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Giant Magnetoresistance and Anomalous Hall Effect 
in Co-Ag and Fe-Cu, Ag, Au, Pt  Granular Alloys 

Gang Xiao, J. Q. Wang, and Peng S o n g  
Department of Phyricr, Brown Univetrity, Providence, Rho& bland 02912, USA 

AGrtrcrct-Magnetotransport and magnetic prop- 
erties have been studied in Co-Ag and Fe-Cu, Ag, 
Au, Pt alloys. In every system except Fe-Pt, gi- 
ant magnetoresistance (GMR) was observed. We 
have characterised the GMR effect as we var- 
ied the volume fraction of the magnetic parti- 
cles, as well aa the particle sise. We have also 
observed anomalous Hall effect and will present 
other transport parameters obtained in these sys- 
tems. 

I. INTRODUCTION 

The study of electron transport in artificial structures 
has become an important trend in condensed matter 
physics and materials science. Many exciting electron 
behaviors have been discovered in structural configura- 
tions different from the conventional homogeneous struc- 
tures. Among the new behaviors, the giant magnetore- 
sistance (GMR) effect is particularly astounding[l-3]. In 
an applied magnetic field, certain magnetic multillyrers 
display a large response in resistance by as much as 
100%. Recently, a stunning development has introduced 
a new dimension to the research of GMR. It has been 
reported that GMR also occurs in granular materials in 
which magnetic single-domain particles are embedded in 
a metallic matrix [4,5]. The mechanism of GMR is be- 
lieved to be the spin-dependent scattering of the conduc- 
tion electrons by magnetic entities[6,7]. At  this primary 
stage, many important questions need to be addressed 
regarding GMR effect in granular structures. In this pa- 
per, we present a systematic study of magnetotransport, 
both resistivity and Hall effect, in five binary systems. 
Some universal features with respect to GMR have been 
uncovered. In addition, Hall effect is highly unconven- 
tional. 

II. EXPERIMENT 

All of our samples were made by using a high vac- 
uum sputtering deposition system. Before each run, a 
background vacuum better than 1 x lo-' Torr was first 
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achieved. The AI sputtering gas pressure was maintained 
at 4 mTorr. The silicon substrate used was kept at am- 
bient temperature, except for CeAg system where the 
substrate wan held at 77 K. The sampler were either cu- 
deposited from two individual pure targets or deposited 
with a single composite target. In the co-deposition 
mode, the composition of a sample was set by the sput- 
tering rate of each source. This was an efficient process 
which yielded many samples with different compositions 
after each pumpdown. The samples fabricated by both 
methods exhibited very similar transport and magnetic 
properties. The thickness of a sample is between 200 
nm to 1 pm. We made sure that all samples were thick 
enough to have the bulk properties. To induce phase s e p  
aration, we annealed some samples at various tempera- 
tures (7'') in vacuum (5 1 x lo-' Torr). The duration 
was about 10-15 minutes. 

The standard photolithography and wet-etching tech- 
nique were used to pattern our samples for resistivity 
and Hall effect measurement. The magnetic proper- 
ties were measured by employing a SQUID magnetome- 
ter. Transmission-electron-microscope (TEM) was used 
to probe the microstructure. X-ray diffraction was also 
used to obtain structural and phase information. 

In. STRUCTURES 

GMR in granular solid was discovered in Cu-Cu alloys 
which consisted of two immiscibk elements[4,5]. Thermal 
annealing induces phase separation which is considered 
crucial to GMR. We have chosen five binary alloy systems 
whose equilibrium phase diagrams differ substantially. In 
Co-Ag, Fe-Ag, and Fe-Cn systems[8], the mutual solubil- 
ities of the two elements in each system are very small 
or practically sero in equilibrium. Furthermore, they do 
not form concentrated alloys or intermetallic compounds. 
The phase diagram of the Fe-Au system [8] is similar to 
those of the above three systems, except that Fe is par- 
tially soluble in Au ( z  < 10%). Fe-Pt [8], on the other 
hand, does have many intermetallics, and serves as a 
good counterpart to other systems. Because of the gran- 
ular structure, we use the parameter of volume fraction 
(2) to specify a sample. The value of z was determined 
using the bulk d e d t y  of each element. 
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Sputtering deposition tends to generate metastable, or 
even amorphous, alloys, because of the inherent high 
quenching rate. As-sputtered samples are in general 
rather homogeneous, or if phase separation occurs, the 
precipitates are very small in sise (1-2 nm). These sam- 
ples can be annealed at various high temperatures to in- 
duce phase separation. The grain size increases steadily 
with temperature and duration. 

For the Co-Ag system, we studied a series of sam- 
ples, all having the same Co volume fraction of 20%, 
but with different thermal annealing history. X-ray and 
TEM analysis attest to the formation of a granular struc- 
ture with Co and Ag entities. The Co particle sise, about 
2 nm at TA = 200 C, increases to  about 13 nm at the 
maximum TA of 605 C. The annealing time was about 10 
min. 

In as-sputtered samples, X-ray analysis of the 
Fe,Aulao-, series indicated that metastable fcc alloys 
form up to z = 60%. Similarly, Fe,Culm-, samples have 
metastable fcc structure up to z = 50%. Thermal an- 
nealing of FesoCuso caused distinctive phase separation 
above 325 C. The as-sputtered Fe-Ag samples also have 
fcclih structures when x < 50%, however, the structural 
assessment was less conclusive due to the overlapping 
spectral lines of Fe and Ag metals. We point out that 
it is difficult to detect phase separation in as-sputtered 
samples, particularly in the Fe-poor region of an alloy. If 
phase separation occurs, the Fe grains are very small (1-2 
nm). Also the atomic number Z of Fe is much smaller 
than that of Au or Ag. TEM results on some of our 
as-sputtered samples indicate the existence of very fine 
grains (- 2 nm). A clear indication of phase separation 
was observed in the measurement of magnetic succepti- 
bility, which can be explained by the superparamagnetic 
mechanism. Data fitting with Curie-Weiss relation gave 
the average magnetic particle sise of about 2 nm. 

All of the Fe-Pt samples form fcc solid solutions as 
indicated in x-ray diffraction measurement. No granular 
structure is expected in this system. 

IV. RESULTS AND DISCUSSION 

Of the five binary systems studied, only the Fe-Pt al- 
loys fail to exhibit any GMR effect. The variation of 
magnetoresistance (MR) between H = 0 and 8 T is of 
the order of 1 %. Nevertheless, all of the Fe-Pt samples 
including a sample with x = 8% are strongly ferromag- 
netic with enhanced Fe magnetic moment (- 2 p ~ ~  / Fe 
atom). 

Co-Ag, Fe-Ag, Cu, Au systems display appreciable 
GMR effect at certain concentrations. They share the 
common feature that all are immiscible or nearly im- 
miscible systems. This indicates that certain degree of 
magnetic heterogeneity is necessary for the appearance 
of GMR. In an heterogeneous system, the volume frac- 
tion of the active component is an important parameter. 
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We have fsbricated the above systems over a large vol- 
ume fraction range. MR was measured in a magnetic 
field (H) range of -8 to 8 Tesla. Fig. 1 shows the MR, 
Ap,,/p,, (referred to the aero field p,,), obtained with 
H parallel and perpendicular to a film for some represen- 
tative Fe,AglW-, samples. We limited our measurement 
to low temperature (T = 4.2K) because there is no com- 
plication from phonon and magnon excitations. The elec- 
tron transport is mainly affected by disorder scattering 
as well as by spin-dependent magnetic scattering. 

The magnitude of MR in Fig. 1 is rather large, par- 
ticularly, when x is in the range of 13 to 24%. Another 
interesting feature is that MR is anisotropic, even though 
one would expect granular solids tend to  be isotropic. 
The anisotropy in MR is in fact the consequence of the 
anisotropy in magnetisation (M) in different H orienta- 
tion. Fig. 2 shows the magnetisation curves at  T = 4.2 K 
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FIG. 1. Magnetoredstance VI. in-plane (11) and out-of- 
plane (I) magnetic field for five representative Fe.Agioo-D 
sampleti at T = 4.2K. 
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FIG. 2. Perpen&& and puallel magnetic hysteresis 
curves for four representative Fe,Agloo-. sunpler at T = 4.2 
K. The curves with lower saturation fields are obtained in a 
parallel field. 

for four representative w p l e s  with H parallel and per- 
pendicular to the sample plane. We found that all of the 
samples including FerAgm are ferromagnetic at T = 4.2 
K and the saturated magnetisationis equal to that of the 
bulk Fe within our error limit. The anisotropy in M is 
caused by the thin-film shape anisotropy and possibly by 
the shape anisotropy of the individual particlea In the 
parallel configuration, M can be saturated more easily. 

X x 

q x  
QX a 

30 

20 

10 

0 

I I 

x (v0l.Z) 

FIG. 3. The magnitude of GMR (Ap../p..) VI. Fe vol- 
ume fraction z for as-sputtered samples of FcAg (open &- 
cles), Fe-Au (closed circles) and Fe-Cu (triangles). The lines 
are guides to the eyes. T = 4.2 K 

Correspondingly, the initial slope in MR is steep. A large 
slope offers better sensitivity if a sample is to be used aa 
a magnetic sensor. 

For the Fe-Ag, Fe-Cu, and Fe-Au systems, the volume- 
fraction dependence of Apao fpaa is shown in Fig. 3, 
where Apes = pzz(0) - pzz(8T).  A universal behavior 
is uncovered. In each series maximum GMR effect is 
achieved at z w 15 - 20%. On either side, GMR vanishes 
asymptotically towards I = 0 or I = 100%. This univer- 
sal behavior is an important feature in magnetic granular 
solids with GMR. We feel that the suppression of GMR in 
the Forich region is caused by the increasing probability 
of coalescence of the Fe clusters. As the cluster network 
becomes larger than the electron spin-flipping coherence 
length, GMR wil l  decrease, for the same reason that in 

FIG. 4. Magnetoresistance vs. H at T = 4.2 K for 
FeisAgw, FeloCu~o, and CsoAg,o annealed at various tan- 
p a a t w e  TA. 
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pure ferromagnetic metab MR is rather small. 
Another crucial parameter in granular solids is the par- 

ticle sire, which may have strong influence on GMR. In 
Fig. 4, we show the MR of Fe1sAgs7, FeloCueo, and 
Coa&gso annealed at increasiug TA. Again, a common 
behavior is revealed, in which GMR decreases as particle 
sire becomes larger. Note that the quantity Ap, . /pz ,  
does not bear a monotonic relation with TA. This is 
because the denominator p,, contains contribution from 
disorder scattering which depends on TA. On the other 
hand, A p z z r  which depends on magnetic scattering only, 
does decrease monotonically with TA. To assess the size 
effect more quantitatively, we have determined Co parti- 
cle sires in the CoaoAgm samples using TEM and mag- 
netic characterization. In Fig. 5 ,  A p , ,  is plotted against 
the inverse of the Co particle sire, l/rco. A linear re- 
lation Ap, ,  a l/rco is evidenced. l/rco is in fact 
proportional to the surface-to-volume ratio of a parti- 
cle. The linear relation suggests that interfacial mag- 
netic scattering is responsible for the GMR. In Fig. 5, as 
we extrapolate the data to l/rco = 0 (i.e. in bulk Co, 
roo + co), Ap, ,  is reduced substantially, but is not zero. 
This means that, at least in CoaoAgao, magnetic scatter- 
ing inside the bulk of a particle cannot be completely 
ignored. 
In addition to the evolution of the magnitude of GMR, 

another salient feature in Fig. 4 is the saturation process 
of MR. For the as-sputtered samples, MR remains un- 
saturated at the highest H. However, saturation becomes 
easier for samples annealed at higher TA. This is yet an- 
other important feature of granular systems with GMR. 
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FIG. 5. Ap” = p..(O) - pms(8T) at T = 4.2 K VS. the 
inverse of the Co particle rise, l/tCo, in Co2oAge.o. 

In application, one desires not only a large magnitude 
of GMR but also a fast saturation of MR in H. Accord- 
ing to Fig. 4 both are not achieved concurrently, some 
compromise needs to be made. 

To better characterize the spin-dependent scattering, 
we have also studied the Hall effect in our systems. Hall 
effect is also sensitive to the magnetic state of a mate- 
rial. It further provides crucial information on the carrier 
type, concentration, and electron mean free path if the re- 
siztivity is also known. Simultaneous study of Hall effect 
should be beneficial to a comprehensive understanding of 
GMR. Fig. 6(a) shows the Hall resistivity, p Z y ,  as a func- 
tion of H at T = 4.2 K for COaOAgm samples annealed 
at various temperatures. The results can be treated phe- 
nomenologically as the sum of two components 

p+y = Ro[H + 4*M( 1 - D)] + R,4*Ml (1) 

where the first term is due to the ordinary Hall effect 
(OHE) (D is the demagnetization factor), and the sec- 
ond term, resulting from a magnetic scattering, is the 
extraordinary Hall effect (EHE) proportional to M [9]. 
We denote = R,4*M. R, is negative in our sam- 
ples. The most interesting feature in Fig. 6 is that the 
EHE component, ey, decreases rapidly at high anneal- 
ing temperatures. The magnitude of EHE is measured 
by #; , which is obtained by extrapolating p Z y  (H) from 
the linear portion at high H to H = 0. In COaoAgao 
annealed samples, the saturated magnetization, M, , is 
142.9 emu/g within an error of f 5% at T = 4.2 K. 
Therefore, e; = CR,, where C is a constant. 

EHE is caused by spin-orbit interaction between con- 
duction electrons and disorders. Spin-orbit interaction 
[9] results in two distinctive mechanisms affecting the 
Hall effect. The first is the skew scattering which causes 
the electron trajectory to  deflect asymmetrically from its 
original path [9]. The second mechanism, a quantum me- 

FIG. 6. (a) Hd resistivity p l y ( H )  at T = 4.2 K for 
CqoAgoo samples annealed at 200, 330, and 605 C. (b) Cor- 
relation between p% and p.. for (2-0 Ag.0. n M the exponent 
in P c f .  = PZm. 
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chanical effect, is the so-called side jump, in which the 
electron trajectory is displaced transversely by a distance 
Ay (B 0.1 - 1A) while the direction remains intact [9]. 
For skew scattering, 

For side jump, 

(3) 

We plot e; vs. p,, in log scale in Fig. 6(b). The 
linear line obtained indicates that the correlation between 
the two quantities is still a power law, i.e. eY* a p;,. 
However the exponent n = 3.7 is the largest exponent 
ever observed. There is no mechanism that predicts such 
a large exponent [g]. 

In Fig. 6(b), the scaling relation is obtained using 
the p,, value at H=O. We choose this value because it 
includes contributions from both disorder and magnetic 
scattering. It is arguable whether the extrapolated value 
from high field is more appropriate. However, using the 
extrapolated p.= value does not alter the overall anoma- 
low relation between e; and pas .  It leads to a deviation 
from the simple linear relation shown in Fig. 6(b). But 
a least square fit still yields an exponent of 3.7. 

We feel that the large exponent, n, is still caused by 
the side-jump mechanism. However, unlike the conven- 
tional side-jump scattering where the scatterer is atomic 
in sise, the scatterer in granular structure is much larger. 
The side-jump mechanism should be sensitive to the si5e 
of the scatterer. The anomalous GMR and EHE effects 
presented here call for a more unified approach in treat- 
ing the magnetotransport of heterogeneous magnetic sys- 
tems. 

From the OHE at high H, we have calculated the car- 
rier concentration, nH, assuming the existence of a simple 
parabolic energy band. Independent of annealing tem- 
perature, nH turns out to be 4.1 x 10" cm-a. Using 
Drude expression for resistivity, we have estimated the 
effective electron mean free path, A e f f ,  at T = 4.2 K and 
H = 0. As expected, Aeff increases from about 5 nm 
for the as-sputtered sample to 15 nm for a well-annealed 
sample. These numbers are rather close to the average 
Co particle sizes and the interparticle separations (when 
x = 20%), indicating that the dominant disorders are 
those caused by the grain boundaries. 

For the Fe,Agloo,, series, we have compiled some of 
the important electron transport parameters in Fig. 7 as 
functions of the Fe volume fraction. In order to separate 
the magnetic scattering from the disorder scattering, we 
present p z z ( 0 )  at H = 0 and Ap,, in Fig. 7 (a) and 
(b). Apaz is solely due to the spin-dependent magnetic 
scattering. It is a better parameter to characterize GMR 
than the often used A p / p ,  which includes contribution 
fiom disorder scattering (in p) .  In F%Agloo-,, p. , (O)  

increases sharply with the addition of Fe, but it starts to 
saturate when x exceeds 10%. 

In Fig. 7 (c), we show the effective carrier concentra- 
tion, nu, which is calculated from the OHE and is an 
estimate of the average nH in granular solids. Using the 
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FIG. 7. Variow determined transport parameters at T = 
4.2 K for the Fe,Agioo-, as-sputtered samples. (a) reo-field 
resistivity, p.,(OT), (b) change of resistivity between H = 
0 and 8 T, Ap", (c) Hall carrier concentration, nx, (d) ef- 
fective electron mean free path, A . j j ,  (e) coefficient of the 
extraordinary Hall effect, R,. 
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results of resistivity and Hall effect, we have also calcu- 
lated the effective electron mean free path, Acff , as shown 
in Fig. 7 (a). One observes that A,tt is short (30-SOA), 
and does not vary appreciably across the volume fraction 
range. Because of the dominance of grain boundary scat- 
tering, the cluster sire should be around this length scale. 
Fig. 7 (e) shows R,, which is the coefficient of EHE. The 
reason we use R, rather than p$* (a R,M,) is because 
M, (per unit volume) is not a constant as the Fe content 
changes across x. 

In summary, granular alloys involving magnetic tran- 
sition elements (Fe, Co) and normal metal elements (Cu, 
Ag, Au) exhibit appreciable GMR effect. A common 
feature among these system is that a maximum GMR is 
achieved when the volume fraction of the magnetic parti- 
cles is close to 16 - 20%. Thermal annealing, which abates 
disorder scattering and enlarges particle sire, tends to 
suppress the GMR effect and to reduce the saturation 
magnetic field for MR. There is evidence showing the 
dominance of interfacial magnetic scattering in GMR. 
The Hall effect of there rystema ia also anomalous. The 
scaling relation between EBE and resistivity is highly 
unconventional in the CoaoAg~o system. 
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