobalt is found at
lution electron microscopyHREM), and ferromagnetic reso- low cobalt concentrationx<54 at. % due to overlap of

Il. EXPERIMENTAL DETAILS
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FIG. 1. X-ray diffraction patterns for as-deposited CoAg  Ta= 400K 500K 800 K 700K

samples Ts=300 K) as a function of cobalt concentration.
FIG. 3. A set of TEM bright field micrographs of the selected

area.(@)—(d) correspond to differerf, at 10 min, anda’)—(d’) are

both Cq111) and Ag200 reflections. However, ag in- corresponding high contrast pictures after graphic processing using

creases, the AG00) peak first decreases to a minimum in- & COMputer.

tensity (at x=13, 22 at. % and then gradually increases

again and also broadeffsom x>22 to 54 at. %, indicating . . .

high phase separation with the formation and aggregation gfon€ one by one without any duration of natural cooling.
small size cobalt granules, seen also in the enhancéHi@o Figure 3 shows a series of TEM bright field micrographs
reflection. of the selected area where one of the granules is of special

Figure 2 shows XRD patterns of a G#g s sample as a shape_, and it is easy to obseriresitu, the changes of shapes
function of annealing treatment. The samples were annealed!d Size of other granules nearby this one. These snapshots
in vacuum for 10 min at 400, 500, 600, 700 K, respectively. Were selected fr.om a V|de.o tape recqrded over a period of
In these patterns of the A00) peak exhibits similar behay- MOre than 50 min with various annealing temperaturg) (
ior to that of Fig. 1. In the as-deposited state, the(288) At eachT,, recording time was in excess of 10 min. Figures
peak appears as a small shoulder, then gradually grows &6&—3(d) correspond to a/set Of, micrographs with different
annealing temperature increases, meanwhile ti@2@and 1 @ 10 min, and Figs. @)—-3(d") are corresponding high
Ag(311) peaks gradually vanish, while the £&p2) peak has contrast pictures after graphic processing by computer. They
a slight increase, indicating high phase separation an@l€arly show the changes of the shapes and size of cobalt
growth of cobalt granules under annealing treatment. granules with annealing. The changes of shapes and size

We have made real-time observations on the dynamic beere more dependent on annealing temperaiyréhan on
havior of the Cg,Ag-g sample during annealing at the se- a_nne.allng time. From TEM estimates, the average granule
lected area. In the procedure, the temperature of the thermgj2€ increased from aboutlefl.o nm in the as-deposited state to
holder of the sample was controlled by a temperature con@bout 15 nm af,=700 K™
troller. The annealing temperature was at 400, 500, 600, and Besidesin situ TEM observation, we also study the shape
700 K, respectively, with a ramp rate of 20 K/min. The ther- €volution of cobalt granules in a GgAgg granular film

mal treatment of the sample at each chosen temperature wd§ing FMR. As is well known, FMR can give three-
dimensional information about the shapes of small ferromag-
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FIG. 4. The dependence of resonance field and the difference of
resonance field\H, on annealing temperature of &Ag,g. Lines
were drawn to guide the eyes.

FIG. 2. X-ray diffraction patterns for a GgAg,g sample as a
function of annealing temperatufe, .
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FIG. 6. A high resolution electron microscopy image of an as-
deposited Cg,Ag ;g sample.

Ap/p (%)

between cobalt granules and silver matrix during annealing
treatment. Despite the phase separation in the CoAg system,
o there may exist some Co-rich and Ag-rich granules in the
Average size D (nm) as-deposited state. The boundary is highly disordered and
) ) rough. Figure 6 shows a two-dimensional HREM image of
FIG. 5. MR ratio vs(a) annealing temperatuE, and(b) aver- o 55 deposited GgAg s sample. There are both crystalline
age sizeD in CoxAgsg sample. Lines were drawn to guide the 4 highly disordered morphological regions. There also ex-
eyes. ists short-range order in the highly disordered region. After
annealing, the cobalt atoms should separate from the silver
) matrix and the roughness of interface is improved, thus the
netic granules. The FMR spectra were measured at roofyR ratio increases. FGF, > 500 K, the MR ratio rapidly
temperature. In this procedure, the microwave field was apraqyced ag , increased. This may be explained by the fact
plied parallgl to the plane of the samples with afrequency Othat (1) the phase separation has been completed and the
9.8 GHz. Figure 4 shows the change of resonance field a§pa)t granules grow up, as well the surface-volume ratio of
function of annealing temperature. In the figusg,andH, gyt granules decreases which reduces the spin-dependent
denote the applied dc field parallel and perpendicular tQcattering and2) according to the FMR, the cobalt granules
the sample plane, respectively. In the as-deposited statgre tending to become the pancakesTasincreases. If we
Hy~H,. . Then the difference of resonance field, neasure the MR with the current in the plane of the sample,
AH,=H,, —H,), increases monotonically a, rises. This  the microscopic magnetic geometry gives the transport a
indicates from Kittel® that the cobalt granules in silver ma- ixture of CIP and CPP character fB<500 K samples.
trix stated Wi_th roughly spherical shap_e in_the as-depositedfiar annealing at higher temperature, the shape of cobalt
state. AsT , rises,H,, moves toward high field anH; 0 granyles transforms from rough sphere into pancakes, and
low field, which means that demagnetizing field increasesy s suggests that character of the MR becomes predominant
perpendicular to the plane of the sample and decreases pafip. This leads to a decrease in the MR since CIP MR is
allel to the plane, hence the increasé\iHi, . It suggests that  gmall about four times lower than CPP MR in multilayer
cobalt granule shapes and size evolve mainly in plane frong,g 15
rough sphere to pancakes during annealing treatment. In conclusion, we have reported some results of GMR
The evolution of the cobalt_granules with annealing treat-affect and microstructures in CoAg granular films. The re-
ment in the sample strongly influences the GMR. Figure 5;its show the GMR in CoAg granular film strongly depends
presents dependence of MR @R and average size of mag- on annealing treatment and the microstructures. We have
netic granules ) for Co,Ag7g Sample. It is clear that the also discussed the influence of annealing temperature on the
optimal value of MR appears a,=500 K. The GMR GMR.
strongly depends on annealing treatment, indicating that mi-
crostructure, both shape and size of cobalt granules, plays an ACKNOWLEDGMENTS
important role. In Fig. 5, the MR increases in the region of
300=TA<500 K. However, the change of cobalt granule The authors would like to thank Dr. W. Zhang for his
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