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Ion-beam modification of Co ÕAg multilayers II: Variation of structural
and magnetic properties with Co layer thickness

T. Veres, M. Cai, S. Germain, M. Rouabhi, F. Schiettekatte, S. Roorda,
and R. W. Cochranea)

Départment de physique et Groupe de recherche en physique et technologie des couches minces,
Universitéde Montréal, C.P. 6128, Succ. Centre-ville, Montre´al, Québec H3C 3J7, Canada

~Received 4 August 1999; accepted for publication 20 March 2000!

The structural, magnetic and transport properties of rf sputtered Co/Ag multilayers with Co-layer
thicknesses ranging from 1 to 14 Å have been studied by a combination of x-ray diffraction,
magnetic and transport measurements. The magnetoresistance at room temperature has a maximum
value of more than 12% for a Co-layer thickness around 5 Å. Magnetic measurements demonstrate
that samples near this Co-layer thickness are in the transition region from superparamagnetic to
ferromagnetic behavior. X-ray analysis indicates that, during deposition, a significant quantity of Co
is dispersed throughout a highly textured Ag matrix. Upon irradiation with 1 MeV Si1 ions up to
a dose of 531016 Si1/cm2, an initial demixing of the Co is followed by segregation into grains with
the same texture as the Ag. The resulting changes in the magnetization and magnetoresistance are
characterized on the basis of a log-normal distribution of the volume of the magnetic particles. As
the particle sizes increase, a systematic evolution towards ferromagnetic behavior for films initially
in the superparamagnetic and transition regions results. ©2000 American Institute of Physics.
@S0021-8979~00!08912-X#
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I. INTRODUCTION

The relation between giant magnetoresistance~GMR!
and spin-dependent scattering at interfaces and in the bu
magnetic layers is well established in the case of magne
nonmagnetic multilayers.1 However, analysis is more com
plex in the case of discontinuous multilayers and hetero
neous~alloys/granular! samples in which a small amount o
magnetic material~Co, Fe, NiFe, CoFe! is dispersed in a
metallic matrix~Cu, Ag!. Ferromagnetic, superparamagne
and spin-glass behavior have been obtained in such mate
depending on the distribution in particle sizes, shapes
separations.2–5

Existing models describing the GMR and its temperat
dependence in heterogeneous materials are based on th
sumption of a predominant spin-dependent scattering at
magnetic/nonmagnetic interface. Within this approach,
amplitude of the GMR is controlled by the magnetic-partic
surface to volume ratio leading to an inverse proportiona
between particle size and GMR.3,6,7 However, due to the
very complex structure of these materials, not all factors
fecting the GMR can be readily identified, making the sea
for good GMR materials a somewhat empirical process.

In the search for conditions appropriate for a significa
GMR, various thermal treatments, such as variations
deposition temperatures and postpreparation annealing,
been tried in order to optimize the size, the shape and c
centration of the magnetic particles. A successful proced
to control the shape and the concentration of magnetic
ticles has been proposed by Hyltonet al.8 in which discon-

a!Author to whom correspondence should be addressed; electronic
cochrane@ere.umontreal.ca
8510021-8979/2000/87(12)/8513/9/$17.00
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tinuous multilayers were made by annealing sputte
Ni80Fe20/Ag multilayers under appropriate conditions. Th
penetration of the nonmagnetic material~Ag! at the grain
boundaries of the NiFe layer results in the formation of fl
magnetic particles that promote a multidomain state wit
the magnetic layer. Discontinuities induced in the magne
layer are able to promote local antiparallel alignment of
grain moments in adjacent layers due to interlayer inter
tions.

Several parameters make the Co/Ag system a part
larly valuable candidate for studying the effects of a granu
structure on the magnetic properties. This system exhi
extremely small equilibrium solid solubility, essentially du
to the fact that the surface free energy of Co~2.71 J/m2! is
more than twice that of the Ag~1.30 J/m2! resulting in a
large positive heat of formation between Co and Ag (DHm

5126 kJ/g atom!. Coupled with the important lattice mis
match ~15%! between fcc Ag and Co, these characterist
ensure a high degree of immiscibility for equilibrium mix
tures of these elements. Thermal control of the microstr
ture of Co/Ag mixtures and its effect on GMR and magne
properties have been investigated by many authors.9–13 In
general, complex magnetic behavior is found due to the p
ence of small superparamagnetic and larger ferromagn
particles and to nonvanishing inter-particle interactions.

Depending on the ion mass, its energy and the dos
ion-beam irradiation can enhance atomic diffusion, mod
crystal structures and alter grain sizes. Moreover, such
fects will be strongly dependent on the chemical miscibil
between the components so that very different behaviors
be expected depending on the sign of the heat formation.14–16

Nevertheless, very few studies on the effects produced
ion-beam irradiation in systems exhibiting giant magneto
il:
3 © 2000 American Institute of Physics
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8514 J. Appl. Phys., Vol. 87, No. 12, 15 June 2000 Veres et al.
sistance have been reported.17,18 In an earlier study, we dem
onstrated a strong reversible decrease of the GMR upon
temperature ion-beam bombardment in Co/Cu multilayer19

this decrease could be correlated with the suppression o
interlayer antiferromagnetic coupling under irradiation.

We have recently embarked on a systematic examina
of the structural and magnetic modifications from hig
energy ion bombardment of sputter-deposited Co/Ag mu
layers with Co thicknesses ranging from 2 to 15 Å. In
previous article, Ref. 20, hereafter referred to as article I,
detailed the effects of 1 MeV Si1 ion irradiation on the
multilayer with a Co-layer thickness of 5 Å, for which th
magnetoresistance of the as-deposited multilayer is m
mum. For this multilayer, it was found that the Co is initial
largely dispersed throughout the Ag layers which have a h
degree of fcc~111! texture. Upon bombardment, the Co se
regates into strongly textured grains, probably also fcc~111!
although the x-ray spectra cannot discriminate against
~002!. The magnetic state evolves from superparamagnet
mixed superparamagnetic ferromagnetic with a concomi
decrease in the magnetoresistance.

The present article is intended to complement article I
detailing the ion-beam effects on the structure and magn
properties of multilayers prepared with initial Co-layer thic
nesses from 2 to 15 Å. Within this range of thicknesses,
as-deposited Co layers pass from being discontinuou
forming continuous layers, the latter giving rise to superl
tice x-ray peaks. The present study focuses on the radia
induced effects on the size distribution for the Co partic
and their influence on the magnetization and magnetore
tance of the samples. In particular, the GMR ratio was fou
to decrease substantially for the samples close to the tra
tion between the superparamagnetic and ferromagnetic
gimes. This degradation is attributed to the decrease in s
dependent interfacial scattering due to the ion-beam indu
phase segregation of the Co particles.

The remainder of this article is divided into three pri
cipal sections. In the first, we describe the details of
sample preparation, the magnetic measurements and the
beam irradiation. In the second, the structure, transport
magnetic properties of the as-deposited samples are ch
terized. In the third section, we present the effects of i
beam irradiation on these same properties as well as
analysis of these effects based on a log-normal size distr
tion for the Co particles.

II. EXPERIMENTAL DETAILS

Preparation and measurement techniques have bee
scribed in article I. Co/Ag multilayers of the form
Ag~50 Å!/@Co(tCo)/Ag~25 Å!#70 with tCo ranging from 2 to
15 Å have been prepared on a SiO2 layer thermally grown on
Si ~100! substrates by rf triode sputtering. During sputterin
the substrate temperature was maintained at about 40 °C
sputtering pressure at 4 mTorr of argon~99.999%! and the rf
power at 100 W; the resultant sputtering rates were 0.9
for Co and 5.1 Å/s for Ag.

The crystallographic structure of the samples was inv
tigated using an x-ray diffractometer with a CuKa source.
Downloaded 29 Oct 2011 to 132.204.3.57. Redistribution subject to AIP lic
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Magnetization curves at room temperature were measu
using a vibrating sample magnetometer operating at 85
with a resolution of better than 1025 emu. A number of
zero-field cooled~ZFC! and field cooled~FC! magnetization
and ac susceptibility runs were made using a modified Qu
tum Design Model 6000 Physical Property Measurem
System. Transport properties~resistivity and anisotropic
magnetoresistivity! were obtained by the standard four-poi
method. Magnetization measurements were taken with
external field applied in the sample plane; magnetoresista
measurements were made for magnetic fields applied
plane~TMR! and perpendicular~PMR! to the plane.

Si1 ions~1 MeV! from a HV Tandetron accelerator wer
rastered over a 10320 mm2 area at normal incidence in
vacuum of 131027 Torr. The ion energy was selected su
that its projected range was much greater than the total
thickness~2000 Å! so that a uniform damage profile throug
out the multilayer is expected. During irradiation, samp
were maintained in thermal contact with a copper block
the liquid-nitrogen temperature and the beam current w
kept below 50 nA/cm2. Each multilayer with configuration
Si/SiO2/Ag~50 Å!/@Co(tCo)/Ag~25 Å!# (tCo52 – 15 Å! was
irradiated with ion doses ranging from an initial value of
31013 cm22 to a final value of 531016 cm22.

III. AS-DEPOSITED SAMPLES

A. X-ray diffraction

X-ray diffraction spectra for the as-deposited films wi
tCo52.8, 5.0, and 14 Å are shown in Fig. 1. These data h
been chosen because they demonstrate the evolution o
Co-layer structure from dispersed to continuous. Several
tures should be noted. First, only single phase fcc peaks
tributable to~111!, ~222! planes of Ag and a series of peak
around 2u533° arising from the substrate have been o
served. Clearly, the polycrystalline grains of all the samp
are strongly textured. Moreover, there is no crystallograp

FIG. 1. X-ray diffraction spectra measured using CuKa radiation for the
as-deposited multilayers withtCo52.8, 5.0, and 14 Å. The solid-line spec
trum shows the signal originating from the substrate. For clarity, succes
spectra have been shifted vertically.
ense or copyright; see http://jap.aip.org/about/rights_and_permissions
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8515J. Appl. Phys., Vol. 87, No. 12, 15 June 2000 Veres et al.
evidence of either fcc or hcp Co in these samples. This c
clusion is applicable even for the sample withtCo514 Å
since the very broad peak observed around 2u595° cannot
be simply ascribed to either Ag or Co. In addition, the s
perlattice peaks observed around the Ag~111! reflection for
the film with tCo514 Å as well as the intensity modulatio
around the Ag~222! peak show that the structural coheren
length normal to the film plane is larger than the multilay
period. At a Co-layer thickness of 2.8 Å, the superlatt
satellites have completely disappeared indicating a los
coherence at the interfaces and a degradation of the
layering. At intermediate Co-layer thicknesses~5.0 Å!, the
superlattice peaks are just barely discernable~see article I!.

The fcc Ag ~111! peak is generally shifted with respe
to the equilibrium bulk position which can be interpret
~article I! as arising from the dispersion of the Co into the A
layer. This shift depends on the Co-layer thickness. For
sample withtCo52.8 Å, the lattice is contracted by 1.7%
The intensities of the Ag~111! and Ag~222! peaks are large
than those for the other samples, suggesting that for s
monolayer thicknesses, the Co atoms form only small c
ters or are imbedded into the Ag matrix formed by larg
~111! textured grains. FortCo55.0 Å, it was concluded in
article I that the double-peaked Ag~111! reflection (2u
538.1°, 2u539.0°) was a result of a relatively undeforme
Ag buffer layer with a near equilibrium lattice parameter a
the remaining multilayer with a significant quantity of the C
dispersed throughout the Ag layer resulting in an aver
contraction of 2.4%. Finally, for the thickest Co layer~14 Å!,
the most intense peak is shifted toward lower angles (u
537.2°) with respect to the Ag equilibrium position arisin
from the convolution of the superlattice and atomic perio
icities.

B. Magnetization

Low-field magnetization curves at room temperature
presented in Fig. 2. For samples withtCo.7.4 Å @Fig. 2~a!#,
the curves demonstrate a ferromagnetic character with s
coercivities (Hc,10 Oe! and low saturation fields. Thes
samples also show a small in-plane anisotropy. Very diff
ent behavior is observed for samples with Co thicknes
below 5.5 Å: the magnetization@Fig. 2~b!# increases linearly
through zero at very low applied fields, exhibits no hystere
and shows little sign of saturation, a superparamagnetic
havior. For intermediate Co-layer thicknesses, the curves
play both superparamagnetic and ferromagnetic features
tifying to the presence of smaller superparamagnetic
particles and larger ferromagnetic ones in the as-depos
sample.

As in article I, we analyze the magnetization curves
the sum of two contributions: a superparamagnetic contr
tion, which requires very large fields for saturation due to
presence of noninteracting small unblocked particles, an
ferromagnetic one arising from larger grains or interact
particles, which is easy to saturate and shows hysteresis.
analysis makes use of the empirical form for the ferrom
netic term employed by Stearns and Cheng21 cited in article
I. This function has been used to fit experimentalM –H data
Downloaded 29 Oct 2011 to 132.204.3.57. Redistribution subject to AIP lic
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using the coercivityHc , the remanenceMr and the satura-
tion magnetizationMFerro

s as parameters.
To calculate the superparamagnetic contribution, we

sume single domain particles above their characteri
blocking temperatures for which the total moment can
described by the Langevin function,22 L(x)5coth(x)21/x,
x5m(V)H/kT. Herem(V)5MsV is the magnetic momen
of the particle with volumeV and saturation magnetizatio
Ms . The superparamagnetic magnetization is then an i
gral over the volume of the Langevin function weighted
the particle size distribution. This magnetization has a sa
ration value ofMSP

0 . We use a log-normal size distributio
function of the form23

f ~V!5
1

A2p Vs
expF2

~ ln~V/Vm!!2

2s2 G , ~1!

wheres andVm , represent, respectively, the half-width an
mean value of the size distribution.

Fitting to the magnetization of the as-deposited samp
we find that the ratioMFerro

s /MSP
0 between the ferromagneti

and superparamagnetic contributions is near 0 for very
Co layers,tCo<5 Å, rising abruptly to 0.44 fortCo56 Å. For
Co layers thicker than 8 Å, the samples have almost a p
ferromagnetic behavior. In addition, these fits indicate a s
tematic increase in the average size of the Co particles;

FIG. 2. In-plane magnetization curves measured at room temperatur
multilayers with Co thicknesses of 4.4, 5.0, 5.5, 6.0, 7.4, 8.3, and 14 Å
ense or copyright; see http://jap.aip.org/about/rights_and_permissions
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8516 J. Appl. Phys., Vol. 87, No. 12, 15 June 2000 Veres et al.
suming, for simplicity, spherical particles with the volum
V5pD3/6, the average diameter passes from 32 Å attCo

54 Å to 50 Å at tCo56 Å. These results confirm the con
clusions inferred from x-ray measurements that the brea
of the magnetic layer happens at a Co thickness below 7

Magnetic blocking temperatures are another signatur
the superparamagnetic state. Values for the magnetic bl
ing temperatures of a number of the multilayers were
tained by performing zero-field-cooled~ZFC! and field-
cooled~FC! magnetization measurements. ZFC and FC d
measured in a 20 Oe in-plane applied field, are shown in
3 for three representative samples with Co-layer thicknes
from 4 to 7.4 Å. FortCo54 Å, the peak in the ZFC curve
and the onset of the irreversibility between the FC and Z
curves indicate an average blocking temperature of 41
The blocking temperature rises systematically with Co-la
thickness to 100 K for the sample with Co layers of 7.4 Å

Considering that the energy barrier to free rotation of
moments of a magnetic particle of volumeV can be deter-
mined only by the anisotropy energyEB5KV, we can relate
this energy to the blocking temperature via the equatio24

25kBTb(H50)'KV where Tb(H50) is the value of the
blocking temperature extrapolated to zero field. Taking
value of 4.53105 J/m3 for the anisotropy constant of fcc Co
the average diameter for the Co particles is estimated~for
spherical particles! to range from 35 Å fortCo54 Å to 47 Å
when tCo57.0 Å. These values agree reasonably well w
those obtained from the analysis of the magnetization cur

C. Magnetoresistance

Figure 4 is a plot of the room temperature magnetore
tance of a number of the as-deposited multilayers meas
in transverse geometry~in-plane magnetic field applied pe
pendicular to the current!. Since the highest available fiel
was 15 kOe, the MR ratio has been defined asDr/r0

FIG. 3. Temperature dependence of the magnetization measured in a
plied field of 20 Oe for the as-deposited multilayers withtCo54.0, Å, 5.0,
and 7.4 Å. ZFC~filled circles! and FC~open circles! refer to zero-field-
cooled and field-cooled conditions, respectively.
Downloaded 29 Oct 2011 to 132.204.3.57. Redistribution subject to AIP lic
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5@(rH502rH515)/rH50#, whererH50 andrH515 are the re-
sistivities in zero and 15 kOe fields, respectively. Very d
ferent amplitudes and shapes of ther(H) curves are ob-
served as a function of the Co-layer thickness. FortCo,4 Å,
the MR is relatively small and isotropic and varies ve
slowly with the applied magnetic field, as is expected
superparamagnetic clusters.

A significant evolution in the MR takes place for Co
layer thicknesses in the range from 5 to 6.5 Å. First, the M
amplitude increases by a factor of 4 compared with that
the thinnest Co layers and the shape of the MR cu
changes. Two distinct regions can be identified: in sm
fields (,3 kOe! the MR decreases rapidly followed by
very slow approach to saturation in larger fields. Beyond
Co-layer thickness of 7.5 Å, the magnitude of the MR fa
off rapidly and the variation with field also exhibits a slo
approach to saturation. In addition, a significant differen
between the in-plane and perpendicular MR curves deve
for thick Co layers, suggesting a strong demagnetizing fi
due to the progressive formation of continuous Co layers

Even for the sample with the thickest Co layers, t
contribution of a ferromagnetic anisotropic magnetores
tance~longitudinal MR minus transverse MR! was small so
that the analysis of the MR curves assumes that the sca
ing originates from small superparamagnetic Co cluste
The field behavior is indicative of a distribution of partic
sizes, the larger ones controlling the low field variation a
the smaller single-domain particles dominating at hi
fields.4,8

ap-

FIG. 4. Room temperature magnetoresistance in transverse geometry f
as-deposited samples with Co thicknesses of 2.8, 4.4, 5.5, 6.0, 7.4,
and 14 Å.
ense or copyright; see http://jap.aip.org/about/rights_and_permissions
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8517J. Appl. Phys., Vol. 87, No. 12, 15 June 2000 Veres et al.
In order to quantify the analysis, we characterize the s
distribution of the superparamagnetic particles as log-nor
as was done in article I, following the proposal
Gitteleman.25 Considering that magnetic moments of the p
ticles are randomly oriented, the field dependence of
GMR ratio can be expressed as

D r

r
5

r~H !2r~0!

r~0!

52ao •S E
2`

`

LS m ~V!H

kBT D f ~V!d~ ln V! D 2

, ~2!

wherer(0) is zero-field resistivity,Dr the resistivity change
in a field H anda0 the magnitude of the GMR. The magn
toresistance curves have been fitted using Eq.~2! and a log-
normal distribution for the particle sizes described by E
~1!. The results of this analysis for the as-deposited sam
as well as those measured after subsequent irradiation d
are presented in Sec. IV C.

IV. IRRADIATION EFFECTS

In this section we present the effects of ion-beam ir
diation on the structure, magnetization and magnetore
tance for samples having different Co thickness.

A. Structural modifications

The evolution of the x-ray structure of the multilayers
all Co-layer thicknesses generally follows that discussed
the film with the 5.0 Å Co-layer thickness detailed in artic
I. The principal peaks are assigned as Ag~111! around 2u
538° and Ag~222! near 2u582°. The initial 2u positions
are several percent higher than the bulk equilibrium val
for pure Ag, indicating a lattice contraction resulting fro
the incorporation of at least part of the Co into the Ag m
trix. With ion bombardment, these peaks grow in intens
narrow and shift almost completely to the bulk positions
pure Ag. In addition, two other peaks emerge at high
dose (.231015 Si1/cm2) near 2u543.5° and 2u595.5°
~Fig. 5 and article I!. Their positions and the fact that the
intensities track the Co-layer thickness leads us to asc
them to Co~111! and Co~222! reflections, respectively. As
with the tCo55.0 Å film studied in article I, the Co grains ar
highly textured in the same orientation as the Ag grains.

As-deposited multilayers with continuous Co layers e
hibit well-developed x-ray superlattice reflections as sho
in Figs. 1 and 5. At low doses (,831014 Si1/cm2), the
intensities of the superlattice peaks initially increase a
result of an initial demixing near the interfaces. The sup
structure is relatively robust under ion bombardment up to
ion dose exceeding 1015 Si1/cm2. Larger doses progressivel
reduce the intensity of the superlattice peaks as the interl
coherence is destroyed by the breakup of the layer struc
and the formation of separate Co and Ag grains.

B. Irradiation effects on the magnetization

Ion-beam irradiation causes significant changes in
magnetization curves. At Co-layer thicknesses of 5 Å and
below, the films are initially superparamagnetic at room te
Downloaded 29 Oct 2011 to 132.204.3.57. Redistribution subject to AIP lic
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perature and only develop a ferromagnetic component u
bombardment, as has been discussed in article I. In the t
sition zone between Co layers of 5 and 7 Å, a mix
superparamagnetic-ferromagnetic character is present.
evolution of this behavior with ion dose is illustrated in Fi
6 for the tCo56 Å sample. Extending the analysis describ
in Sec. III B to the irradiated sample gives at 831014

FIG. 5. X-ray diffraction spectra for the 14 Å Co multilayer after variou
stages of 1 MeV Si1 irradiation. The substrate signal is represented by
solid-line spectra. Successive spectra have been shifted vertically for cla

FIG. 6. Magnetization of thetCo56.0 Å sample measured at 300 K afte
different irradiation doses:~a! as-deposited,~b! 331015 Si1/cm2, ~c! 3
31016 Si1/cm2 and~d! 531016 Si1/cm2. The calculated superparamagnet
~solid! and the ferromagnetic~dashed! contributions are also shown. Th
total calculated curve~SPM1FM—solid line! is superimposed on the dat
in ~d!.
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Si1/cm2 an initial reduction in the average grain size fro
Dm548– 42 Å accompanied by a decrease of the ferrom
netic component (MFerro

0 /MSP goes from 0.44 to 0.19!. A
similar initial decrease in the average grain size has b
noted for the 5 Å sample in article I. Subsequent irradiatio
to 531016 Si1/cm2 almost doubles the average particle d
ameter to 76 Å leading to a significant conversion of t
magnetic material from superparamagnetic to ferromagn
(MFerro

0 /MSP
0 51.4). Details of this evolution under ion bom

bardment are illustrated in Fig. 6 along with the calculati
of the fitted superparamagnetic and ferromagnetic com
nents.

Beyond a Co-layer thickness of about 8 Å~Fig. 2!, the
film behavior is initially ferromagnetic with a small in-plan
anisotropy, characteristic of continuous layers coupled fe
magnetically. Only minor changes can be observed afte
radiation up to 331015 Si1/cm2 and, for larger doses, th
in-plane magnetization curves become isotropic and the
ercive field increases. At all doses, films with thick Co laye
maintain a predominantly ferromagnetic character, altho
there is a rounding of the magnetization curves and a so
what slower approach to saturation at the highest doses
conclude that some superparamagnetic clusters are form
the layers are broken up but that most of the Co remain
grains sufficiently large to support ferromagnetism.

In article I, it was demonstrated that the coercive fie
Hc increased rapidly at the highest doses for the film with
Å Co layers. The same phenomenon occurs for thicker
layers. At tCo56 Å it is more pronounced but at great
thicknesses the effect is substantially attenuated. In part,
behavior arises from the generation of defects and pinn
centers within the films. However, the fact that the variat
in Hc is greatest for films in the transition zone from sup
paramagnetic to ferromagnetic behavior also suggests th
is a consequence of the significant changes in particle s
shapes and separations under irradiation. A similar beha
of the coercive field was also observed upon annealing
CoxCu12x and FexCu12x alloys.26

C. Irradiation effects on the magnetoresistance

As mentioned in Sec. III C, the magnetoresistance of
as-deposited multilayers varies in magnitude and form w
the Co-layer thickness. Under ion bombardment, there
further changes in the MR which differ withtCo. Figure 7
summarizes the behavior of the resistivity and the mag
toresistivity of several representative samples in the se
At all Co-layer thicknesses@Fig. 7~a!#, the resistivityr in-
creases at least 20% at doses up to about 1015 Si1/cm2, after
which further irradiation causes it to fall to a value close
the original one. In contrast, it can be pointed out that,
Co/Cu multilayers irradiated under similar conditions,19 the
resistivity at high dose continues to increases with ion do

The initial increase of the resistivity is the result of se
eral possible factors. On one hand, the x-ray data have sh
that ion irradiation initially induces some atomic demixing
the interfacial regions which should normally result in a
duced resistivity; on the other, the irradiation generates b
defects which have the opposite effect on the resistivity. T
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universal increase of the resistivity at small doses clea
indicates that defect production has the greater effect.
subsequent decrease inr at doses above 1015 Si1/cm2 is due
to the atomic segregation and grain growth; it is appar
that the granular material is less resistive than the co
sponding alloy mixture.

Figure 7~b! presents the field induced variation of th
resistivityDr with ion dose for the samples of Fig. 7~a!. For
all multilayers, no significant change is observed below
threshold dose of order 1015 Si1/cm2. With the exception of
the thinnest film (tCo51.2 Å!, there is a monotonic decreas
of Dr with doses greater than the threshold value; such
havior signals changes in the magnetic disorder on the s
of the mean free path. At the highest dose of 531016

Si1/cm2, Dr is almost identical for all the samples. Finall
Fig. 7~c! illustrates the variation of the magnetoresistan
Dr/r with ion dose. The MR also decreases monotonica
falling quite abruptly beyond the threshold dose forDr.

Some evolution in the shape of the MR curves is o
served, most noticeably for the multilayers with the thinn
Co layers~Fig. 8 for tCo52.8 Å!. The initial curve has a
parabolic shape with no sign of saturation up to 15 kOe, a
expected for Co dispersed in very small Co clusters. W
increasing dose, the shape transforms to a cusp-like f
usually observed for GMR materials: the MR drops rapid
at low fields and saturating at a field which decreases w
ion dose. For all doses, the MR curves are nearly ident
for the field oriented in the sample plane~TMR! and perpen-
dicular to the plane~PMR!. This isotropy indicates that the
Co particles are reasonably spherical for all ion doses.
plication of the analysis of the curves described previou
yields quantitative information about the size distribution
the Co particles. For thetCo52.8 Å sample, we calculate a
average diameter of 17 Å (s50.35) in the as-deposited
sample which rises to 38 Å (s50.89) at the maximum dose
of 531016 Si1/cm2.

In the transition region between superparamagnetic
ferromagnetic behavior the shape of the MR curves is cu
like aroundH50, as illustrated fortCo55.0 Å in article I.
The magnitude of the MR falls in accordance with Fig. 7
ion irradiation causes growth of the magnetic clusters. Fitt
the MR curves reveals that average particle diameters do
under ion bombardment: 23–52 Å fortCo55.0 Å ~article I!;
26–59 Å for tCo56.0 Å. For the as-deposited samples, t
analysis of the magnetization curves gives somewhat la
values, but the two analyses converge to very similar val
at large ion doses. Nevertheless, both magnetic and trans
data support a consistent picture that ion bombardment
sults in the segregation and growth of the magnetic partic

For multilayer with tCo.8 Å the Co layers are almos
continuous. The MR is small and displays anisotropies
field orientations within the plane of the sample and perp
dicular to it. Ferromagnets normally exhibit an anisotrop
magnetoresistance~AMR! for the field oriented parallel or
perpendicular to the current; such an effect is evident for
tCo514 Å film. Upon irradiation the MR and AMR chang
but never exceed a value of 1%. Furthermore, at high do
the PMR~field directed perpendicularly to the film surfac!
ense or copyright; see http://jap.aip.org/about/rights_and_permissions
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FIG. 7. ~a! Resistivity, ~b! resistivity change@r~15 kOe!2r~0!# and ~c!
magnetoresistivity at 300 K vs the ion dose for samples withtCo ranging
from 1.2 to 14 Å.
ifi
a

a
, t
an

tic
ize

tter-
by
is characterized by a demagnetization field which is sign
cantly larger than found for the in-plane MR. It would appe
that, even at a dose of 531016 Si1/cm2, the initially continu-
ous Co layers have been broken into quite anisotropic m
netic clusters. As was the case for the magnetization data
magnetoresistance curves for such thick films cannot be
Downloaded 29 Oct 2011 to 132.204.3.57. Redistribution subject to AIP lic
-
r
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lyzed within the model used for the superparamagne
samples, so no detailed information is available on the s
distribution of the magnetic clusters for these materials.

The decrease ofDr and Dr/r upon irradiation can be
understood if one considers that the spin-dependent sca
ing at the surface of particles is dominant, as proposed
ense or copyright; see http://jap.aip.org/about/rights_and_permissions
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Berkowitz,2 Zhang and Levy.6 With this assumption, their
models predict thatDr will decrease as the particle diamet
increases since the corresponding reduction in thesurface/
volumeratio results in relatively less spin-dependent inter
cial scattering relative to scattering processes in the bul
the clusters. Qualitatively, it has been noted that the MR f
strongly as the average particle size grows upon irradiat
This effect is demonstrated quantitatively in Fig. 9 where
is shown that the total change in the fitted resistivity var
inversely with the mean magnetic particle size for samp
with a significant superparamagnetic component. In the
ure, Dr for the tCo55.0 Å sample is substantially bigge
than that found for thetCo52.8 Å film at the same mean
cluster size, indicating a dependence on the mean separ
of the clusters. Furthermore, for the samples in the transi
region ~4 Å,tCo,7.5 Å!, Dr is somewhat larger than ex
pected on the basis of a collection of superparamagnetic

FIG. 8. Field dependence of the transverse magnetoresistance at 300
the tCo52.8 Å multilayer at the following ion doses:~a! as-deposited,~b!
531014 Si1/cm2, ~c! 331015 Si1/cm2, ~d! 131016 Si1/cm2, ~b! 531016

Si1/cm2. Solid lines are fits to the data using Eq.~2!.

FIG. 9. Maximum change of the fitted resistivity (Dr5a0) for samples
tCo52.8 and 5.0 Å as a function of the inverse mean particle radius.
solid line is a linear fit to the data.
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ticles only. This difference can be ascribed to contributio
from other mechanisms such as reported by Hyltonet al. in
NiFe/Ag multilayers.8

V. CONCLUSIONS

This article completes a study, begun in article I, of t
structural, magnetic and transport properties of a series
@Co(tCo)/Ag(25 Å)#70 multilayers with Co-layer thicknesse
between 2 and 14 Å and their modification by 1 MeV S1

ion bombardment. The multilayers can be classified i
three groups according totCo: below about 4 Å, the Co is
initially dispersed in the highly textured Ag matrix; above
Å a continuous Co layer is formed during deposition; a tra
sition region exists between these values.

Figure 10~a! presents a schematic representation of
structure for the as-deposited multilayers in the transit
region ~5 Å,tCo, 7 Å!, and for the multilayers with con-
tinuous Co layers (tCo.8 Å!.

The large structural changes that we observed upon
diation are depicted in Fig. 10~b!. Low ion doses induce a
limited demixing of the elements which is most noticeab
for thick continuous Co layers as a sharpening of the sup
lattice modulation. At high ion doses, the Co is progressiv
segregated from the Ag. The general tendency to form
granular structure after high dose irradiation is illustrated
Fig. 10~c!. The lattice constant of the Ag matrix shows th
there is almost a complete phase separation after irradia
by 531016 Si1/cm2. For samples with thin and intermedia
Co layers, ion irradiation leads to a systematic growth of
clusters; for multilayers with initially continuous Co layer
the periodic superstructure is destroyed and the films take

for

e

FIG. 10. Schematic representation for the structural evolution upon irra
tion: ~a! as-deposited,~b! ,131015 Si1/cm2, ~c! .131016 Si1/cm2.
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a granular structure. In all cases, the Co and Ag gra
formed after intense ion bombardment share a high degre
structural texturing, essentially fcc~111!.

The initial magnetic state of the films varies from sup
paramagnetic to ferromagnetic for increasing Co-layer thi
ness. As the samples are irradiated, the magnetic beha
becomes more ferromagnetic as the particles increase in
and become magnetically coupled. The magnetization cu
were analyzed to separate superparamagnetic and ferro
netic components on the basis of their field dependencie
to tCo58 Å; beyond this value the superparamagnetic co
ponent is too small for reliable analysis. Mean superpa
magnetic cluster diameters increase by about a factor of
to the maximum ion dose of 531016 Si1/cm2.

The magnetoresistance of the as-deposited sample
maximum in the transition region~4.5 Å,tCo,6.5 Å!; it
decreases systematically under ion bombardment for all fi
beyond a threshold dose of about 1015 Si1/cm2. Clearly, the
largest GMR ratios can be associated with superparam
netic clusters of a certain size and separation; the GMR
comes negligible with the increase of the mean cluster
and the onset of collective ferromagnetic-like behavior. F
ting the MR curves to a log-normal distribution, as was do
for the magnetization, the mean size of the magnetic clus
and their distribution were determined at different irradiati
stages. We find that the width and the mean value of
distribution largely increase with irradiation showing that t
fraction of large particles, not contributing to the magneto
sistance, is enhanced. The fit shows thatDr}1/Dm for the
samples with granular-like behavior consistent with a do
nant spin-dependent scattering that occurs mostly at Co
interfaces.

The evolution of the structural, magnetic and transp
properties of these Co/Ag samples can be understood on
basis of the mechanisms generally invoked to describe
beam mixing in multilayers: collisional~ballistic! transport,
thermal spike diffusion and irradiation enhanc
diffusion.27,28 For systems with a large positive heat of mi
ing, the initial ballistic mixing is partially recovered b
chemically driven relocation within cascades which acts a
demixing mechanism in the thermal spike stage of the co
sion cascade. The role of the chemical driving forces will
enhanced for high doses once atomic relocations over
tended regions due to the spatial superposition of casc
begin to promote phase segregation and the agglomeratio
neighboring grains.
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