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. . 1. Phys.: CDndens. Matter 6 (1994) 5545-5560. Printed in the UK 
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Abstract. We report lhe structural. maguetic and transport properties of ('&oFe&Ag&r 
heterogeneous alloys, with I varying between 27 and 47 at.%. The samples were prepared 
by Dc triode sputtering at room temperature (RT) and liquid-nitrogen temperature. Annealing 
processes lead to phase segregation and grain growth, resulting in lhe formation of small and 
compact C O ~ Q F ~ Q  pip i ta teS .  The resulting evolution of the magnetic pmpeaies has been 
investigated by SQUID magnetomeby, Massbauer spectroscopy and femmagnetic resonance. The 
largesl magnetoresistance amplitudes at room temperature have been obtained for a magnetic 
concentration x of around 36 at.% in both as-deposited and annealed samples. Amplitudes 
A R / R ( H  = 0) of 15% in the asdeposited samples and 21% in samples annealed at 6KI K 
for IO mio have becn observed at m. At 4 K these amplitudes mch 43% (equivalent to 
A R / R ( H  = 2 T) = 15%). 

1. Introduction 

The recent discovery of giant magnetoresistance (GMR) in magnetic granular alloys [1,2] 
has added a new dimension to the phenomenon of GMR in magnetic multilayers. These 
granular alloys consist of ultra-fine ferromagnetic particles embedded in an immiscible 
medium. Examples of alloys in which GMR has been observed include CoxCuI-, 11.21, 
CoxAgl-, [3-111, NiFe,Agl-, [11,12] and Fe,Agl-, [lO,ll]. GMR in multilayers and 
granular alloys has a common origin. It is related to a change in the magnetic arrangements 
of the moments of the magnetic layers or particles when a magnetic field is applied. The 
resistivity is at a minimum when the moments of the magnetic entities are parallel to each 
other, i.e. at saturation. It increases as this parallel alignment becomes more and more 
perturbed (this occurs when the field decreases to zero or at a coercive field). It is well 
established that the main origin of GMR is the spin-dependent scattering of conduction 
electrons occurring at the interfaces and/or in the bulk of the ferromagnetic entities. Fairly 
large GMR amplitudes have been obtained in granular alloys, especially at low temperatures 
[2,5,6,1&12]. In optimized systems, GMR amplitudes may be larger than in multilayers, 
since granular systems represent an intermediate situation between current-in-plane (CIP) 
and current-perpendicular-to-theplane (CPP) configurations [13] in magnetic multilayers. 
Saturation fields in granular alloys are still too large for low-field applications, in particular 
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in magnetic recording technology. However, applications of these systems at higher fields 
can be foreseen (for instance in the car industry). Furthermore, attempts to reduce the 
saturation fields are still in progress [141. 

In this paper we present an experimental study of structural, magnetic and transport 
properties of a series of (Co70Fe30)xAgl-, granular alloys (x  varying between 27 and 
47 at.%) prepared by sputtering. It has been shown that Col,Fe,/Cu multilayers with 
an Fe concentration in CO of the order of IC-30 at.% exhibit magnetoresistance (MR) ratios 
larger than those of Co/Cu multilayers [E]. It was therefore an aim of this work to 
see whether a similar MR enhancement occurs in this series in comparison with sputtered 
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2. Experimental details 

We used a triode DC sputtering system with two independent targets (50 nun diameter, one 
consisting of a CwoFe30 alloy, and the other of Ag) operating at different powers. The two 
targets were tilted such that the sputtered species were directed towards the substrate holder. 
The films were deposited on glass substrates at room temperature (RT) and liquid-nitrogen 
( L N ~ )  temperature (77 K). The base pressure was 5 x lo-‘ Torr, while sputtering was carried 
out in an Ar atmosphere of 0.8 x IO-’ Torr. Several glass substrates (3 mm by 25 nun) 
were fixed parallel to each other on the substrate holder (70 nun diameter). Owing to the 
geometry of our system, the flux from each target was not uniform over the substrate holder 
but rather showed an overall inhomogeneity of about 20%. As a result, when cosputtering 
of C@oF%o and Ag was performed from the two targets, a concentration gradient was 
obtained across the series of substrates. This allowed for the preparation of 14 samples of 
various compositions in the same run. The inhomogeneity in magnetic concentration over 
each sample (3 mm wide) is of the order of 1 %. The total thickness of the films was 
about 1 pm. The concentration of the magnetic species (CWOF~~O), measured by electron 
dispersion spectroscopy using a JEOL-JSM-840A scanning microscope, showed a variation 
between 27 and 47 at.% along the series of substrates. The crystallographic structure of 
the samples was investigated by conventional 8-28 x-ray diffraction using CO Ka radiation 
and by transmission electron microscopy (EM) using EOL 20KX and JEOL 4OOOFX 
microscopes. For E M  observations, classical cross sections thinned by argon ion milling 
were used. The temperature of the sample can rise to about 400 K during the thinning 
process. For samples prepared at 77 K, which are highly metastable, this rise in temperature 
leads to a significant structural evolution of the film. Therefore reliable conclusions could 
not be derived from TEM observations on these as-deposited samples prepared at 77 K. For 
samples prepared at W, measurements of electrical resistivity during annealing indicates 
that little structural evolution occurs up to 400 K so that the thinning process should not 
affect the structure of the film. 

Magnetic moment measurements were performed with a SPUD magnetometer in the 
ranges 0-6 T and 1.5-300 K. The local magnetic properties of the Fe atoms were 
investigated by Mossbauer spectroscopy in transmission geometry at RT in zero field, using 
a 100 mCi 57C0 source in a Rh matrix. Electrical resistivity measurements were performed 
using a four-point probe and a lock-in amplifier in the Ac mode in the ranges 4-300 K and 
0-6 T. 
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3. Results and discussion 

3.1. Structural properties 
In order to explain the essential features of the structural properties, we present here the 
results obtained for heterogeneous alloys containing 36 at.% of CqoFe30. This composition 
is of particular interest in this series since it gives the largest MR amplitude of all the 
compositions investigated (see figure 9). Detailed x-ray measurements and TEM observations 
were made on samples of this particular composition. 

Figure 1. (a) Comparison of 8-28 x-ray 
spectra of hvo samples of the wmpsition 
(%&30)36AZM P W m d  at LN t~Inpe1- 
ature and UT, respectively (am arbitrary 
units). (b) X-ray spectra of the same sam 
ple (prepared at LNZ temperahlre) in the as- 
deposited sW.e and after WO successive an- 
neals for 10 min al Mx) and 700 K (a.". ar- 

60 35 40 45 50 55 
29 bitrary units). 

Figure l(a) shows the x-ray spectra for samples deposited at 77 and 300 K. Only (1 11) 
lines are visible for F c c  Ag when 20 is scanned between 40" and 120". indicating that 
the asdeposited samples have a pronounced (111) texture. The vertical line in figure 1 
indicates the expected position of the diffraction peak for bulk Agflll). The position of 
the Ag( 11 1) peak in the actual sample is shifted towards larger angles, indicating either 
compressive strains in the Ag lattice or the existence of a solid solution of CO and Fe in Ag. 
In the samples deposited at 77 K, the magnetic atoms are very finely dispersed in the Ag 
matrix since absolutely no hint of C@oFe~o peaks is observed in the spectrum. A metastable 
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alloy has been formed in which the CO and Fe atoms are almost randomly distributed in 
the Ag polycrystalline matrix. In contrast with this, samples deposited at 300 K possess a 
shoulder which can be seen in the amplified part of the spectrum, indicating the formation of 
ComFeso precipitates. The size of these precipitates estimated from TeM observations (see 
later) is nevertheless smaller than 10 A. For both deposition temperatures, the Ag(l11) peaks 
are quite broad, which indicates small grain sizes, non-uniform strains or inhomogeneous 
alloying between Co70Fe~ and Ag on the atomic scale. The peaks in the x-ray spectra are 
nevertheless narrower for samples deposited at 300 K (larger grains and better segregation 
between CmoFe30 and Ag during deposition) than for samples deposited at LNz temperature. 

Figure I(b) shows x-ray specwa of a sample deposited at 77 K after two successive 
annealing treatments at 600 and 700 K for 10 min. The spectrum of the as-deposited 
sample is shown at the top of the figure for comparison. The vertical scale on the right- 
hand side of the spectra is expanded for clarity. Owing to the high metastability of the 
as-deposited samples, a large structural evolution occurs upon annealing. A progressive 
increase in the Co70Fe30 peak clearly appears in figure l(b). The Ag(lll) and Co70Fe30 
peaks become narrower and shift progressively towards their respective bulk values. These 
effects are due to a progressive segregation between Ag and CwoFe30 which leads to grain 
growth and sbain relaxation and to an overall improvement in the crystallographic structure. 
The upper limit of the grain sizes estimated from the width of the lines after annealing at 
700 K for Ag and Co70Fe30 are 210 A and 70 A, respectively. Even after annealing at this 
temperature, only reflections in (1 11) directions were observed, indicating that the texture 
of the films remained unaltered. 

TEM observations confirmed the x-ray results and provide additional information about 
the crystallography and grain size. lko samples have been investigated. One was an as- 
deposited sample of the composition (Cw0Fe~~)36Ag~ prepared at 300 K. The other, of the 
same composition, was prepared at 300 K and annealed at 700 K for 10 min. 

Figure 2 provides a qualitative comparison of the texture of these two samples. The 
diffraction patterns of the samples are shown in figures 2(c) and 2(d). For both samples, 
Ag spots were observed, confirming the ( I  11) texture determined by x-ray diffraction. The 
spots associated with the diffraction by the magnetic precipitates were hardly visible. In 
the annealed sample, clear Ag diffraction spots and fainter CwoFe30 spots, visible in the 
diffraction pattern in figure 2(d), show the good crystallography of the sample. Dark- 
field images (figures Z(a), 2(b) and 3) have been obtained by selecting particular spots in 
the diffraction patterns. The selected spots are respectively associated with the following 
characteristics (figure 2(d)): 
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position A: selection of all Ag and QoFe30 grains having a (1 11) texture; 
position B: selection of one family of (1 11) textured Ag and CwoFe30 grains seen along 

position C selection of some CwoFe30 precipitates having a ( I  11) texture. 
Figures 2(a) and 2(b) are dark-field images of the two samples taken with the aperture in 

position A. The white parts on the figure come from Ag and CwoFeM grains having a (1 11) 
texture. This texture is visible in the as-deposited sample (figure 2(a)) but is clearly more 
pronounced in the annealed sample (figure 2(b)). The morphology of the sample deposited 
at RT looks granular. In the annealed sample (figure 2(b)), a large improvement in the 
crystallographic structure is observed. Strong moir.4 contrasts are seen corresponding to a 
multiple diffraction of the electrons by the Ag and CwoFqo grains. Such moir6 contrasts 
are not seen in the former samples in which the Co,oFe30 precipitates are too small to be 
visible (less than IO A). A columnar structure of the annealed sample can already be seen 
in figure 2(b). It appears much more clearly in figure 3(b) with the aperture in position B. 

one particular (01 1) direction; 
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Figure 2. (a), (b )  Dark-field images of %-deposited samples (a )  prepared at 300 K and (b) 
annealed at 700 K (after preparation at 77 K)  for IO min, with the aperture at pasition A of 
the diffraction pattem. (c )  ( d )  Corresponding diffraction panems. The different positions of the 
aperture used in the EM dark-field observations are indicated in ( e )  and ( d ) .  

Figures 3(u) and 3(b)  illustrate the improvement in the columnar structure of the samples 
upon annealing. These dark-field images have been taken with the aperture in position B. 
The white parts correspond to a family of (1 11) textured grains viewed along a particular 
(011) direction. In the as-deposited sample (prepared at RT) (figure 3(u)) a tendency towards 
a columnar structure is observed. However, the columns are rather narrow ( 1 W 0 0  A) 
and do not extend throughout the deposited layer. After annealing at 700 K for 10 min 
(figure 3(b)), a large improvement in this columnar structure is observed. The contrast 
between neighbouring columns is much more pronounced and they extend over much larger 
distances. In each column, silver is crystalline and keeps the same orientation to within 
a few degrees. The columns may be considered to be either single crystals with a large 
density of structural defects (these defects include the cobalt-iron precipitates) or families 
of small adjacent grains having approximately a common orientation. The diameters of the 
columns range from 200 to 700 A. 

In figure 3(c), a family of Co70Fe30 precipitates has been selected with the aperture in  
position C. The location of these precipitates corresponds to the moird contrasts observed 
in figure 2(b).  In this annealed sample, the magnetic precipitates look rather compact. 
They have an almost round shape and their sizes range between 20 and 60 A. They could 
not be observed in the as-deposited samples because of their excessively small size (less 
than 10 A). The crystallographic orientation of these precipitates is coherent with the local 
orientation of the Ag matrix since they follow the columnar structure of the matrix. The 
resolution is not high enough to determine whether the magnetic precipitates are entirely 
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Flplre 3. (a). (b) Dark-field images of (0 )  the &<-deposited sample (prepared at 300 K )  and 
(b) after annealing at 7W K for IO min (aperture at position B in figure 2(c)). (c) Dark-field 
image of the CquFer, precipitates in the same annealed sample as (b)  (apenure at position C 
in figure Z(d)). 

coherent with the matrix (i.e. no interfacial dislocations) or whether they are only partially 
coherent (the presence of interfacial dislocations). However, in a comparable series of 
alloys, NiFe,Ag,-,, we did observe, with an atomic resolution, that the Ag matrix contains 
a large density of structural defects. In fact, a strong relaxation occurred via the formation 
of dislocations around the magnetic grains [12]. A similar nanostmcture probably exists in 
the present series of alloys. 

3.2. Magnetic properties 

Figure 4(0) shows the magnetization curves M ( H )  of an as-deposited sample of the 
composition (C*OFe&6Aga prepared at 77 K, and figures 4(b) and 4(c) those after two 
successive anneals at 700 K and 900 K, respectively, for 10 min. The data are expressed in 
electromagnetic units per cubic centimetre of film. W O  main results must be emphasized. 
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Figure 4. Magnetization curves measured at various 
tempemhues of (a) an as-depasited sample of the 
cumpasition (CqoFedxAgsl, (b)  of the same sample 
after annealing al 100 K for 10 min and (c) of the same 
sample after huther annealing at 9W K for 10 min. 

F i p  5. ZFC aod FC (at 40 Oe) thermal variation in 
the magnetization of (a) an as-depasited sample of the 
composition (CqoFew),sAga (prepared at I1 K), (b) 
of the same sample after annealing at 7W K for IO min 
and (c) of the same sample after funher annealing at 
900 K for 10 min (a”. arbitmy units). 

The first point concerns the behaviour of the remnant magnetization above 150 K. The 
remnant magnetization is rather large in the as-deposited sample. It drops to almost zero after 
the first anneal at 700 K but increases after a further anneal at 900 K. This behaviour contrasts 
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with that observed for the Co-Cu, Fe-Ag 1111 and NiFe,Agl-, series [U] .  For this latter 
series, in the range of compositions for which x c 25 at% (x  = 25 at.% is the composition 
for which the largest MR is obtained), the as-deposited samples are superparamagnetic at RT. 
Upon annealing, a large enhancement in the ferromagnetic contribution to the magnetization 
occurs. The opposite tendency observed in ( C O , ~ F ~ ~ ~ ) ~ A ~ ~ ,  between the asdeposited 
and the annealed samples is probably related to the change in the nanostructure of the 
CwoFe30 precipitates upon annealing. The magnetic part of the as-deposited samples 
consists of small ferromagnetic cores rich in CO and Fe surrounded by a ramified envelope 
of (C0,0Fe30),Agl-~ alloy. These ramifications act as magnetic bridges between CqoFe30 
particles, leading to a largely ferromagnetic behaviour of the system. Upon annealing, 
CqOFe30 tends to coalesce, forming more compact precipitates. The magnetic bridges 
between particles are broken so that the magnetic precipitates become superparamagnetic 
at RT. Further annealing (at 900 K for 10 min) leads to an increase in the size of magnetic 
precipitates and correlatively to an increase in the blocking temperature (reinforcement of 
the ferromagnetic behaviour) as observed in the NiFe,Agl-, series [I21 (see also figure 5(c) 
later). The increase in remnant magnetization in figure 4(c) is due to the more hysteretic 
behaviour of these blocked precipitates. 

The second point concerns the thermal variation in the magnetization of the as- 
deposited and annealed samples. The magnetization curves are much more temperature 
dependent for the as-deposited sample than for the annealed samples. The higher the 
annealing temperature, the weaker is the temperature dependence of the magnetization. 
In the asdeposited sample prepared at 77 K, the magnetic species are dispersed in very 
fine and ramified particles (size smaller than 10 A). The large temperature dependence 
of the magnetization observed in figure 4(u) is due to the thermal activation of these 
ramified and interconnected particles. Upon annealing, as discussed above, the CO and 
Fe atoms coalesce, leading to the disappearance of these tiny precipitates. As the size of 
the magnetic precipitates increases, the magnetization processes become more and more 
determined by a balance between the applied field and the shape anisotropy of each grain 
or couplings between grains (magnetostatic or MY). The temperature no longer influences 
the magnetization curves (figure 4(c)). At low temperatures, some hysteresis appears. The 
coercive field is of the order of 500 Oe at 4 K. This hysteresis also appears in the MR curve 
(see figure 12 later). 

Figures 5(u)-5(c) show the zero-field-cooled (ZFC) and field-cooled (E) (in 40 Oe) 
magnetization curves M ( T )  for the same samples as in figures 4(u)-4(c). In the as- 
deposited sample, a completely reversible M ( T )  variation is observed above 20 K. The 
very rapid increase in the ZFC magnetization between 1.5 and 20 K is consistent with 
the large remnant magnetization observed at low temperatures in the magnetization curve 
(figure 4(u)). In the range 10-20 K, a field of 40 Oe is sufficient to induce a magnetization 
in the system corresponding to three fiftbs of its value in 10 kOe (figure 4(u)). Above 20 K, 
the observed reversible decay of the magnetization is mainly due to the alteration of this 
low-field magnetization by thermal activation. Extrapolating the M ( T )  variation between 
30 and 400 K leads to an estimate for the Curie temperature of 380 K, which is much lower 
than that of pure CO or pure Fe. This reduction in T, is due to alloying between Ag and 
CwoFew and to a finite size effect. 

After annealing at 700 K (figure 5(b)), a large thermal hysteresis is observed below 
200 K. The M ( T )  and M ( H )  curves (figure 4(b)) indicate superparamagnetic behaviour 
above 230 K. The broad distribution of blocking temperatures is associated with the 
distribution of the size of the superparamagnetic clusters. The upper limit of this distribution 
(which corresponds to the largest clusters) is given by the temperature at which the zpc 
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curve becomes reversible (230 K in figure 5(b)). The Curie temperature in the annealed 
samples has significantly increased in comparison with that of the as-deposited samples. 
After the second anneal (figure 5(c)), the blocking temperature has increased above RT. The 
thermal variation in magnetization between 300 and 1.5 K (FC curve) becomes comparable 
with that of the bulk CcqoFeN alloy. 

I I 36 at.%, deposited at 77 K 
as-deposited 

I 600 K, 10min. I 

I , I , , , , )b)/ 
99.0 

I 700 K, 10 Inin. 

h 100 
E? 

6 99.0 

v 
I 
0 

( C )  

98.0 I 

- 8 - 6 4 - 2 0  2 4 6 8 
Velocity (mm/s) 

Figure 6. Massbauer spears at rwm temperature 
of (a) an as-deposited sample of the composition 
(CqOFed36Agar. (b)  of the same sample after an 
anneal at 600 K for IO min and (c) of the same sample 
after a semnd meal at 700 K for 10 min. 

,-. 
'4 
I 

LIL 

v - 
B 
;;1 

0 2 4 H(kOe) 10 12 14 

Figure 7. Fenomagnetic resonance spectra measured 
at ra and 9.7 GHz of (a)  an asdeposited sample of the 
composition (CqoFe&,A&. (b) of h e  same sample 
after annealing ai 700 K for 10 min and (c) of ule 
same sample alter further annealing at 900 K for 10 min 
(same conditions as in figures 4 and 5 )  (au. arbitrary 
units). 
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Figure 6(a) shows the Massbauer spectrum obtained at RT for the same as-deposited 
sample as in figures 4 and 5 (36 at.% CqoFe30 prepared at 77 K). The spectra in figures 6(b) 
and 6(c) correspond to the same sample after annealing at 600 K and 700 K, respectively, 
for 10 min. The parameters deduced from the fits of the spectra are collected in table 1. The 
spectrum of the as-deposited sample shows the superposition of a paramagnetic contribution 
(which comes from the Fe atoms which are. the most finely dispersed within the Ag matrix) 
and a fmmagnetic contribution. The spectrum associated with this latter contribution is 
characterized by a broad linewidth and low values of the hyperfine fields. These features 
are typical of amorphous Fe alloys and are consistent with the very fine dispersion of the 
magnetic species in the Ag matrix observed by E M .  The Fe moments lie approximately in 
the plane of the film, probably because of the overall shape anisotropy of the sample. 

-le 1. Hyperfine parameters corresponding to MGssbauer spectra measured at 300 K (figure 6). 
The nonmagnetic wntribution is related to isolated Fe atoms or to Fe a"s in a paramagnetic 
environment. The magnetic contribution was fitted with a hyperline field distribution wrrelated 
with an isomer shift disuibution. (IS) and ( H )  are the mean value of the isomer shifD relative 
to Fe in Rh and the hyperfine fields. respectively. h is the mean angle between the hyperline 
field direction and the normal of the film plane. 

Value for the following samples 

Sample Parameter (units) As deposited Annealed at 600 K Annealed at 700 K 
Non-mametic (96) 13.4 45.0 3.9 

(IS) (mm s-I) 0.040 -0.039 -0.020 

r (mm s-I) 0.74 1.35 0.24 
Magnetic (5) 86.6 55.0 96.1 

(Is) (" 5-1) 0.074 -0,050 -0.110 
(H). 0 15.8 22.2 32.4 
H8Uin-H- 4.9 --t 232 10.1 + 33.3 29.3 + 34.3 
h 70 54 54 
r (m S-9 0.32 0.66 0.31 

ps (" s-I) 0.90 0.40 0.48 

After the first anneal at 600 K, a large modification is observed in the spectrum 
(figure 6(b)). The paramagnetic contribution has significantly increased while the 
ferromagnetic part has been reduced. This is consistent with the SQUID measurements 
(figure 4) which show a decrease in remnant magnetization upon moderate annealing. This 
effect has been interpreted as being caused by a decoupling of the Co7oFem precipitates due 
to the disappearance of the magnetic bridges between grains as discussed above (figures 4(a) 
and 4(b)). 

After further annealing (700 K for 10 min), the spectrum indicates quite a dominant 
ferromagnetic behaviour, although a small paramagnetic contribution remains. The 
hyperfine field Hhf is no longer distributed (see table I). indicating a well crystallized 
nanostructure of Co,OFe30 grains. The values of Hu are the same as in bulk Co,oFeso alloys 
[16]. It should be pointed out that the blocking t e m p t u r e  for Mossbauer measurements 
(characteristic time of s) is about 3 times the blocking temperature for SQUD 
measurements (characteristic time of 1 s). This explains why the sample annealed at 700 K 
appears ferromagnetic from Massbauer data (figure 6(a)) and superparamagnetic from SQUD 
data (figure 4(b)). Furthermore, in the annealed sample, the Fe moments lie at an average 
angle of 54" from the normal to the film plane (see table I)  which in fact indicates an 
isotropic distribution of these moments. 
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Ferromagnetic resonance (FMR) (at 9.7 GHz) measurements (figure 7) at RT have been 
carried out on the same as-deposited and annealed samples as those used for the SQUID 
measurements (figures 4 and 5). For each sample, a series of spectra has been collected 
corresponding to various orientations of the applied field with respect to the plane of the film 
(from 0" (in-plane configuration) to 90" (perpendicular configuration)). For the as-deposited 
sample, a typical ferromagnetic line is observed which shifts towards larger resonance fields 
as the sample is rotated from the in-plane to perpendicular configurations. Such a shift 
indicates an overall in-plane anisotropy which is consistent with the Miissbauer results. The 
in-plane anisotropy field 4nM, - H. can be estimated from the shift of the resonance lines 
between 0 and 90". On the assumption that the magnetic species form a continuous thin 
film, the resonance fields in the plane of the film are perpendicular to the plane given by 
U71 

and 

W 
HL = (4nM, - Ha) + - . 

Y 

Taking the experimental values wl = 2000 Oe, f f ~  = 6700 Oe and o / y  = 3220 Oe, 
one finds that 4nM, - Ha = 3500 Oe. Furthermore, the magnetization of this sampfe 
of around 6 kOe at RT is of the order of 270 emu C I I - ~  (see figure 4(4)). This leads to 
4nM, N 3400 Oe and therefore Ha N -100 Oe. This indicates that the main contribution 
to the in-plane anisotropy in this sample is simply the overall shape anisotropy of the film. 

After annealing at 700 K (figure 7(b)), three lines are observed 

(i) a ferromagnetic line which is mainly visible when the applied field is perpendicular 
to the plane of the sample; 

(ii) a paramagnetic Iine which does not sh i t  when the sample is rotated (resonance field 
equal to o / y  = 3200 Oe). This line can be ascribed to a very small paramagnetic clustering 

(iu) a line at very low fields which is mainly visible when the field is applied in the 
plane of the sample (such a low-field line has already been observed in the FMR spectra 
of NfieZAgl, granular alloys 1121 and has been ascribed to the incoherent precession of 
supermagnetic clusters). 

Therefore the present results are consistent with an increase in the superparamagnetic 
contribution to the magnetization of the sample after the first anneal. The width of the 
ferromagnetic line has significantly increased in comparison with figure 7(a). Correlatively, 
its intensity has decreased (the gain of the detector is larger in figure 7(b) than in figure 7(a)). 
This increase in the width of the line indicates a broadening in the distribution of the internal 
field which is probably associated with a large distribution in the size and shape of the 
magnetic particles (consistent with the isotropic distribution of Fe moments observed by 
Mossbauer spectroscopy in annealed samples). 

After the second anneal, the intensity of the ferromagnetic line has again decreased 
because of further broadening in the disbribution of the internal field acting on the magnetic 
precipitates. The intemal field becomes more and more widely distributed, probably because 
of the increase in the role of the shape anisotropy of the individual magnetic grains and 

of Co70Fe30; 
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of the magnetostatic coupling between particles. The fact that the blocking temperature 
of this sample is very close to room temperature (see figure 5(c)) may also lead to an 
amplification in the inhomogeneity of the internal field acting on the magnetic clusters. 
A small paramagnetic line is still present, indicating that, despite the high annealing 
temperature, a small fraction of the magnetic species is still dispersed in the Ag matrix. 

3.3. lkansport properties 

3.3.1. Electrical resistivity. The electrical resistivity of the as-deposited samples is plotted 
in figure 8(a) versus the concentration of magnetic species. The resistivity of the samples 
deposited at 77 K is about 50% larger than the resistivity of those deposited at RT. This 
is consistent with the higher degree of structural disorder of the samples prepared at LN2 
temperature observed by x-ray diffraction and TEM studies. The resistivity of these alloys 
(measured at 16 kOe) almost does not depend on the magnetic concentration. It is of the 
order of 40 pi2 cm for the samples prepared at 77 K, compared with 27 ps1 cm for the 
samples prepared at RT. This may indicate that increasing the magnetic concentration does 
not change the density of CqoFeso-Ag interfaces very much but instead leads to an increase 
in the size of the magnetic precipitates. It is interesting to note that the resistivity in zero 
field shows a maximum at around 35 at.% CqOFeM owing to the magnetoresistance which 
leads to an increase in resistivity at low fields (for a larger magnetic disorder, see below). 

S R Teixeira et a1 

50 

45 

-40 B 
G 35 

25 30 35 40 45 50 
Conc. CoFe(at.%) 

1.2 

1.0 

0.8 

2 0.6 

0.4 

0.2 

d 

0.0 - 
300 400 500 600 700 

T(K) 
Figure 8. (a) Variation in L e  resistivity at RT and 0 and 16 kOe versus ComFem atomic 
concentration for two series of samples prepared at LNZ tempemhue and m, (b) Variation in L e  
resistivity of a m p l e  of the composition (C!mFego)36Aga upon annealing. llx tempemure is 
scanned up and down between RT and a0 incmsingly high temperature at a m e  of 2 K mia-'. 

Figure 8(b) shows the evolution of the resistivity upon annealing for the sample of 
concentration 36 at.% Co70Fe30. In this experiment, the temperature was scanned up and 
down at a rate of 2 K min-' between RT and an increasingly high temperature. As already 
observed for the NiFe,Agl-, series [12], the variation in the resistivity exhibits two types 
of behaviour: reversible variations associated with phonon and magnon scattering and an 
irreversible decrease associated with the structural evolution of the alloy. ?he structural 
evolution involves a demixing between Co,oFe30 and Ag, an increase in the size of the 
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CqOFe30 and Ag grains, an increase in the size of the crystallites and a decrease in the 
density of crystallographic defects (grain boundaries and dislocations). The resulting relative 
drop in resistivity p is quite large (a factor of 5). 

3.3.2. Magnetoresistance. The resuIts of MR measurements are shown in figure 9. 
Figure 9(a) shows the MR amplitude [R(H,, = 16 kOe) - R(O)I/R(O) of two series 
of as-deposited samples prepared at 300 and 77 K versus the Co70Fe30 content. The MR 
shows a peak for both series at 36 at.% CqoFeso. This value is quite different from the 
values obtained for Fe-Ag, NiFeAg and Co-Cu heterogeneous alloys [2]. the magnetic 
concentration at which this maximum occurs corresponds to a threshold above which 
ferromagnetic couplings between grains become too large and prevent the necessary change 
in the relative orientation of magnetizations in neighbouring grains from random in zero field 
to parallel at saturation. The fact that this threshold occurs at higher magnetic concentrations 
than in the other series of alloys indicates a more compact shape of the magnetic precipitates 
in the as-deposited samples. This may be ascribed to the larger immiscibility of CO in Ag 
than of CO in Cu or of Ni in Ag 1181. In other respects, the increase in the M R  at low 
increasing magnetic concentration i s  ascribed to the increasing density of spin-dependent 
scattering centres and correlates to a decrease in the shunting effect through the Ag matrix. 
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Figure 9. Variation in the bm amplitude at 16 Figure 10. bm curves measured at 16 b e e n  
(om between 0 and 16 kOe) versus CqoFelo atomic 0 and 16 kOe for a sample of the "pos i t ion  
concentration for two series of samples prepared aI L N ~  (CqoFe&6Ag@ after successive anneals for IO min 
t e m p "  and 16. at various temperatures. 

The larger MR amplitude observed for samples deposited at RT in comparison with those 
deposited at 77 K may be ascribed to their different nanostructures. In the samples prepared 
at 77 K, the magnetic species are almost randomly distributed in the Ag matrix while, in 
those prepared at RT, small Cw0FeM precipitates can be observed. This is confirmed by the 
difference in their resistivities (60 fiLQ cm for the sample with 36 at% CqoFe30 prepared 
at 77 K compared with 40 fiLQ cm for the samples prepared at RT). 
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The effect of the annealing temperature on the MR is illustrated in figure 10 for samples 
with 36 at.% CwoFe30 prepared at 77 K. All successive anneals had a duration of 10 min. the 
MR amplitude first increases with increasing annealing temperature and reaches a maximum 
after annealing at 570 K for 10 min. At this stage, the size of the magnetic precipitates, 
estimated from TEM observation, is distributed between 15 and SO A. 

As already observed for the (Niie),Agl-, series [12]. the MR curves consist of a rather 
steep decrease in low fields followed by a tail at high fields. The initial decrease in resistivity 
has the same physical origin as the GMR in magnetic multilayers. It is associated with the 
rotation of the magnetizations of the grains in the direction of the field. In contrast, the 
long m tail at high fields is ascribed to a progressive saturation of the paramagnetic or 
superparamagnetic fluctuations. Note that the variation in the slope of the MR curves at 
large fields (above 8 kOe) with the annealing temperature (an increase in the slope up to 
an intermediate temperature of about 550 K and a decrease above) is consistent with the 
discussion of the magnetic results (an initial increase in the superparamagnetic contribution 
to the magnetization up to an intermediate annealing temperature and then a decrease for 
higher annealing temperatures). 

The M R  amplitudes observed at RT in this series of alloys are fairly large ( A R / R ( H  = 
0) = 20% equivalent to A R / R ( H  = Hat) = 2S% at Hw = 10 kOe). These amplitudes 
are larger than those for sputtered CO-Ag 131 in which pure CO is used instead of C070Fe30. 
The same trend has been previously observed in magnetic multilayers [15] for which 
CMFelo/Cu multilayers exhibit a larger MR than Co/Cu multilayers. It seems, however, to 
depend on the conditions of preparation of the samples 1191. The observed increase in the 
magnetoresistance of ( ~ o F e 3 0 ) ~ A g ~ - ~  granular alloys may be due to an enhancement of 
the bulk spin-dependent scattering within the CO magnetic particles by the introduction of 
a small amount of Fe in the volume of these particles. 

Figure 11 represents the initial slope a(AR/R) /aH[H=o  of the MR curve measured at 
RT versus annealing temperature for the same sample as in figure 10. A maximum slope 
of 18% kOe-’ has been obtained after annealing at 700 K. It is interesting to note that 
the annealing temperature which gives the largest slope is not the same as the optimal 
temperature for the largest MR amplitude (600 K). this difference comes from the different 
behaviours of the MR amplitude and the saturation field upon annealing. 

Figure 12 shows the variation with temperature in the MR of a sample of composition 
(Co7oFe3&Ag@ after optimized annealing at 600 K for 10 min. The MR increases quite 
significantly as the temperature is decreased. As discussed in detail in [I21 in regard to 
the (Ni~oFe~),Agl, series, there are two main origins of the MR in granular alloys: the 
GMR which originates from the spin-dependent scattering of conduction electrons at the 
interfaces or in the bulk of the magnetic grains, and the scattering of paramagnetic or 
superparamagnetic fluctuations. As the temperalure is decreased, the former conhibution 
increases, leading to the steeper and steeper MR slopes observed in low fields. This increase 
is mainly due to the decrease at low temperatures in the spin-flip scattering of conduction 
elect” caused by paramagnetic fluctuations. On the other hand, the scattering by magnetic 
fluctuations, which leads to the long MR tails observed at large fields, decreases at low 
temperature owing to the decrease in the density of these fluctuations. 

The hm amplitude that we have obtained in these series of alloys is among the 
largest reported so far at 20 kOe [2] and 4 K ( A R / R ( H  = 0)  = 0.44 equivalent to 
A R / R ( H  = 20 kOe) = 0.75). 
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Figure 11. bitid slope of the MR curve at RT tor 
a sample of the composition (c4oFe&6Ag~ after 
successive anneals for 10 min at vxioous remperatures 
(derived from the same data as figure 9). 

Figure 12. MR curves meas& at various temperatw 
between i20 kOe for a sample of the composition 
(CqoFe%)36AW &er annealing for IO min aI 600 K. 
The inset shows the thermal variation in the amplitude 
Of the MR. 

4. Conelusions 

We have investigated the structural, magnetic and transport properties of the 
(CqoFe30)xAgl-, series of granular alloys. Several original features have been found 
in these alloys in comparison with other previously studied series such as Co,Cul, or 
NiFe,Ag,_,. The magnetic precipitates are clearly more compact in the as-deposited and 
annealed samples than in the other series listed above. Up to 36 at.% of C9OFeso can be in- 
troduced into the Ag matrix before creating magnetic bridges between particles (compared 
with 25 at.% NiFe, particles in Ag). Upon moderate annealing, the superparamagnetic 
contribution to the magnetization increases (associated with round magnetic precipitates in 
annealed samples). Quite large MR amplitudes ( A R / R ( H  = 0) = 0.20 at 10 kOe) and MR 
slopes (a(AR/R) /aHIH=o = 18% kOe-l) have been obtained in these series of alloys at 
RT, 
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