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A number of structural analysis methods were employed to investigate the microstructures 
of ion-beam co-sputtering of CoxAgl_x (0 ~ x~< 100 at%) granular films. For x =  22 at%, 
the sample which has the optimal giant magnetoresistance at room temperature, there 
exists either crystallized or highly disordered regions shown by high-resolution electron 
microscopy. At the boundary between cobalt granules and the silver matrix, lattice 
mismatch was formed, leading to roughness of the interfaces. X-ray diffraction and 
transmission electron microscopy revealed that the samples had fcc structure at low x, with 
(1 1 1) texture, and the hcp structure gradually appeared as x >  75 at%. Relative lattice 
expansion was observed as x increased. 

1. Introduction 
Since Baibich et  al. [1] first reported the effect of giant 
magnetoresistance (GMR) in Fe/Cr magnetic multi- 
layers in 1988, the effect has also been observed in 
many other multilayers (e.g. Co/Cu, Co/Ag, Fe/Cu, 
etc.) [2-4] due to antiferromagnetic coupling of ferro- 
magnetic layers separated by non-magnetic spacers. 
A few years later, Xiao et  al. [5] and Berkowitz et  al. 

[6] individually reported the same effect in non-multi- 
layer magnetic systems. This reveals that the GMR 
effect is not unique to magnetic multilayer systems 
and can be observed easily in nanostructured granular 
systems in which magnetic granules are in- 
homogeneously embedded in a non-magnetic matrix. 
It is not surprising to observe the GMR effect in 
magnetic granular systems because some of the sput- 
tered magnetic multilayers with GMR display the 
typical granular structured characteristics (e.g. Co/Cu) 
[7, 8]. The effect of GMR has potential applications 
for magnetic sensors and read-heads [9] and is helpful 
in understanding the fundamental mechanism of mag- 
netotransport characteristics in magnetic inhomo- 
geneous systems. Meanwhile, these systems can be 
easily prepared with various techniques and thermal 
treatment. Thus, great interest has focused on the 
study of the GMR effect in these systems. 

In binary immiscible magnetic granular systems, 
single-domain magnetic granules with nanoscale size, 
a few to a few tens of nanometres, are formed due to 
phase separation and nucleating growth [10, 11]. 
Without an applied field, the magnetic moments of 
magnetic granules are highly random and the systems 
display high resistivity. In an applied field, there is 
a marked drop of resistivity due to the tendency of the 
highly random moments of magnetic granules aligned 
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along the orientation of external field. Experimental 
investigations show that GMR strongly depends on 
the application of an external magnetic field, the size 
of the magnetic granules, the fabrication procedure 
and annealing treatment. The values of GMR in mag- 
netic granular systems rival the magnitude of that in 
magnetic multilayers and often appear in a narrow 
range of concentrations of magnetic element. Its opti- 
mal values were often observed after proper annealing 
treatment [12-20]. 

Compared with experimental investigations, the 
theoretical approach to GMR in magnetic granular 
system has not yet been well established. Although 
there is a lack of general theoretical models to under- 
stand the origin of GMR in nanostructured magnetic 
granular system, it is believed that GMR originates 
from spin-dependent scattering of conducting elec- 
trons off ferromagnetic granules (bulk/interfaces) and 
the interracial scattering is dominant due to the rough- 
ness and moment configuration of interfaces based on 
some phenomenological models [21-23]. Thus, inten- 
sive investigation on microstructures is important to 
interpret the mechanism of GMR in magnetic granu- 
lar system theoretically. 

In this paper, we report a systematic investigation of 
characteristics of microstructures in ion-beam co- 
sputtered CoxAgl -x granular films in order to reveal the 
dependence of GMR on microstructures. This may be 
helpful to understand the origin of GMR in this system. 

2. Experimental procedure 
The sample was prepared by the ion-beam co-sputter- 
ing technique. The high-vacuum system was equipped 
with a Kaufman ion gun in which the argon (99.99%) 
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pressure was 0 .2mtor r  (1 torr = 133.322 Pa). After 
being ionized in a high-voltage chamber, the argon ion 
beam, with energy 1.2 keV, was drawn by an acceler- 
ated grid and bombarded directly on to the water- 
cooled target at an incident angle of 45 ~ . The target 
consisted of pure silver and cobalt, and small square 
cobalt pieces were adhered to the silver plate. Because 
of the different sputtering ratios of both cobalt and 
silver, the cobalt concentration could be adjusted by 
the number of cobalt squares and by the different 
patterns of these small pieces on the silver plate. The 
sputtered products were deposited on to substrates 
fixed on the water-cooled substrate holder installed at 
the specularly reflected direction, to obtain the max- 
imum deposited ratio. The distances from the target to 
both ion gun and substrate holder were about 15 cm. 

A series of samples was deposited on common glass 
substrates with thickness of the order of 400 nm at 
different substrate temperatures (Ts = 300 and 
400 K). The cobalt concentration, x, was determined 
using an electron microprobe. The characteristics of 
the microstructure and phase separation in these sam- 
ples were checked using a number of structural analy- 
sis methods. The conventional four-terminal method 
was employed to measure GMR of these samples in an 
applied magnetic field up to 11.2 kOe. All measure- 
ments reported here were made at room temperature. 

3.  R e s u l t s  a n d  d i s c u s s i o n  
A series of CoxAgl-x  samples was fabricated in the 
range 0 ~< x ~< 100 at % at different substrate temper- 
atures, Ts. The structures of these samples were 
investigated by X-ray diffraction (XRD), transmission 
electron microscopy (TEM), ferromagnetic resonance 
(FMR), and high-resolution electron microscopy 
(HREM). 

Fig. 1 shows XRD patterns of these samples pre- 
pared at Ts = 300 K, illustrating the effect of cobalt 
concentration. These patterns exhibit f cc  structure 
up to x ~< 54 at % attributable to peaks (1 1 1), (200), 
(2 2 0), and (3 1 1) planes of silver. Although there is a 
strong tendency for phase separation in the CoAg 
granular system, no crystallographic evidence of either 
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Figure 1 X-ray diffraction patterns for as-deposited CoxAgl -x film 
samples (Ts = 300 K) as a function of cobalt concentration, x. 
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fcc  or h c p  cobalt is found at low cobalt concentra- 
tion (x = 0, 8 at %). This may be due to overlapping of 
both Co(1 1 1) and Ag(2 0 0) reflections. As x increases, 
the Ag(2 0 0) peak decreases to become a slight shoul- 
der first (at x =13, 2 2 a t % )  and then gradually 
increases with its F W H M  expansion (from 
x > 22 54 at %), indicating high phase separation, 
formation and aggregation of small-sized cobalt 
granules, and thus enhancement of reflections of 
the Co(1 1 1) plane. The position of the Ag(200) 
[ C o ( l l l ) ]  peak visibly shifts towards that of 
Ag(1 1 1), indicating either Co-Ag demixing or strain 
from coherent cobalt/silver interfaces. In addition, the 
Ag(200) peak gradually decreases with both full- 
width at half-maximum (FWHM) expansion and 
slightly vertical shift, and the Ag(3 1 1) peak has the 
similar tendency with variation of cobalt concentra- 
tion, x. Finally, Ag(2 2 0) and Ag(3 1 1) peaks vanish at 
x = 40 at %. With continuous increase of x, the h c p 
structure of cobalt appears (x ~> 75 at %). The XRD 
patterns exhibited in Fig. 1 are cobalt concentration- 
dependent and reveal that these samples have prefer- 
ential orientation with their (1 1 1) axes out-of-plane 
(x ~< 54 at %), which are different from that for the 
samples prepared at Ts = 400 K [24], indicating that 
the fabrication process of samples plays an important 
role and influences the microstructure of different 
samples. 

A typical bright-field micrograph for as-deposited 
Co22AgTs sample is presented in Fig. 2. It shows the 
obvious characteristics of granules. It can be seen that 
cobalt granules are inhomogeneously dispersed in the 
silver matrix with various shapes, due to the low 
concentration of cobalt. Most of them are roughly 
spherical, some look elongated, some ramified, some 
like cobblestones. The size of the cobalt granules 
shows a finite distribution ranging from a few to more 
than 20 nm with an average size of the order of 10 nm 
1-257. Fig. 3 shows electron diffraction patterns for 
x = 8 and 40 at % as-deposited samples. It reveals the 
polycrystalline structure of the samples and five reas- 
onably sharp diffraction rings can be observed, which 
are close to the diffraction rings of fcc  silver. No 
cobalt diffraction ring appears. The two electron dif- 
fraction patterns are joined along a diameter A A so 
that the relative lattice expansion can be seen clearly 

Figure2 A typical bright-field micrograph of as-deposited 
Co22Agv8 sample. 



Figure 3 Electron diffraction patterns for two as-deposited CoAg 
samples (Ts = 300 K) of (a) x = 8 at % and (b) x = 40 at %. The 
relative lattice expansion can be seen along the diameter A-A. 

from the difference in radii of corresponding diffrac- 
tion rings as x increases. The d spacing ofAg(1 1 1) and 
(2 2 0) for the x = 8 at % sample is less than that for 
x = 40 at %. The diffraction rings of x = 8 at %, ex- 
cept the first ring (corresponding to Ag(1 1 1)), consist 
of intermittent bright spots, indicating the existence 
of grains with either worse quality of crystallinity 
or preferential orientation in the sample. For  the 
x = 40 at % sample, all diffraction rings are continu- 
ous, and the second ring becomes broadened and 
bright due to the overlap of Co(1 1 1) and Ag(2 0 0). The 
increasing intensity of the second ring suggests that 
the high degree of crystallinity and phase separation 
are enhanced with increasing of cobalt concentration. 

The H R E M  images for the x = 22 at % sample are 
shown in Fig. 4. Two kinds of morphological regions 
can be seen in Fig. 4a. A and B indicate the crystalline 
and highly disordered regions, respectively. Also in the 
same figure, there exists short-range ordering in the 
region indicated by B. The area indicated by black 
arrows is a cobalt granule about  4 nm in size with a 
two-dimensional lattice image of fc c cobalt oriented 
along the E1 1 1] direction, embraced by the dis- 
ordered regions with an obscured boundary. Fig. 4b 
shows the connection of cobalt granules to the silver 
matrix with a size of more than 10 nm. The upper and 
lower parts correspond to cobalt and silver, respec- 
tively. The crystallographic planes of Co(200)  con- 
nect with those of Ag(2 00). At the boundary, every 
five silver fringe connects with every six cobalt fringe 
to form a Moir~ pattern due to the different crystallo- 
graphic d spacings of cobalt and silver, leading to 
lattice mismatch [26, 27]. Because there is often 
a large distortion in the interfaces between cobalt 
granules and the silver matrix for as-deposited sam- 
ples, a clear boundary of magnetic granules is hard to 
acquire. It is expected that further study using H R E M  

Figure 4 High-resolution electron microscope images of Coz2AgTs 
sample. (a) A and B indicate the regions of crystalline and high 
disorder, respectively. Black arrows indicate the two-dimensional 
image of a cobalt granule. (b) The connection between a cobalt 
granule and silver with a clear interface. The upper part is cobalt 
granule and lower part is silver. 

will allow the atomic lattice images to be more clearly 
discerned for annealed samples. 

Compared with two-dimensional morphological 
images obtained from TEM, as is well known, FMR 
can give three-dimensional information about  the 
shapes of ferromagnetic granules. The F M R  spectra 
were measured at room temperature. In the proced- 
ure, the microwave field was applied in the planes of 
samples with a frequency of 9.8 GHz. Fig. 5 presents 
the changes of uniform resonance field as function of 
x. In the figure, H• and Hll denote the applied d.c. field 
perpendicular and parallel to the sample plane, 
respectively. Below x = 22 at %, no resonance 
behaviour has been obtained due to low cobalt con- 
centration, the coexistence of the regions of both 
worse quality of crystallinity and high disorder, being 
discerned from Fig. 3a, and the small size of magnetic 
granules. At x = 22 at %, Hr• ~, Hrll, the difference in 
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Figure 5 The dependence of uniform resonance field on cobalt 
concentration, x, in CoAg samples. (O) H~ and ( I )  HII are the 
applied d.c. fields perpendicular and parallel to the sample plane, 
respectively. Solid lines were drawn for the guide of eyes. 
co = 9.8 GHz, T s = 300 K. 

resonance field increases monotonically as x increases, 
A H , . = H , •  ~ 8 . 9 k O e  
at x = 80 at %, respectively. In term of the famous 
Kittel relation [28], it shows that cobalt granules were 
embedded in the silver matrix with roughly spherical 
shape at lower x. As x increases, small cobalt granules 
grow larger and aggregate into a network with large 
aspect ratio, thus leading to AH~ increases due to the 
shape-induced anisotropy. 

Magnet�9 was measured using the conven- 
tional four-terminal method in an applied field. The 
magnet�9 ratio (MR), Ap/p, was calculated 
according to Ap/p = [ p ( H ) -  p(0)]/p(0) where p(0) 
and p(H) are the resistivity in the initial zero field and 
external field H, respectively. Fig. 6 illustrates the 
values of Ap/p versus cobalt concentration x for as- 
deposited samples prepared at different Ts measured 
with the current in plane and vertically applied mag- 
netic fields. All the values of Ap/p in Fig. 6 were 
measured at H = 11.2 kOe and were not saturated 
in this field. The curve of Ap/p versus x clearly shows 
that Ap/p first rises rapidly for x ~< 2 2 a t %  and 
reaches its maximum, as large as - 9 . 3 % ,  for 
x = 22 at %, and then it falls smoothly as x continu- 
ously increases for the as-deposited samples prepared 
at Ts = 300 K. The Ap/p of these samples is larger 
than that of the samples prepared at Ts = 400 K. 
After annealing for 0.5 h at various TA for the selected 
sample with x = 22 at %, which had the maximum 
Ap/p in the as-deposited state, the optimal Ap/p was 
found to become as large as - 13 .4% at TA = 500 K, 
of which there was a 44% increase as compared with 
the as-deposited state. Fig. 7 shows the relation of 
GMR to external magnetic field for both as-deposited 
and annealed (TA = 500 K) samples (Fig. 7a). The 
magnetization curve (Fig. 7b) was measured using a 
vibrating sample magnetometer (VSM) for as-depos- 
ited Co22Agvs sample. It is clearly visible that, in the 
present field, GMR is not saturated for as-deposited 
and annealed samples. The behaviour of magnetiz- 
ation is typically supermagnetic at room temperature, 
and not saturated in the applied field up to 13.5 kOe, 

Figure 6 MR Ap/p measured at room temperature versus cobalt 
concentration in Co~Ag~_~ samples prepared at different Ts: 
(�9 300 K, (@) 400 K. H = 11.2 kOe. 
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Figure 7 (a) MR as a function of external field for both as-depos- 
ited and annealed Co22Agva samples: ( I )  and (0) correspond to 
field sweep from - H  to H, (A) and (O) mean the opposite. 
(b) Magnetic hysteresis loops for as-deposited Co22AgTa sample. 
Hjl and H• are the external fields parallel and perpendicular to the 
plane of the sample, respectively. 

due to the contribution of the configuration of mag- 
netic moments on the surfaces of the cobalt granules. 
In Fig. 7b, Ha and H n denote the external field perpen- 
dicular and parallel to the sample plane, respectively. 
The difference of the two loops with the external field 
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indicates that the easily magnetized axis is along the 
plane. 

In terms of the binary phase diagram of Co-Ag 
alloy in the equilibrium solid state, the mutual solubil- 
ity of cobalt and silver can be wholy negligible. Cobalt 
easily forms granules, embedded in the silver matrix as 
scattering centres, on adjusting both chemical com- 
positions. With zero field, magnetic moments are 
highly randomly oriented and the systems display 
high resistivity. In an applied field, the marked drop of 
resistivity strongly depends on the orientation of mag- 
netic moments. At low x, magnetic granules are so 
small that it is difficult to align the magnetic moments 
along the applied field. For x = 22 at %, cobalt gran- 
ules grow rather large with an abundance of surfaces, 
leading to a larger surface/volume ratio and enhanc- 
ing spin-dependent scattering; GMR results in its 
maximum value. It is, however, still unsaturated in 
a finite applied field due to the complex microstruc- 
tures of the sample and the configuration of moments 
on the surfaces of the magnetic granules. After the 
correct annealing treatment, the structure of the inter- 
face between magnetic granules and the non-magnetic 
matrix is improved, leading to optimal GMR. As 
x increases, cobalt granules increase and tend to con- 
nect with each other to form bigger ones or chains 
until a network is formed, thus inducing the drastic 
decrease of GMR. 

4. Conclusion 
We have systematically investigated microstructures 
in CoxAg1-x granular films prepared using an ion- 
beam co-sputtering technique at different substrate 
temperatures. We have observed an optimal room- 
temperature GMR ratio as large as - 9.3% for the 
as-deposited sample prepared at Ts = 300 K and 
-13 .4% after annealing for 0.5 h at TA = 500 K 

for the x = 22 a t %  sample. From the results of 
TEM, electron diffraction, and XRD patterns, the 
samples are found to display fcc  structure 
(x ~< 54 at %) and h c p structure (x > 75 at %), and 
lattice expansion is observed as x increases. HREM 
observation shows the coexistence of crystalline and 
highly disordered regions in the as-deposited 
Co22Ag78 sample. The results reveal the dependence 
of GMR in CoxAgl-x granular films on cobalt con- 
centration, annealing treatment, and external field. 
The dependence of GMR on microstructures has also 
been discussed. 
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