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Giant Magnetoresistance in Heterogeneous Cu-Co Alloys
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We have observed giant magnetoresistance in heterogeneous thin film Cu-Co alloys consisting of
ultrafine Co-rich precipitate particles in a Cu-rich matrix. The magnetoresistance scales inversely with

the average particle diameter. This behavior is modeled by including spin-dependent scattering at the

interfaces between the particles and the matrix, as well as the spin-dependent scattering in the Co-rich

particles.

PACS numbers: 72.15.Gd, 72.15.He, 75.50.Rr, 75.60.Jp

The recent reports of giant magnetoresistance (GMR)
in a number of antiferromagnetically coupled multilayer
systems [1-3] have stimulated widespread research ac-
tivity. Modeling of the GMR has emphasized spin-

dependent scattering both within the ferromagnetic layer
and at the interfacial region between the ferromagnetic
and nonferromagnetic layers [4,5]. The GMR phenom-
enon is different from the conventional MR which is due
to the effect of magnetic fields acting directly on the con-
duction electrons or on the scattering impurities. The
GMR in multilayered structures comes from the reorien-
tation of the single domain magnetic layers. This is the
reason GMR is not usually seen in conventional bulk
magnetic materials. GMR is observed in both antifer-
romagnetically coupled and uncoupled layer structures,
as a consequence of the fact that the relative orientation
of the magnetization of successive ferromagnetic layers
changes from antiparallel to parallel in an applied field.
For systems with uncoupled magnetic layers, the orienta-
tion of the magnetization is random at the coercive mag-
netic field (H, ) and there are many magnetic layers
which are statistically arranged antiparallel. If these un-

coupled layers are replaced by single domain magnetic
particles in a nonmagnetic matrix, one should also expect
GMR. Our objective was to produce an alloy with a
significant volume fraction of magnetic particles, and to
demonstrate that GMR is not restricted to multilayered
systems. In this Letter, we report that in one such alloy,
Cu-Co, GMR is clearly observed.

Cu-Co is an obvious choice since the largest MR
changes have been reported for this multilayer system
[6]. In addition, the generally accepted equilibrium
phase diagram [7] shows virtually no solubility of Co in

Cu, and & 9 at. % solubility of Cu in Co, below 500 C.
A more recent phase diagram [8] indicates essentially no
solubility of Cu in Co. Thus we expect, at equilibrium, a
mixture of Cu and Co phases. Kneller [9] showed many
years ago that Cu-Co films evaporated at room tempera-

ture formed metastable fcc solid solutions which dissoci-
ated into the equilibrium phases upon annealing. Recent-
ly, Childress and Chien [10,11] prepared Cu-Co films by
sputtering onto liquid-N2-cooled substrates. They found
evidence from susceptibility data for both pure and reen-
trant spin-glass behavior in the as-deposited films. They
reported coercive forces on annealing as high as 600 Qe,
which they suggested indicate the presence of ultrafine
Co-rich precipitates in a Cu-rich matrix [11]. We pre-
pared Co-Cu films by dc magnetron sputtering from
separate Cu and Co targets onto Si(100) substrates at
room temperature. The substrates rotated above the tar-
gets at 1 revolution/s. The background pressure was
6&10 torr. Sputter rates were adjusted to yield films
of three compositions: 12, 19, and 28 at. % Co (12 Co, 19
Co, and 28 Co). The films were 3000 A thick. Samples
were examined as-deposited and after annealing in flow-
ing H2 or He-5% Hz. Characterization techniques were
x-ray and electron diffraction, transmission electron mi-
croscopy (TEM), vibrating-sample and superconducting
quantum interference device magnetometry, and four-
point probe MR. The samples for TEM were 500 A
thick, deposited onto 300-A Si-N electron transparent
grids.

Details of the structural, magnetic, and transport prop-
erties will be published separately. This Letter focuses on
the GMR, and only the principal features of the general
properties will be noted. Our samples' magnetic and
structural properties were similar to those reported by
Childress and Chien [10,11] with one exception. Our as-
deposited 19 Co and 28 Co samples did not exhibit sharp
maxima in susceptibility versus temperature, but rather
broad peaks after zero-field cooling and no maximum
after field cooling, as shown in Fig. 1. Our higher sub-
strate temperatures very likely produced an increased
chemical short-range order, i.e., Co-rich clusters. Some
evidence for such clusters was provided by x-ray dif-
fraction spectra of the 19 Co and 28 Co as-deposited

1992 The American Physical Society 3745



VOLUME 68, NUMBER 25 PH YSICAL REVIEW LETTERS 22 JUNE 1992

0.04 I
I

I I I I
I

I I I I
I

I I I I
I

I I I I
1

I I ~ I ~ ~ ~ ~ ] ~ ~ ~ ~ ) I I ~ I [ I I I I [ ~ ~ ~ I ) ~ ~ I ~ [ ~ ~ I ~ [ ~ I ~ I

19Co, 10 min @484C
22-

~ 0.03
M

M

~ 0.02
~ M

~ 0.01

uh

I I I I I I I I I I I I

— ~ -19Co, ZFC
--&~—19Co, FC

g 15

CI
Q

10
4

I I s I I

0 2 4

~19Co, as-deposited

28Co, as-deposited

50 100 150 200 250 300
Temperature (K)

FIG. 1. Temperature dependence of dc susceptibility of the
as-deposited 19 Co film in 10 Oe applied field. ZFC represents
zero-field cooled; FC represents field cooled.

samples. A single fcc phase was measured but a slight

asymmetry in the 220 peak was consistent with the pres-

ence of a small fraction of fcc Co clusters. Thus Fig. 1

reflects the distribution of blocking temperatures of those

superparainagnetic clusters [12]. The isothermal re-

manence at 10 K was only a few percent of saturation for

the 19 Co and 28 Co as-deposited samples. Thus the

Co-rich clusters constituted only a small fraction of the

Co atoms. However, the susceptibility versus tempera-

ture behavior of these clusters (Fig. 1) could have

masked the sharp susceptibility maxima at low tempera-

tures reported by Childress and Chien [10] for the fcc
Cu-Co matrix phase. The MR curves for the as-

deposited 12 Co sample at T) 10 K and for the as-

deposited 19 Co at T ~ 100 K suggested a paramagnetic

state as shown in Fig. 2, curve a, for 19 Co. The shapes

of the MR curves for the as-deposited 28 Co sample at
T~ 296 K and the as-deposited 19 Co sample at 10 K

were similar to the example shown in Fig. 2, curve b. A

plausible explanation for the as-deposited samples' behav-

ior is as follows: The 12 Co sample was single phase

disordered fcc with the spin-glass-like susceptibility be-

havior described by Childress and Chien [10]. The 19 Co
and 28 Co samples had a small fraction of Co-rich super-

paramagnetic clusters with average blocking tempera-

tures of —100 K (19 Co) and -350 K (28 Co). The

major fractions of the 19 Co and 28 Co samples were

disordered fcc alloys. The minimum in MR in Fig. 2,
curve b suggests domainlike regions which are saturated

in relatively low fields. The as-deposited 28 Co samples

had this MR shape at all measured temperatures and the

resistivity maxima occurred at the knee of the magnetiza-

tion curves, i.e., where the "domains" were aligned. A11

three as-deposited samples were in the composition region

in which Kneller [9] found no spin moment, and Chil-

dress and Chien's [10] data and ours suggested a break-

down of magnetic order; i.e., the samples at T & 10 K do

not saturate in 50 kOe. Thus the weak exchange among

-20 -15 -10 -5 0 5
Field (kOe)
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FIG. 2. Field dependence of hp/p (pH —
pH 20~)/

pH 20~ for the three types of curves obtained. Inset: Details
of curve c. Curves a and b measured at T 100 K; curve c
measured at 10 K. Sense current parallel to field.

the nonpercolating Co atoms competes with the anisotro-

py energy to produce a spin-glass state or, more likely in

our samples, a mixture of clusters in a matrix of a disor-
dered fcc Cu-Co alloy [13].

Although the as-deposited samples such as 19 Co show
GMR as large as 10% at 10 K, the MR is negligible at
room temperature. We note that the resistivity of the
as-deposited samples is as high as 50 pQ cm due to their
highly disordered state and fine grain size. We, therefore,
annealed the samples to reduce the temperature depen-
dence of the GMR and to obtain larger MR. Upon an-

nealing, in addition to grain size increase, phase separa-
tion between Co and Cu occurs and stable Co particles
are formed. These factors substantially reduce the disor-
der as compared to the as-deposited state; the resistivity

drops to -5-10 p 0 cm, depending on the annealing
times and temperatures. After annealing, the 19 Co and
28 Co samples showed the largest MR changes. Their
MR curves had the shape shown in Fig. 2, curve c. The
maximum MR occurred at the coercive force H, which

was -500 Oe at 10 K for all annealed 19 Co and 28 Co
samples. Remanence/saturation (Mg/Ms) ratios were
&0.3 at 10 K for all annealed samples. Both H, and

Mz/Mg decreased with increasing measuring tempera-
ture and annealing time. The magnetic behavior of the
annealed samples was associated with the precipitation of
Co-rich particles in a Cu-rich matrix. Figure 3 shows a
transmission electron micrograph of the 19 Co sample
after annealing 10 min at 484 C. The Co-rich precipi-
tates can be identified by the diffraction and interfer-
ence-induced contrast changes in small regions [14].
These precipitates have an -40 A average diameter with

an average spacing of -80 A. The sample shown in Fig.
3 had the largest MR observed. Figure 4 shows hp/p vs

T for as-deposited and annealed 19 Co and 28 Co speci-
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FIG. 3. Bright-field micrograph of 19 Co sample annealed
for l0 min at 4S4 C. Co particles labeled l sho~ typical
Ashby-Brown [14] strain field contrast of spherical precipitates.
The contrast of particles labeled 2 is due to moire contrast.

mens. Saturation fields for the MR coincided with the
saturation fields for the magnetization. The MR ratio in-
creased with decreasing annealing temperature and time
(except for the as-deposited 28 Co). The data clearly in-
dicated a giant MR in the annealed samples associated
with the presence of appropriately sized and spaced Co-
rich precipitate particles.

As annealing times and temperatures increased, the
average Co-rich particle sizes also increased, with the
corresponding decrease in MR noted above. Larger Co
particles have several adverse effects on MR. The
surface/volume ratio decreases, which reduces the spin-
dependent interfacial scattering relative to bulk scattering
processes. This effect is considered below. Furthermore,
the particles will become larger than the mean free path
within the particles. Finally, when the particles are no
longer single domains, the interaction of the conduction
electron spins with the varying magnetization distribution
in the particles produces a state in which the conduction
electron spin channels are mixed. This will reduce the
MR. On the other hand, Co particles that are too small
will be subject to thermally activated magnetization re-
versal, i.e., superparamagnetism. Superparamagnetism in
the as-deposited 19 Co sample is very likely responsible
for the enormous temperature dependence of hp/p seen in
Fig. 4. The annealed samples have MR temperature
dependences similar to those found in GMR multilayers
[6j.

The GMR in these heterogeneous Cu-Co alloys may be
analyzed in the same manner as in Cu-Co multilayers.
%e assume a random distribution of Co particles with
average radius rc„in a Cu matrix, and adopt a spin-
dependent scattering model at the surface of Co particles
and within the Co particles. The conductivity can be
written as [15)

FIG. 4. Temperature dependence of hp/p for 19 Co and 28
Co samples treated as indicated.

ne 1e-
where h is the average scattering matrix. The phenome-

nological input for 6 is

where

hem+ h80+ hf, (2)

hc. ~ (1 —c)/) c.,
hP. ~ ' (I+pP.+2p«a M«),

~Co

(1+pg+2ps8" M«),3cg

and c is the Co concentration; 1I.c„andX«are the mean
free paths of Cu and Co, respectively; g is the scattering
strength for surfaces; pc, and ps are the spin-dependent
ratios for scattering within the Co particles and at their
surfaces, respectively. Thus Eq. (1) is the sum of scatter-
ing in Cu, Co, and at the interfaces between them. Since

~(H -H, ) —~(H -H, )
~(H -H, )

(3)

'+ „(1~pc.)'+ ~ (1 ~p, )'
~co ~Co ~Co

with ~ referring to spin up and down, and

we now substitute Eq. (2) into Eq. (1), and Eq. (3) be-
comes

(H-H, )+ (H-H, )-2 (H-H, )
(4)2'(H H, )

where

~"(H-H, )



VOLUME 68, NUMBER 25 PH YSICAL REVI EW LETTERS 22 JUNE 1992

~(H =H, ) = '+ (I+pk. )+ (I+ps)
~Cu ~Co ~co

N00014-91-J-1695.

In Co/Cu multilayers, the principal spin-dependent scat-
tering is from the interfacial term (pg =0.5, pc, =0.2, (
=0.3) [16]. Thus, if we take pc, =0, Eq. (4) reduces to

ps4 2

(I —ps) +2a([+ps)rco+azrgo

where

(1 C )/A, cu+ C/)j, co

3cg

Equation (5) correctly predicts the inverse dependence of
MR on the particle size, in accordance with the sur-
face/volume ratio consideration noted above. In order to
obtain better than an order of magnitude estimate of the
agreement of the predictions of Eq. (5) with our mea-
surements, we need reliable estimates of some of the pa-
rameters, particularly A,c„andkc, . This requires detailed
data on the compositions and p's of the Co-rich particles
and Cu-rich matrix. Experiments to obtain this informa-
tion are in progress.

Thus, we have shown that GMR is not restricted to
multilayer structures, but is also found in suitable hetero-
geneous alloy systems consisting of single domain parti-
cles in a nonmagnetic (or weakly magnetic) matrix.
These results open a new range of systems for testing
GMR models, as well as providing additional opportuni-
ties for technological applications.
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