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We report experimental results on the magnetic and transport properties of Ag/Co90Fe10 multilayers
with variable Ag and Co90Fe10 thicknesses. The magnetism samples was characterized by
magnetization measurements and ferromagnetic resonance spectroscopy. These measurements show
that the magnetic layers are in general composed by single-domain particles and that the shape and
the size of the magnetic clusters can be changed by using an applied magnetic fieldsHdepd on
deposition. The resistivity of these multilayered systems is described by a mixed model that includes
current-in-plane and current perpendicular plane transport contributions. The transport model
proposed to explain the experimental results emphasizes the role played by the magnetic entities on
the scattering processes and strongly depends on the silver layer thickness. An electrical percolative
transition is observed for samples grown atHdep.Hdep

* while the magnetic properties of these
samples still show a granularlike behavior. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1810638]

I. INTRODUCTION

Due to its technological implications, the giant magne-
toresistance effect(GMR) is one of the most important and
interesting effects lately discovered. Magnetic recording and
sensing have gone through a dramatic improvement when
devices with GMR technology started to be used. Since the
discovery of the GMR, a lot of effort has been devoted to
explain the origin of this effect in different systems.

GMR was first observed in Fe/Cr(Ref. 1) multilayers,
measured in the current-in-plane configuration(CIP). Few
years later, the same effect was observed in granular alloy
films2,3 composed of magnetic grains embedded in a non-
magnetic matrix. More recently, using a complex experimen-
tal setup, the GMR effect has been measured in multilayers
with the electrical current flowing perpendicular to the plane
(CPP) of the samples.4 In CPP configuration a much higher
GMR ratio has been systematically observed in spite of the
fact that both results have the same origin, spin-dependent
scattering. CIP-GMR and CPP-GMR differ in their charac-
teristic lengths. The characteristic length in CIP is given by
the mean free path of the conduction carriers, while in CPP it
is given by the spin-diffusion length.5 In granular alloys, due
to the random distribution of the clusters within the matrix,
the characteristics of the electrical transport is very different
from what is observed in both transport geometries on mul-
tilayers. However, many authors have tried to explain trans-
port in these arrangements using models well suited for mul-

tilayers. Furthermore, in the former studies the electrical
transport in granular alloys was modeled following the for-
malism used for CPP transport6 in multilayers. Subsequent
papers showed that this assessment has to be partially put
aside and that the transport in granular alloys can be actually
considered as a mixture of the behavior presented by both
multilayer transport configurations.7

Loloee and co-workers8 studied the magnetic properties
of metallic multilayers with ultrathin magnetic layers, report-
ing that for thickness lower thant* =10 Å, the magnetic
layers are discontinuous. The percolation of the magnetic
aggregates is reached for thicker thicknesses. This change of
the magnetic layer character is particularly interesting for
transport studies, CIP measurements would detect a switch
from a granular alloylike behavior(mix of CIP and CPP
character), when the layers are discontinuous, to a multilayer
one, as the system passes through the percolative transition.
The aim of our study is to elucidate the characteristics of
electronic transport in these systems, paying particular atten-
tion to the effect of the percolation transition. In our case, the
clusters percolation is achieved for thickness lower thant*,
by varying the topological arrangement of the magnetic ma-
terial. This change can be performed by annealing the
samples9 or, as we show in this paper, by applying a mag-
netic field during the deposition of the samples. The mag-
netic properties of the samples are studied in order to char-
acterize the shape and size of the magnetic particles. This
information will help to analyze the transport properties of
the samples.

The paper is organized as follows: In Sec. II, samplesa)Electronic mail: steren@cab.cnea.gov.ar
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fabrication and characterization are described together with
the experimental details of the magnetic and transport mea-
surements. In Sec. III, the experimental results are presented
and discussed. Concluding remarks are presented in Sec. IV.

II. SAMPLES AND EXPERIMENTAL TECHNIQUES

A series ofsAg tAg/Co90Fe10 tCoFed320 multilayers with
silver thickness in the range of 12 Å, tAg,100 Å and
tCoFe=5 and 7.5 Å were fabricated by dc sputtering on
“Down-Corning” glass substrates. All the samples were
grown on 50-Å Ta buffers and protected against oxidation
with 120-Å top layer of Ta.

Other two series of multilayers, withtAg=50 Å and
tCoFe=5 Å (MLs5) and tCoFe=7.5 Å (MLs7) respectively,
were grown under different magnetic fields[Hdep=0 Oe
(M1), 100 Oe(M2), and 350 Oe(M3)] using the same depo-
sition technique.

The crystalline structure of the samples was analyzed by
x-ray diffraction spectroscopy(XRD). The XRD patterns
show that Ag always grows textured in the(111) direction.
The CoFe spectrum is observed only for multilayers with
tCoFeù7.5 Å. In these multilayers, satellite peaks around the
Ag(111) peak are observed indicating a good artificial struc-
tural coherence of the samples. More details of the crystal-
line structure of these samples have been published
elsewhere.10

Magnetic measurements were carried out with a com-
mercial superconducting quantum interference device mag-
netometer. Zero-field-cooled(ZFC) and field-cooled(FC)
magnetization curves were measured at low fieldssH
ø100 Oed between 4.2 and 300 K with the magnetic field
applied parallel to the multilayers’ surfaces. Magnetization
loops were measured in the same temperature range and for
the same geometry under magnetic fields of up to 5 T.

Ferromagnetic resonance(FMR) experiments were per-
formed to study the shape of the clusters. These measure-
ments were carried out in a Bruker spectrometer at 9.3 GHz
(X band) between 100 and 350 K. The angular dependence
of the resonance field is studied in the out-of-plane geometry.

Measurements of dc resistivity and magnetoresistance
were made using a standard four-probe technique under mag-
netic fields of up to 1.5 T in the 4.2–300-K temperature
range.

III. RESULTS AND DISCUSSION

A. Magnetization measurements

ZFC and FC magnetization curves are typically mea-
sured to study the magnetic properties of fine particles.11

ZFC and FC curves of single-domain magnetic particles are
reversible and follow a Curie’s law above a characteristic
temperature, called blocking temperature,TB, which depends
on the anisotropy and volume of the particles. For an assem-
bly of single-domain clusters with constant size and uniaxial
anisotropy, the blocking temperature is given by11

25kBTB = KV, s1d

whereK andV are the anisotropy constant and the volume of
the clusters, respectively.

In the low-temperature regimesT,TBd, called the
blocked state, the ZFC curves tend to zero magnetization
while the FC curves remain nearly constant. The ZFC mag-
netization curves are fitted with the following expression:

MsT,Hd = MsE
0

np

fsVcdLSMsVcH

kBT
DdVc, s2d

beingn* =25kBT/K, Vc the clusters’ volume,Ms the satura-
tion magnetization of the magnetic component,
LsMsVcH /kBTd the Langevin function, andfsVcd the distri-
bution function of the clusters’ sizes.

In our work ZFC and FC magnetization curves together
with magnetization loops have been measured in order to
evidence the existence of single-domain particles and to es-
timate their size and size distribution function.

The change of the magnetization curves with silver
thickness, keepingtCoFe fixed, reveals that for thin spacer
layers stAg,20 Åd, pinholes coupled the magnetic layers
along the growth direction. As the silver thickness increases,
the magnetic layers progressively decouple and the clusters
sizes remain nearly constant beyondtAg=30 Å, around 30 Å
and higher than 80 Å fortCoFe=5 and 7.5 Å, respectively.
Similar results were obtained by Fettaret al.9

ZFC and FC magnetization curves for the MLs5 samples
are shown in Fig. 1. The temperature dependence of the ZFC
magnetization curve presents a maximum atTm in all the
samples. An increase ofTm with Hdep is observed for the
samples MLs5 and also for the MLs7(see inset Fig. 1).
However, while this variation is smooth in the case of MLs5
samples, a more important evolution is observed in the MLs7
multilayers, where Tm is higher than 300 K forHdep

=350 Oe.
Above the peak temperature,Tm, the ZFC and FC curves

merge into a single one. In this temperature range, the mag-
netization curves of the M1-MLs5 and M2-MLs5 samples
follow a Curie law with large Curie constants indicating the
presence of superparamagnetic particles in the samples. The
ZFC curves have been fitted following expression(2) and
using a log-normal size distribution function. A change of the
average cluster diameter from 30 to 43 Å is measured in the

FIG. 1. Zero-field-cooled and field-cooled magnetization curves for MLs5
multilayers, grown under different magnetic fields,Hdep. In the inset we
showTm vs Hdep for MLs5 (h) and MLs7(P).
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MLs5 asHdep is increased to 100 Oe. A broadening of the
size distribution with increasingHdep is also noticed. The
change of anisotropy and size of the clusters withHdep will
be discussed in detail below, within the analysis of FMR
results. The high-temperature magnetizationsT.Tmd pro-
gressively loses a pure Curie-like functional dependence as
Hdep and the magnetic layer thickness are increased. The cal-
culation of the clusters’ size fromM versusT curves, for the
M3-MLs5 samples series and those of the MLs7 series is no
longer possible. The change in the curve shape is probably
associated to an increase of the interparticle interactions
strength due to the augmentation of the particles size and,
consequently, to the decrease of the effective spacer thick-
ness. A change of the particles anisotropy can also explain
these results. Further discussions on this subject will be done
along with the presentation of the FMR results.

Magnetization loops, measured at room temperature, in-
dicate that 25% of the clusters belonging to the M3-MLs5
samples are blocked at this temperature. This percentage in-
creases to 75% for M1-MLs7 while all the clusters are
blocked for M2-MLs7 and M3-MLs7. Using expression(1),
the size of the clusters blocked at room temperature is esti-
mated to be larger than 80 Å.

The saturation magnetization of the samples is lower
than that of the bulk alloy.12 This result can be attributed to
the existence of dead layers or hybridization of the Ag–CoFe
bands at the Ag/CoFe interfaces. Similar results have been
already observed in Co1−xFex/Cu multilayers.13

B. Ferromagnetic resonance measurements

The shape of the clusters in the multilayered structure
has been studied by ferromagnetic resonance spectroscopy.14

The angular dependence of the FMR spectrum was measured
in the out-of-plane geometry, where the polar angle,QH, is
varied from 0°(in the plane of the film) to 90°(perpendicular
to the films), keeping the azimuthal angle fixed. The angular
dependence of the resonance field can be explained in terms
of the shape anisotropy of the samples. To obtain a quantita-
tive description of these results, we use the following expres-
sion for the free-energy density,15 deduced for heterogeneous
films and which neglects any anisotropy contribution other
than shape

F = − fM ·H +
1

2
fM fs1 − fdN̂g + fN̂tgM , s3d

where f is the volumetric filling factor of the magnetic enti-

ties s0, f ,1d andN̂g andN̂t are the demagnetizing tensors
of isolated granules and of the film, respectively. In the gen-
eral case of ellipsoidal particles and choosing a diagonal

base,N̂g=4p s1–2e , e ,ed and N̂t=4p s1,0,0d, wheree ac-
counts for the ellipticity of the samples.

The ferromagnetic resonance occurs when the
expression16

v2 =
g2

M2 sin2 u
F ]2F

]u2

]2F

]f2 − S ]2F

]u]f
D2G s4d

is satisfied for the equilibrium orientations ofM . Assuming
that the magnetization is already saturated at the resonance

field, the equilibrium is given by the polar angleu and azi-
muthal angle,f, of the magnetic moment for which the free
energy, given by Eq.(3), is minimum. Also,v is equal to
2pn, wheren is the microwave frequency andg is the giro-
magnetic factor.

An analytical solution from Eq.(4) is obtained for two
particular geometries,

v/g = HfHisHi + 4pMeffdg1/2

H' − 4pMeff
J , s5d

where Hi and H' are the resonance fields foru=0 and u
=p /2, respectively.

The effective magnetization,Meff, is given by

4pMeff = 4pMff + s1 − 3«ds1 − fdg. s6d

In Fig. 2 the angular dependence of the resonance field
with the magnetic field polar angleuH is shown for multilay-
ers with different silver thickness. The increase of the reso-
nance field as the direction of the magnetic field approaches
the normal-to-the-plane indicates that the magnetization easy
axis lays in the plane of the films. This behavior is attributed
to shape anisotropy and from Eq.(5) we can deduce that
there is no change in the effective magnetization of the sys-
tem as the spacer thickness is varied, indicating that no
change of the clusters’ shape occurs.

In Fig. 3 the resonance field,Hr versusQH curves for

FIG. 2. Angular dependence of the resonance field for(P)
Ag 20 Å/CoFe 7.5 Å and(h) Ag 45 Å/CoFe 7.5 Å measured at 150 K
andX band.

FIG. 3. Angular dependence of the resonance field for(P) M1-MLs5 and
(n) M3-MLs7, measured at 150 K andX band. Results for a 1000-Å CoFe
thin films are also plotted as reference(h).

7394 J. Appl. Phys., Vol. 96, No. 12, 15 December 2004 Milano et al.
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multilayers of the series MLs5 and MLs7 are plotted. The
effective magnetization of the samples, calculated after fit-
ting the angular dependence of the resonance fields, is listed
in Table I.

A noticeable increase of the effective magnetization to-
ward the CoFe thin-film value as a function ofHdep and of
magnetic layer thickness is observed in these samples. The
Meff of the MLs5 samples are systematically smaller than
those measured for the MLs7 series, indicating that the last
clusters are more anisotropic. Moreover, within each series,
Meff increases withHdep, pointing out a progressive tendency
toward a flatter structure. The clusters’ size of the MLs5
series has been estimated from magnetization measurements
and thus the particles ellipticity can be calculated. From the
fit of the effective magnetization values with Eq.(6) we de-
duce that thee constant varies from 0.2 to 0.29 asHdep is
increased from 0 to 350 Oe. These results indicate that all
the samples are composed by pancake-shaped particles. The
calculation of the ellipticity of the clusters of the MLs7 se-
ries is difficult due to the fact that in these samples there is
only a lower limit estimation of their sizes.

The effective magnetization measured for the multilay-
ers is always smaller than that of the thin film taken as ref-
erence, even for the M3-MLs7 sample which has the thickest
magnetic layer and larger clusters. This result indicates that
the magnetic component has not attained yet the characteris-
tics of a continuous layer.

C. Electric transport

To analyze the electron scattering at discontinous mag-
netic layers, the CIP resistivity of the series of
sAg tAg/CoFe 5 Åd320 multilayers has been measured. The
resistivity as a function of the silver thickness is shown in
Fig. 4. The resistivity decreases as the silver thickness in-
creases, as expected. The functional dependence of this
variation will be modeled using a semiclassical theory. Most
of the models proposed to explain CIP electronic transport
using the Boltzmann equation are based on the former work
of Sondheimer17 developed for thin films. This model states
that the mean free pathslTFd of the electrons flowing in thin
films is smaller than the bulk one,lB. The resistivity in-
creases aslTF becomes smaller. The change in the resistivity
depends on the ratio of the layers’ thickness tolB. Sondhe-
imer related this effect to the incoherent scattering at the
films’ interfaces and argued that the electron phase coher-
ency is lost there. Carcia and Suna18 proposed a Sondheimer-
like model for the resistivity of a nonmagnetic Pd/Au
multilayer system. In their model, the source of additional
resistivity with respect to the bulk material arises from the

probability of diffusive transmission through the interfaces.
An extension of this theory, adapted for magnetic multilay-
ers, was proposed by Camley and Barnás19 a few years later
to explain the GMR effect. These authors introduced the
two-current model to describe electrical transport in mag-
netic multilayers and took into account the spin-dependent
scattering at the interfaces. Barthélémy and Fert20 used this
theory to calculate the GMR for Fe/Cr and Co/Ru multilay-
ers obtaining a very good qualitative agreement with experi-
ments.

In order to describe our results in the frame of the mod-
els mentioned above, we have to take into account two char-
acteristics of our samples, namely, that the CoFe layers of the
MLs5 are discontinuous as we have shown in Sec. III A, and
that the magnetic alloy forms nanoparticles. The particles are
randomly distributed within layers, and consequently the
electron-clusters scattering is diffusive. The CoFe layers ly-
ing in between two Ag ones can be modeled as rough inter-
faces for a certain Ag thickness range. The silver layers have
to be thick enough in comparison to the magnetic ones, so
that the electrons could be considered as flowing mainly
through them, in such a way that the effective conductance
through the CoFe layers can be considered to be negligible.

As the measurements were performed with no magnetic
field, the CoFe clusters’ moments are supposed to be ran-
domly aligned, meaning that the carriers sense the same
spin-dependent scattering for both spin polarizations. As a
first step, considering the statements in the above paragraph,
we apply the model proposed by Carcia and Suna18 to de-
scribe the resistivity measurements. Assuming an effective
nonpolarized current, the resistivity can be expressed as fol-
lows:

1

rCIP
=

1

rAg
F1 −

lAg

tAg
sI + JdG , s7d

where

I =
3

2
E

0

1

dmms1 − m2ds1 − e−fslAg/tAgdmgd2,

TABLE I. Effective magnetization valuessMeffd of selected samples.

Sample Meff femu/cm3g

Thin Co film 1470.9
MLs5-M1 320(10)
MLs5-M3 673(5)
MLs7-M1 754
MLs7-M3 954

FIG. 4. (P) Resistivity of the multilayered granular alloys
sAg tAg/CoFetCoFe=5 Åd, measured at zero magnetic field and at room
temperature,r, as a function of the Ag thickness,tAg, and CoFe alloy
equivalent concentration,xCoFe. The solid and dashed lines are theoretical
values obtained using the CPP-like transport models given by Eqs.(9) and
(10), respectively. The dotted line is obtained using the CIP-like transport
Eq. (7) taking lAg=100 Å.
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J =
3

2
E

0

1

dmms1 − m2ds1 − e−fslAg/tAgdmgde−fslAg/tAgdmg,

lAg andrAg (Ref. 21) are the mean free path and the resis-
tivity of sputtered Ag, respectively. This equation is similar
to that given in Ref. 18, assuming that scattering at the in-
terfaces is totally diffusive.

When the thickness of the Ag layers becomes compa-
rable to that of the CoFe ones, the above model is no longer
valid. The electron path through silver between collisions at
the CoFe layers becomes much shorter than the Ag bulk
mean free path and therefore the Ag layers can no longer be
considered as short circuits. We have explored to describe
the electronic transport in this limit. The comparison with the
experimental data will determine which of the models better
describes the physical problem we are studying. Within the
frame of the first of these proposed models and taking into
account that the silver thickness is comparable to the mean
interlayer cluster distance,dic, we could think that the inho-
mogeneities shown by the system are isotropic. In this limit
the transport behavior would be similar to that of a random
classical granular alloy and the conductivity should be given
by the expression proposed by Zhang and Levy in Ref. 6 for
these structures. Taking an average volume for the clusters
and considering their magnetic moments to be randomly
aligned, the resistivity of the system can be expressed as a
function of the CoFe alloy concentration,x, by

r = rAg − xSrAg − a
ps

r0
D , s8d

whereps is the spin-dependent potential at the clusters inter-
face andr0 is the mean radius of the clusters.a is a constant
related with a mean free path defined for the surface. The
homogeneous cluster distribution assumed in this picture is
put into evidence in the last equation through the linear re-
lation of resistivity versus concentration.

In the second model, in the limittAg<dic, we take ex-
plicitly into account the thickness of the Ag layers as well as
the effective resistance arising from scattering at the clusters’
surfaces and propose a transport behavior similar to the one
observed in CPP geometry of multilayers with an explicit
effective Ag/CoFe interface. This model can be validated by
the following argument. As the thickness of the Ag layers
decreases, the relative amount of electrons short-circuiting
them also decreases due to the diffusive behavior; conse-
quently, scattering at the CoFe clusters interfaces gains im-
portance. This would explain the switchover to CPP-like be-
havior for decreasingtAg values. Within this model the
resistance of the samples is calculated by adding up the re-
sistance of the Ag layers and the surface resistance of the
magnetic clusters as resistors in series. We express, then, the
resistivity for this CPP-like transport model in the following
way:

1

rCPP
=

1

rAg + sRCoFe/tAgd
, s9d

whereRCoFe is the effective resistance arising from the scat-
tering at the surface of the CoFe clusters. In this last equation

we also assume that the two spin channels have in the aver-
age the same spin-dependent scattering. To evaluate Eq.(9)
we take an effectiveRCoFe value which is 8% of the value
found by Duvail in Ref. 21. This 8% might seem at first
glance small, but the following arguments should deal to
clarify this value. On the one side, the CoFe layer is noncon-
tinuous, and in the systems withtCoFe=5 Å, the CoFe/Ag
layer interface is roughly 25% of the whole interface taken
by Duvail21 and seen by the flowing electrons in the direction
perpendicular to the transport direction. On the other hand,
the measurements are done in CIP geometry and, even if the
spacer thickness is small, a fraction of the electrons keep on
short-circuiting through the Ag layers and lowering the ef-
fective interfacial resistance. Last but not least, among the
electrons suffering scattering at the multilayers interfaces,
the ones contributing to CPP-like transport are mainly those
which suffer a large change in their momentum(essentially
the backscattered electrons), being then negligible the contri-
bution to the interfacial resistance of the rest of the electrons.
If all these factors are taken into account, the initial raw
value of nearly 25% estimated by Duvail and co-workers as
the interfacial resistance decreases significantly. It must be
stressed that this effect would be larger fortAg,12 Å.

If instead of Eq.(9), one takes also into account a con-
tribution due to bulk scattering,srCoFed,

21 rCPP is given by

1

rCPP
=

tAg + tCoFe

rAgtAg + rCoFetCoFe+ RCoFe
, s10d

wheretCoFe is the nominal-deposited thickness of CoFe. The
resulting curve is the one given by the dashed line in Fig. 4,
which is quite off of the experimental results. The clusters of
our samples, with diameters of around 30 Å have a consid-
erable fraction of atoms at their surfacess<30%d, this
means that the bulk resistivity cannot be directly summed up
as just another resistor component, it has to be taken into
account in an effective way together with the interfacial con-
tribution and this leads to Eq.(9).

Let us now compare the results obtained from the differ-
ent models, given by Eqs.(7), (9), and(10) with the experi-
mental data(Fig. 4). From the magnetic measurements we
can give a rough estimation ofdic<50 Å. If the isotropic
model is valid fortAg,50 Å then, the measured data should
show a linear behavior as a function of the silver thickness.
However, it is clear from Fig. 4 that it is not the case, indi-
cating that the scattering suffered by the electrons in this Ag
layer thickness range is not isotropic. In fact, for thin silver
layers, the resistivity of these multilayers is given by the CPP
model [Eq. (9)] except fortAg=100 Å and thicker nonmag-
netic layers. In the latter Ag thickness range, the resistivity is
closer to the Ag bulk value than torCPP. In this limit, it is
more appropriate to describe the experimental data with the
CIP model [Eq. (7)], approaching the bulkrAg value
smoothly.

Our results show that conduction electrons face an an-
isotropic distribution of scattering sources in the studied con-
centration range and that the resistivity of the MLs arises
mainly from scattering at the Ag/CoFe interfaces.

Two extra sources may affect the room-temperature re-
sistivity of these systems, namely, the contributions of mag-
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non and phonon scattering. Magnon scattering at the
Ag/CoFe interfaces and within the magnetic alloy causes a
spin mixing between the current channels but, in our case,
this contribution is negligible because the spin-dependent
scattering is considered to be the same for both spin
channels,21 as it was explained above. On the other hand,
phonon scattering could give rise to an increase of the Ag
resistivity. However, the silver resistivity in these sputtered
films is much larger than the resistivity of pure silver and
thereafter the expected value phonon contribution is negli-
gible in comparison with the measured value.

As was deduced from the magnetic measurements, the
clusters’ shapes and sizes are modified by applying a mag-
netic field during the deposition of the samples. We examine
the influence of these factors on the transport properties of
the multilayers. The samples’ resistivity as a function of the
applied field during deposition is shown in Fig. 5. In both
samples series, we observe that the resistivity decreases as
Hdep increases. This behavior is consistent with an increase
in the size of the clusters withHdep, which is observed in the
magnetization measurements and, thereafter, with a decrease
of the total interfacial area. A saturation of the resistivity is
observed forHdepù100 Oe for the MLs7 series. This ten-
dency and the fact that the resistivity for thisHdep is close to
the Ag bulk one, may indicate that an electrical percolative
transition sets is nearHdep=100 Oe. At the percolation
threshold, the clusters form a low resistive electrical network
through the magnetic layer short-circuiting conduction,
avoiding large resistance paths across the interfaces.

The resistivity of the MLs5 samples does not show any
evidence of cluster percolation within the studiedHdep range
used. In this case, the percolation threshold would be ex-
pected to occur at larger values ofHdep due to the smaller
size of the clusters in samples grown with no magnetic field.

In Fig. 6 the magnetoresistance of the multilayers as a
function of Hdep is shown. The saturation field of all the
samples is lower than 1.5 T(see the inset of Fig. 6) if it is
applied in the plane of the layers. The MR ratio varies
smoothly as theHdep increases, for the MLs5 series. This
behavior is typical of granular systems. On the other hand,
the MLs7 series presents lower MR ratios and sharper de-
creases that we associate to the clusters’ percolation.23 The

low MR ratios of these systems is similar to those observed
in multilayers with continuous magnetic layers.22,23

IV. CONCLUDING REMARKS

We have studied the magnetic and magnetotransport
properties of multilayers built by ultrathin CoFe magnetic
layers separated by nonmagnetic Ag ones. We investigate, in
particular, the characteristics of electronic transport mea-
sured in CIP geometry and its dependence on nominal layer
thicknesses and deposition conditions.

The size and shape of the magnetic clusters building the
discontinuous layers are modified by changing the magnetic
layer thickness and by applying a magnetic field at deposi-
tion. The single-domain character of the CoFe clusters of
most of the samples is put into evidence through ZFC-FC
magnetization curves and magnetization loops measure-
ments. FMR experiments reveal that these particles are pan-
cake shaped and that a monotonic increase of their shape
anisotropy takes place with increasingHdep. All the samples
studied show a granular magnetic character in spite of their
multilayered stacking.

The electronic transport in multilayers has been studied
in samples with variable Ag spacer thicknesses(concentra-
tion) and fixed magnetic layers thickness. Two different re-
gimes have been observed depending on spacer thickness.
For tAg, smaller than 50 Å and larger than or equal to 100 Å.
In the first case the resistivity is described by a CPP model.
The resistivity of these structures is explained in terms of the
electron scattering at the Ag/CoFe interfaces. For these Ag
thicknesses, which are of the order or smaller than the intra-
layer magnetic clusters distances, the measured resistivity
keeps on revealing a layered structure showing no signs of
isotropy. FortAgù100 Å (small CoFe concentration), a CIP
model following the Sondheimer expression properly repro-
duces the experimental results.

Resistivity and magnetoresistance measurements show
that there is an electrical percolation as the magnetic field,
applied during deposition, is increased beyond 100 Oe in
multilayers with magnetic layers of 7.5-Å thick. However,
no evidence of percolation was found in the ferromagnetic
resonance measurements. In fact, the contribution of an as-

FIG. 5. Saturation resistivity vsHdep for MLs5 and MLs7 samples, mea-
sured at 4.2 K andH=1.5 T. FIG. 6. MR ratio vsHdep for multilayered samples, measured at 4.2 K. In

the inset, a typical magnetoresistance curve is plotted.
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sembly of clusters with a large size and shape distribution
and that of a multidomain fraction of the sample may be
merged into a large single resonance line if their resonance
fields are similar and the width of the single lines does not
allow a field resolution of the individual resonances. For this
reason, clusters’ percolation is not always observed in the
FMR spectra at the clusters concentration for which electri-
cal percolation actually sets in.

In summary, for a given CoFe nominal thickness, there is
a critical thickness,tAg

* , for which the transport behavior
changes from a CIP-like to a CPP one, always keeping trace
of the layered structure of the samples. In this kind of granu-
lar multilayered systems, both the CIP- and CPP-like behav-
iors corresponding of continuous multilayers can be obtained
doing measurements in CIP geometry. We have also shown
that it is possible to obtain a percolated cluster network by
depositing ultrathin magnetic layers under an applied mag-
netic field. Both the MR and the saturation resistivity mea-
surements clearly show the transition threshold.

ACKNOWLEDGMENTS

The authors thank R. Benavídes and J. C. Pérez for their
technical assistance. This work was partially supported by
Fundación Antorchas, Fundación Sauberan, Fundación
Balseiro, and grants from AN-PCYT(PICT 97 No. 03-6340)
and from UBA (UBACyT X-115). Three of the authors
(L.B.S.), (A.B.), and (A.M.L ) are members of CONICET
Argentina. Another author(J.M.) acknowledges a fellowship
from CNEA. Another author also(A.M.L.) as Senior Asso-
ciate of ICTP acknowledges them for the use of facilities.

1M. Baibich et al., Phys. Rev. Lett.61, 2472(1988).
2A. E. Berkowitzet al., Phys. Rev. Lett.68, 3745(1992).
3J. Q. Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. Lett.68, 3749(1992).
4W. P. Pratt, Jr., S.-F. Lee, J. M. Slaughter, R. Loloee, P. A. Schroeder, and
J. Bass, Phys. Rev. Lett.66, 3060(1991).

5T. Valet and A. Fert, Phys. Rev. B48, 7099(1993).
6S. Zhang and P. Levy, J. Appl. Phys.73, 5315(1993).
7Y. G. Pogorelov, G. N. Kakazei, J. B. Sousa, A. F. Kravets, N. A. Lesnik,
M. M. Pereira de Azevedo, M. Malinowska, and P. Panissod, Phys. Rev. B
60, 12200(1999); M. Rubinstein,ibid. 50, 3830(1994); E. F. Ferrari, F.
C. S. da Silva, and M. Knobel,ibid. 59, 8412 (1999); L. Sheng, Z. D.
Wang, D. Y. Xing, and J. X. Zhu,ibid. 53, 8203(1996).

8R. Loloee, P. A. Schroeder, W. P. Pratt Jr., J. Bass, and A. Fert, Physica B
204, 274 (1995).

9F. Fettar, L. B. Steren, A. Barthélémy, R. Morel, A. Fert, J. A. Barnard,
and J. D. Jarratt, J. Magn. Magn. Mater.165, 316 (1997).

10J. P. Jarratt and J. A. Barnard, IEEE Trans. Magn.31, 3952(1995).
11J. L. Dormann, D. Fiorani, and E. Tronc, Adv. Chem. Phys.98, 341

(1997).
12R. Bozorth,Ferromagnetism(Van Nostrand, Canada, 1953), p. 441.
13Y. Saito and K. Inomata, Jpn. J. Appl. Phys., Part 230, L1733 (1991).
14Ag 50 Å/CoFe, 1000 Å/Ag, and 50-Å thin film have been also measured

as reference.
15J. Dubowik, Phys. Rev. B54, 1088(1996).
16J. Smit and H. G. Beljers, Philips Res. Rep.10, 113 (1955).
17E. H. Sondheimer, Adv. Phys.1, 1 (1952).
18P. F. Carcia and A. Suna, J. Appl. Phys.54, 2000(1983).
19R. E. Camley and J. Barnás, Phys. Rev. Lett.63, 664 (1989).
20A. Barthélémy and A. Fert, Phys. Rev. B43, 13124(1991).
21rAg=7 mV cm, rCoFe=16 mV cm, andRCoFe=7.0310−10 mV cm2. These

values were taken from the J. L. Duvail, Ph.D. thesis, Université Paris-Sud
(1995).

22S. Araki, J. Appl. Phys.73, 3910(1993).
23E. A. M. van Alphen and W. J. M. de Jonge, Phys. Rev. B51, 8182

(1995).

7398 J. Appl. Phys., Vol. 96, No. 12, 15 December 2004 Milano et al.

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

157.92.4.72 On: Mon, 22 Dec 2014 18:34:32


