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Investigation of giant magnetoresistance in concentrated and nanostructured alloys

Jian-ging Wang, Peng Xiong, and Gang Xiao
Department of Physics, Brown University, Providence, Rhode Island 09918

(Received 10 November 1992; revised manuscript received 19 January 1993)

Magnetotransport and magnetic properties of Fe-Cu, Fe-Ag, Fe-Au, and Fe-Pt alloys were studied
across a wide range of Fe volume fraction and at di8'erent annealing conditions. The giant magne-
toresistance (GMR) effect was observed in Cu-, Ag-, and Au-based systems, peaking at an Fe volume
fraction of about 15—20'Fa. The Hall effect was also measured, which yielded the electron mean free
path. Thermal annealing increases the magnetic particle size and reduces resistivity due to magnetic
scattering. The GMR and its dependence on magnetic field are well accounted for by an e6'ective

exchange interaction model.

Much attention has been paid to the giant mag-
netoresistance (GMR) efFect observed in magnetic
multilayers, and recently, in granular alloys. Be-
sides its potential application in magnetic sensors, the
primary interest in GMR has been focused on the mech-
anism of the anomalous magnetotransport property. It is
generally agreed upon that GMR is a manifestation of the
spin-dependent scattering. It is the extra resistance due
to the scattering of electrons off nonaligned ferromagnetic
components. In inhomogenous systems, like multilayered
and granular systems, the spin-dependent scattering can
take place at interfaces separating magnetic and nonmag-
netic phases or inside the bulk. According to the quan-
turn model of Levy, Zhang, and Fert, in multilayered
systems both interface and bulk scatterings are impor-
tant. In granular systems, however, there is evidence7
that the interface scattering plays a dominant role due
to the enhanced surface-to-volume ratio of the magnetic
ultrafine particles. Despite significant effort, the funda-
mental question as to the origin of the spin-dependent
scattering remains uncertain. For the celebrated granu-
lar systems, in particular, both experimental and theo-
retical investigations are still in a primary stage where
much effort is needed to characterize and understand the
GMR effect.

In this paper, we report a systematic study of magneto-
transport and magnetic properties of a series of Fe-based
binary systems, i.e. , Fe-Cu, Fe-Ag, Fe-Au, and Fe-Pt,
with a wide range of Fe volume fraction (0 ( 2: & 100'%%uo).

Our intention is to uncover common features with re-
gard to GMR among these systems, and to search for
uniqueness in each system. We have chosen the first three
systems because the mutual solubility in each system is
small or practically zero in equilibrium. Fe-Pt, on the
other hand, does have many intermetallics, and serves as
a good counterpart to the other systems. We found that,
if it exists, the GMR effect is sensitive to the Fe content.
Maximum GMR was found for the first three systems in
the range x = 15 —20%. However, GMR was not ob-
served in the Fe-Pt system. We also obtained the effec-

tive electron mean free path A,~ for these systems. The
value of A,g is rather small across each series. Anneal-
ing of Fe-Cu and Fe-Ag samples reduces the saturation
field for GMR significantly and decreases the magnitude
of magnetoresistance concurrently. We used an effective
exchange interaction model to account for the magne-
totransport properties, which explains well the observed
features in MR.

The samples were fabricated by a magnetron cosput-
tering high vacuum system. Two of the three collimated
cluster guns were loaded with a nonmagnetic metal and
a Fe target, respectively. The background vacuum was
lower than 1 x 10 7 Torr, and the Ar sputtering gas
pressure was 4.0 mTorr. The volume fraction of each
sample was set by the deposition rate of each compo-
nent. Films of typical thickness 2000 A. were deposited
on Si wafers at ambient temperature. The standard
photolithography and wet-etching technique was used
to pattern our samples for electrical measurement. Us-

ing a superconducting-quantum-interference-device rnag-
netometer we characterized the magnetic properties of
every system. The structure and phase information were
derived from x-ray difFraction.

The measured resistivity p~, Hall resistivity p», and
magnetization at T = 4.2 K are presented in Fig, 1 for
a representative sample from each series. These samples
tend to have the largest magnetoresistance (MR) in each
series. Relatively large MR values of 16 —31% are ob-
tained in Fe2gCu80, Feq3Ag87, and Feq5Au85. The values
of MR in Fig. 1 show a rather gradual decrease with mag-
netic field (H) up to the highest field +8 T in our mea-
surement. It is noted that magnetic field is perpendicular
to the sample plane. Comparing with the measured mag-
netization (lower panels) of each corresponding sample,
we did not observe the simple M~ law of MR as was
uncovered in the Co-Cu granular system. Furthermore,
MR does not reach saturation even at the highest field.
The Hall resistivity p & in Fig. 1 consists of an ordinary
Hall component and an extraordinary Hall component,
i.e. , p „=pe+ p„where po = Ro[H+ 4~M(l —D)j and
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FIG. l. Measured resistivity p (upper panels), Hall re-
sistivity p~„(middle panels), and normalized magnetization
M/M, (lower panels) vs magnetic field at T = 4.2 K for
FeroCu9Q (a), FeisAg67 (b), Fei6 Au66 (c), and Feio Pt64 (d).
(Subscripts are in units of vol%. ). Note: The magnetic field
is perpendicular to the sample plane.

p, = R,4~M, D being the demagnetization factor. The
cause of the p, component is the left-right asymmetry in
scattering. Since p, is proportional to the magnetization,
it directly reflects the state of magnetization at any given
field. 7

In sharp contrast to other series, the Fe Ptioo series
does not exhibit large MR. For comparison, we show the
results of the FersPts4 sample in Fig. 1(d). The sample
is characterized by a small MR (( 1%), a large extraor-
dinary Hall eEect, and a well-defined saturation Beld. In
fact, our sample with the lowest Fe volume fraction of
8% remains ferromagnetic in nature with a clear-cut sat-
uration of magnetization above a critical field. In all
other series, near the Fe-poor region, saturation of mag-
netization is gradual rather than abrupt, which is typical
of dilute random magnetic systems lacking long-range or-
der. It should also be pointed out that Fe induces a giant
magnetic moment in the Pt matrix. This may be related
to the destruction of GMR in the Fe-Pt series.

To Bnd out the optimized GMR, we have studied
the volume-fraction dependence of the magnetotransport
properties. The results are shown in Fig. 2(a) for the Fe-
Cu, Fe-Ag, and Fe-Au systems. The Fe volume fraction
was determined from the composition and the bulk den-
sity of each component. This is to be consistent with
the granular nature of our samples. There is evidence of
magnetic cluster formation in as-sputtered samples as re-

x (vol%)
FIG. 2. (a) Values of GMR (Ap /p ) vs the Fe volume

fraction x for as-sputtered samples of Fe-Ag (open circles),
Fe-Au (closed circles), and Fe-Cu (triangles). The lines are
guide to the eyes. (b) The efFective mean free paths of the
corresponding samples derived from p and p „. (T = 4.2
K.)

vealed from the transmission-electron-microscopy (TEM)
and magnetic susceptibility measurement. In Fig. 2(a)
GMR is defined as Ip (0) —p ~(8T)]/p (0). Relatively
large GMR values are present in the range x ( 40'%%uo,

with GMR peaking at z = 15 —20%. Starting from the
dilute limit, GMR rises as 2; increases, until a broad max-
imurn is reached around z = 15 —20%%uo This behavior
is attributed to the increasing concentration of magnetic
scattering centers. After reaching the peak, GMR starts
to decrease beyond z 20%. We believe that this is due
to the increasing probability of coalescence of the Fe par-
ticles. Most of the Fe atoms or particles start to connect
and form a cluster network. Long-range magnetic order
is expected within the network, with the complication
of magnetic domain formation. When the average do-
main size exceeds the coherent spin scattering length, the
electrons may no longer experience the overall magnetic
disorder. Therefore the field-induced magnetic disorder-
order transformation, essential to GMR, becomes inac-
tive on the electron transport. Consequently, GMR de-
creases in the Fe-rich region. We feel that the small MR
in the Fe-Pt series is also caused by the existing long-
range ferromagnetic order.

To set the scattering length scale, it is useful to exam-
ine the effective electron mean free path A,p. In fact, any
theoretical model of GMR would depend on this length
scale. By using the Drude formula p = m*v~/ne Apff,

Rp = 1/nec, and v+ = h/3vr2n/m', one can derive
ff . We present in Fig. 2 (b) the values of A, ff for all

three systems. One observes that A, ff is short (20
35 A). This implies that the cluster size should be around
20 35 A, because the dominant scattering mechanism
is due to grain boundary disorder. We have character-
ized the structure of these systems by x-ray diKraction.
Under equilibrium, Fe is partially soluble in Au (x ( 5'%%uo)

with no intermetallics. However, practically no mutual
solubilities are allowed between Fe and Ag (or Cu). In
as-sputtered samples, x-ray analysis of the Fe-Au series
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TABLE I. The values of GMR (b p»/p»), &p» (c»ng '
p» pn ein u toH=8T), and p»(0)

(zero field resistivity) for eis gs7 an eio 9oF A d F Gu (annealed at various temperature T~, RT repre-
sents as-sputtered samples).

Fe$3Ag87

Fe10Cugo

TA
GMR (%%uo)

Ap
(pA cm)

px2:
(pA cm)
GMR ('%%uo)

Ap
(pA cm)

px2:
(pA cm)

RT
28.7

10.51

36.68
14.9

4.440

29.77

250 'C
36.5

5.89

16.12
13.9

1.765

12.73

325 'C
15.4

1.363

8.83
11.9

1.304

10.94

400 C
6.4

0.328

5.13
3.4

0.248

7.31

475 'C
0.1

0.005

4.03

indicated that metastable fcc alloys form up to x = 60%%uo.

Similarly, Fe-Cu samples have metastable fcc structure
up to 2: = 50%%uo'. Thermal annealing of FesoCusii showed

0that distinctive phase separation appeared above 325 C.
Our results are consistent with literature on sputtered Fe-
Cu and Fe-Au. For the Fe-Ag system, the structural as-
sessment was less conclusive due to overlapping spectral
lines of Fe and Ag, and the much smaller atomic number
Z of Fe than that of Ag, causing the signal from the Fe
phase, if any, to be harder to detect. In general, it is diffi-
cult to detect small clusters of Fe ( 10 A.) in the Cu, g,
or Au matrix, particularly in the Fe-poor region. TEM
results on some as-sputtered Fe-Ag samples indicated the
existence of very fine grains ( 20 A.). The estimated
grain size is about 30 —60 A from the width of the x-ray
diffraction lines. We note that except for Fe-Pt where
concentrated alloys are formed, the phase-separated Fe-
Ag, Cu, Au series may consist of three phases, i.e. , pure
host, spin glass with Fe impurity, and phase-separated
Fe. In Fe-Ag, Cu series, the spin glass phase contains a
very minute amount of Fe particularly in annealed sam-
ples, because solubilities of Fe in both Ag and Cu are
extremely low. However, the spin glass phase in Fe-Au
may contain a few percent of Fe. But these differences
have little effect qualitatively on the universal behavior
of GMR shown in Fig. 2(a).

To assess the effect of cluster size on GMR, thermal

annealing on some e-1' Fe-Ag and Fe-Cu samples was car-
—7

ried out un er a igd hi h vacuum of 1 x 10 Torr and

at various temperatures Tg for 15 min. In Fig. (a),
we show the MR of FeisAgs7 treated at difFerent

The GMR values and the absolute changes in resistivi y
Ap = p(OT) —p(8T) are listed in Table I for Fe]3Ags7

tia y increases'
ll

' ases at low T~ and then decreases at su-
sequent nig er ~ s, uh' h T ' but Lp decreases monotonica ly

with increasing ~. e
'T . The initial increase in GMR is ue

h'le theto the reduction of p(0 T) upon annealing, w i e e
d b the enlargedmonotonic decrease of Ap ~ is cause y

particle due to annealing. Larger particles have reduced
1 t' hence a diminished contributionsurface-to-volume ra io, enc,

e..ect has eenof interface magnetic scattering. T,.is e..ec
carefully examine and d discussed in our earlier wor or

Co-h.g system.-A, t 7 TEM imaging of the annealed samp es

A showed that phase separation occurred and

grain size increased monotonically witll

quent T~ of 250, 325, 400, and 475 C, we observed the
f 85 140 220 and 310 A, respectively.

Another salient feature in Fig. 3(a) is the evolution o

the MR saturation field with T~. The MR of the as-
of some dilutesputtered sample is similar to the MR o s

40 40

~O
30

Q

20
Q

30

ratures TA. ~b~ Theoretical fittedFIG. 3. (a) Measured vs aMR 0 t T = 4 2 K of Fe Ag87 annealed at various temperat13
results of MR vs H using the EEI model.
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= A[1+ BM ~CM], (2)

M = — coth ( ~+'n) + zcoth(n/2), (3)
(2S+ 1)

where

n = gpgH/kaT,

A=, ' [V' + J'S(S + 1)],
xh,

B= (J/V)' tanh(n/2)/[1+ (J/V)'S(S+ 1)],
C = 2(//V)/[1+ (//V)'S(S+ 1)].

(4)

(5)

(6)
(7)

N, in relation (5) is the number of scatterers in the
sample. In deriving the above expressions, both elas-
tic and inelastic (spin-flipping) scattering processes are

magnetic alloys, e.g. , FeAu. The saturation of MR is
difficult to achieve even at a high H. However, the MR
saturation becomes easier for samples annealed at higher
T~. As shown in Fig. 3(a), the saturation field H, de-
creases dramatically with increasing Tz, which has the
effect of enlarging the particle. This interesting correla-
tion between H, and the particle size is one of the most
important characteristics of GMR in granular systems.

We have attempted to understand this correlation
by using an effective exchange interaction (EEI) model,
which has successfully explained the MR in dilute mag-
netic systems. P We will only discuss briefly the results
of this model and leave the detailed analysis to a future
paper. In this model, the scattering potential is assumed
to be

Hi ——V —2Js S (1)
where V is the spin-independent scattering potential, and
J the effective exchange interaction between the spin s
of a conduction electron and the spin S of a magnetic
scatterer. Under (1), the spin-dependent (+) electron
scattering rate is found to be dependent on the global
magnetization M(H) of a sainple in an applied field H

considered. g is the spectroscopic splitting factor. If
conduction electrons of both spins are equally populated,
we obtain resistivity as

t ~M2
p = pp (1+BM)—1+BM (8)

pp = m*A/net. (9)

As can be seen from relation (3) and (8), the field de-
pendence of M and p is controlled by o', = gpaH/kaT
and S, i.e. , the ratio of the magnetic energy of a particle
to the thermal energy. A larger magnetic moment (or
particle size) results in easier saturation of both M and

p . This provides a qualitative explanation for the cor-
relation between H, and TA obtained in Fig. 3(a). With
relations (3) and (8), we have fitted the data in Fig. 3(a)
with only a few adjustable parameters, S and J/V. The
fitted results are shown in Fig. 3(b). Indeed, the theoret-
ical curves reproduce the experimental data rather well.
The fitted values of S and J/V range from 6.6 and 0.63
for the as-sputtered sample to 36.9 and 0.05 for the an-
nealed sample at 400'C, respectively. The main effect of
annealing is to increase the effective spin S which causes
the reduction in H, . Since we limit our model analysis to
samples with identical volume fraction but annealed at
different temperatures, the main effect on the scattering
is due to changes in particle size, not due to coalescence
of particles.

In conclusion, we have carried out a systematic study
on the GMR effect in Fe-Cu, Fe-Ag, Fe-Au, and Fe-Pt
systems. Large MR values were observed in the first three
systems with an optimal range of x = 15 —20%. The
measurement of both p» and p» has provided the ef-
fective electron mean free path, which is relatively short
(20 35 A.). The EEI model explains the saturation pro-
cess of MR for samples annealed at different T~.
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