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The structural, magnetic and transport properties of rf sputtered Co/Ag multilayers with Co-layer
thicknesses ranging from 1 to 14 A 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 A. 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 MeVi&as up to

a dose of 5 10 Si*/cn?, 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 results20@0 American Institute of Physics.
[S0021-897€00)08912-X]

I. INTRODUCTION tinuous multilayers were made by annealing sputtered
NigoFeo/Ag multilayers under appropriate conditions. The
The relation between giant magnetoresistatiG®R)  penetration of the nonmagnetic mater{dlg) at the grain
and spin-dependent scattering at interfaces and in the bulk &foundaries of the NiFe layer results in the formation of flat
magnetic layers is well established in the case of magnetiahagnetic particles that promote a multidomain state within
nonmagnetic multilayers However, analysis is more com- the magnetic layer. Discontinuities induced in the magnetic
plex in the case of discontinuous multilayers and heterogetayer are able to promote local antiparallel alignment of the
neous(alloys/granular samples in which a small amount of grain moments in adjacent layers due to interlayer interac-
magnetic materialCo, Fe, NiFe, CoFeis dispersed in a tions.
metallic matrix(Cu, Ag). Ferromagnetic, superparamagnetic ~ Several parameters make the Co/Ag system a particu-
and spin-glass behavior have been obtained in such materigkgly valuable candidate for studying the effects of a granular
depending on the distribution in particle sizes, shapes angtructure on the magnetic properties. This system exhibits
separationd=® extremely small equilibrium solid solubility, essentially due
Existing models describing the GMR and its temperatureo the fact that the surface free energy of @o71 J/nf) is
dependence in heterogeneous materials are based on the amre than twice that of the Agl.30 J/n%) resulting in a
sumption of a predominant spin-dependent scattering at thiarge positive heat of formation between Co and AgH(,
magnetic/nonmagnetic interface. Within this approach, the= +26 kJ/g atom Coupled with the important lattice mis-
amplitude of the GMR is controlled by the magnetic-particlematch (15%) between fcc Ag and Co, these characteristics
surface to volume ratio leading to an inverse proportionalityensure a high degree of immiscibility for equilibrium mix-
between particle size and GMR:” However, due to the tures of these elements. Thermal control of the microstruc-
very complex structure of these materials, not all factors afture of Co/Ag mixtures and its effect on GMR and magnetic
fecting the GMR can be readily identified, making the searctproperties have been investigated by many autfidrsin
for good GMR materials a somewhat empirical process.  general, complex magnetic behavior is found due to the pres-
In the search for conditions appropriate for a significantence of small superparamagnetic and larger ferromagnetic
GMR, various thermal treatments, such as variations irparticles and to nonvanishing inter-particle interactions.
deposition temperatures and postpreparation annealing, have Depending on the ion mass, its energy and the dosage,
been tried in order to optimize the size, the shape and corien-beam irradiation can enhance atomic diffusion, modify
centration of the magnetic particles. A successful procedurerystal structures and alter grain sizes. Moreover, such ef-
to control the shape and the concentration of magnetic pafects will be strongly dependent on the chemical miscibility
ticles has been proposed by Hyltenal® in which discon-  between the components so that very different behaviors can
be expected depending on the sign of the heat formafid.
dAuthor to whom correspondence should be addressed; electronic maiNevertheless, very few studies on the effects produced by
cochrane@ere.umontreal.ca ion-beam irradiation in systems exhibiting giant magnetore-
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sistance have been reportéd®In an earlier study, we dem- 10° f———— — -
onstrated a strong reversible decrease of the GMR upon low 2 l’ g L g8 l’
temperature ion-beam bombardment in Co/Cu multilay@rs; w8 < < ;:2%
this decrease could be correlated with the suppression of the

interlayer antiferromagnetic coupling under irradiation. 107

We have recently embarked on a systematic examination
of the structural and magnetic modifications from high-
energy ion bombardment of sputter-deposited Co/Ag multi-
layers with Co thicknesses ranging from 2 to 15 A. In a tco=504
previous article, Ref. 20, hereafter referred to as article I, we
detailed the effects of 1 MeV Siion irradiation on the
multilayer with a Co-layer thickness of 5 A, for which the

4 M
magnetoresistance of the as-deposited multilayer is maxi- 10 '

. . . L Substrate
mum. For this multilayer, it was found that the Co is initially 102 . . M

largely dispersed throughout the Ag layers which have a high 30 40 50 80 90 100
degree of fcq111) texture. Upon bombardment, the Co seg-
regates into strongly textured grains, probably also(1dd)
although the x-ray spectra cannot discriminate against hcpig. 1. X-ray diffraction spectra measured using iCu radiation for the
(002). The magnetic state evolves from superparamagnetic tas-deposited multilayers with,=2.8, 5.0, and 14 A. The solid-line spec-
mixed superparamagnetic ferromagnetic with a concomitarifum shows the signal originating from the substrate. For clarity, successive
. . spectra have been shifted vertically.

decrease in the magnetoresistance.

The present article is intended to complement article | by

detailing the ion-beam effects on the structure and magnetiﬁ%’lagnetization curves at room temperature were measured
properties of multilayers prepared with initial Co-layer thick- using a vibrating sample magnetometer operating at 85 Hz
nesses from 2 to 15 A. Within this range of thicknesses, thgyith a resolution of better than 16 emu. A number of
as-deposited Co layers pass from being discontinuous tgero-field cooledZFC) and field cooled FC) magnetization
forming continuous layers, the latter giving rise to superlat-gng ac susceptibility runs were made using a modified Quan-
tice x-ray peaks. The present study focuses on the radiatioqgm Design Model 6000 Physical Property Measurement
induced effects on the size distribution for the Co particlessystem' Transport propertiegesistivity and anisotropic
and their influence on the magnetization and magnetoresispagnetoresistivitywere obtained by the standard four-point
tance of the samples. In particular, the GMR ratio was foungnethod. Magnetization measurements were taken with the
to decrease substantially for the samples close to the transiyternal field applied in the sample plane; magnetoresistance
tion between the superparamagnetic and ferromagnetic reneasurements were made for magnetic fields applied in
gimes. This degradation is attributed to the decrease in Spi’blane(TMR) and perpendiculafPMR) to the plane.
dependent interfacial scattering due to the ion-beam induced gj+ ions (1 MeV) from a HV Tandetron accelerator were
phase segregation of the Co particles. rastered over a 020 mnf area at normal incidence in a
The remainder of this article is divided into three prin- ,3cuum of X 10~7 Torr. The ion energy was selected such
cipal sections. In the first, we describe the details of thgpat its projected range was much greater than the total film
sample preparation, the magnetic measurements and the ioficknes¢2000 A) so that a uniform damage profile through-
beam irradiation. In the second, the structure, transport angyt the multilayer is expected. During irradiation, samples
magnetic properties of the as-deposited samples are charggare maintained in thermal contact with a copper block at
terized. In the third section, we present the effects of ionyhe liquid-nitrogen temperature and the beam current was
beam irradiation on these same properties as well as agpt below 50 nA/crh Each multilayer with configuration
analysis of these effects based on a log-normal size distribtgi/Sioz/Ag(50 R)[Co(tey/Ag(25R)] (tee=2-15 A was
tion for the Co particles. irradiated with ion doses ranging from an initial value of 1
X 10" cm 2 to a final value of 510 cm™2.

10¢

m teo=1404A ]

10°

Intensity (counts)

104 L

20 (degrees)

Il. EXPERIMENTAL DETAILS
Ill. AS-DEPOSITED SAMPLES
Preparation and measurement techniques have been de-

scribed in article I. Co/Ag multilayers of the form A. X-ray diffraction
Ag(50 A)/[Co(tco)/Ag(25 A); with te, ranging from 2 to X-ray diffraction spectra for the as-deposited films with
15 A have been prepared on a Si@yer thermally grown on  tc,=2.8, 5.0, and 14 A are shown in Fig. 1. These data have
Si (100 substrates by rf triode sputtering. During sputtering,been chosen because they demonstrate the evolution of the
the substrate temperature was maintained at about 40 °C, ti@o-layer structure from dispersed to continuous. Several fea-
sputtering pressure at 4 mTorr of arg@9.999% and the rf  tures should be noted. First, only single phase fcc peaks at-
power at 100 W; the resultant sputtering rates were 0.9 A/¢ributable to(111), (222 planes of Ag and a series of peaks
for Co and 5.1 A/s for Ag. around 2=33° arising from the substrate have been ob-
The crystallographic structure of the samples was invesserved. Clearly, the polycrystalline grains of all the samples
tigated using an x-ray diffractometer with a €& source. are strongly textured. Moreover, there is no crystallographic
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evidence of either fcc or hcp Co in these samples. This con-
clusion is applicable even for the sample wiig,=14 A
since the very broad peak observed aroumd=25° cannot

be simply ascribed to either Ag or Co. In addition, the su-
perlattice peaks observed around the (A4l reflection for

the film with tc,=14 A as well as the intensity modulation
around the Ag222) peak show that the structural coherence
length normal to the film plane is larger than the multilayer
period. At a Co-layer thickness of 2.8 A, the superlattice
satellites have completely disappeared indicating a loss of
coherence at the interfaces and a degradation of the film
layering. At intermediate Co-layer thickness&s0 A), the
superlattice peaks are just barely discerndbée article ).

The fcc Ag(111) peak is generally shifted with respect
to the equilibrium bulk position which can be interpreted
(article I) as arising from the dispersion of the Co into the Ag
layer. This shift depends on the Co-layer thickness. For the
sample withtc,=2.8 A, the lattice is contracted by 1.7%.
The intensities of the AgL11) and Ag(222) peaks are larger
than those for the other samples, suggesting that for sub-
monolayer thicknesses, the Co atoms form only small clus-
ters or are imbedded into the Ag matrix formed by larger
(111) textured grains. Fote,=5.0 A, it was concluded in
article | that the double-peaked A@L11) reflection (29
=38.1°, 29=39.0°) was a result of a relatively undeformed
Ag buffer layer with a near equilibrium lattice parameter and
the remaining multilayer with a significant quantity of the Co ,
dispersed throughout the Ag layer resulting in an average 1000 -500 0 500 1000
contraction of 2.4%. Finally, for the thickest Co layé# A),
the most intense peak is shifted toward lower angleg (2
=37.2°) with respect to the Ag equilibrium position arising FIG. 2. In-plane magnetization curves measured at room temperature for
from the convolution of the superlattice and atomic period_multilayers with Co thicknesses of 4.4, 5.0, 5.5, 6.0, 7.4, 8.3, and 14 A
icities.

Magnetic moment (10emu)

3

Magnetic moment (10~ emu)
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using the coercivityH., the remanenc®, and the satura-
B. Magnetization tion magnetizatiorM ¢, as parameters.

' o To calculate the superparamagnetic contribution, we as-
Low-field magnetization curves at room temperature are

presented in Fig. 2. For samples wiih,>7.4 A [Fig. 2a)], sume single domain particles above their characteristic

the curves demonstrate a ferromagnetic character with sma llocking temperatures for which the total moment can be
coercivities H,<10 O@ and low saturation fields. These described by the Langevin functighL (x) =coth(q) — 1/,

samples also show a small in-plane anisotropy. Very differ-xz’“(V)H/kT' Here u(V) =MV is the magnetic moment

S . : of the particle with volume/ and saturation magnetization
ent behavior is observed for samples with Co th|cknesseﬁ/I . o .
) o : . s- The superparamagnetic magnetization is then an inte-
below 5.5 A: the magnetizatidiFig. 2(b)] increases linearly ) . .
2 - .gral over the volume of the Langevin function weighted by
through zero at very low applied fields, exhibits no hysteresi : . S . o
. : ! ) he particle size distribution. This magnetization has a satu-
and shows little sign of saturation, a superparamagnetic be- . 0 : S
: . , . . fation value ofMgp. We use a log-normal size distribution
havior. For intermediate Co-layer thicknesses, the curves d|§- . 3
) : unction of the forn
play both superparamagnetic and ferromagnetic features tes-
tifying to the presence of smaller superparamagnetic Co 1 %
i i i - i f(V)= ex
particles and larger ferromagnetic ones in the as-deposited f( J2aVo
sample.
As in article I, we analyze the magnetization curves asvhereos andV,,, represent, respectively, the half-width and
the sum of two contributions: a superparamagnetic contribumean value of the size distribution.
tion, which requires very large fields for saturation due to the  Fitting to the magnetization of the as-deposited samples,
presence of noninteracting small unblocked particles, and we find that the ratiM £,/ M2, between the ferromagnetic
ferromagnetic one arising from larger grains or interactingand superparamagnetic contributions is near 0 for very thin
particles, which is easy to saturate and shows hysteresis. TI@p layerstc,<5 A, rising abruptly to 0.44 fot.,=6 A. For
analysis makes use of the empirical form for the ferromag-Co layers thicker than 8 A, the samples have almost a pure
netic term employed by Stearns and Chéraited in article  ferromagnetic behavior. In addition, these fits indicate a sys-
I. This function has been used to fit experimemfalH data  tematic increase in the average size of the Co particles; as-
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FIG. 3. Temperature dependence of the magnetization measured in an ap- <
plied field of 20 Oe for the as-deposited multilayers wigh=4.0, A, 5.0,
and 7.4 A. ZFC(filled circles and FC(open circles refer to zero-field-
cooled and field-cooled conditions, respectively.

suming, for simplicity, spherical particles with the volume
V==D3/6, the average diameter passes from 32 Agt
=4 A to 50 A attc,=6 A. These results confirm the con- FiG. 4. Room temperature magnetoresistance in transverse geometry for the
clusions inferred from x-ray measurements that the breakups-deposited samples with Co thicknesses of 2.8, 4.4, 5.5, 6.0, 7.4, 8.3,
of the magnetic layer happens at a Co thickness below 7 jand 14 A.

Magnetic blocking temperatures are another signature of
the superparamagnetic state. Values for the magnetic block-
ing temperatures of a number of the multilayers were ob=[(py-0—pH=15)/pPH=0], Wherep,_, andpy_ 45 are the re-
tained by performing zero-field-cooleZFC) and field-  sistivities in zero and 15 kOe fields, respectively. Very dif-
cooled(FC) magnetization measurements. ZFC and FC datderent amplitudes and shapes of théH) curves are ob-
measured in a 20 Oe in-plane applied field, are shown in Figserved as a function of the Co-layer thickness. teg<4 A,
3 for three representative samples with Co-layer thicknessdbe MR is relatively small and isotropic and varies very
from 4 to 7.4 A. Fortc,=4 A, the peak in the ZFC curve, slowly with the applied magnetic field, as is expected for
and the onset of the irreversibility between the FC and ZFGuperparamagnetic clusters.
curves indicate an average blocking temperature of 41 K. A significant evolution in the MR takes place for Co-
The blocking temperature rises systematically with Co-layetayer thicknesses in the range from 5 to 6.5 A. First, the MR
thickness to 100 K for the sample with Co layers of 7.4 A. amplitude increases by a factor of 4 compared with that of

Considering that the energy barrier to free rotation of thethe thinnest Co layers and the shape of the MR curve
moments of a magnetic particle of volurivecan be deter- changes. Two distinct regions can be identified: in small
mined only by the anisotropy ener@g=KYV, we can relate fields (<3 kOe the MR decreases rapidly followed by a
this energy to the blocking temperature via the equation very slow approach to saturation in larger fields. Beyond a
25kgT,(H=0)~KV where T,(H=0) is the value of the Co-layer thickness of 7.5 A, the magnitude of the MR falls
blocking temperature extrapolated to zero field. Taking eoff rapidly and the variation with field also exhibits a slow
value of 4.5¢< 10° J/nT for the anisotropy constant of fcc Co, approach to saturation. In addition, a significant difference
the average diameter for the Co particles is estiméted between the in-plane and perpendicular MR curves develops
spherical particlésto range from 35 A fot.,=4 Ato 47 A for thick Co layers, suggesting a strong demagnetizing field
whentc,=7.0 A. These values agree reasonably well withdue to the progressive formation of continuous Co layers.
those obtained from the analysis of the magnetization curves. Even for the sample with the thickest Co layers, the
contribution of a ferromagnetic anisotropic magnetoresis-
tance(longitudinal MR minus transverse MRvas small so
that the analysis of the MR curves assumes that the scatter-

Figure 4 is a plot of the room temperature magnetoresising originates from small superparamagnetic Co clusters.
tance of a number of the as-deposited multilayers measurethe field behavior is indicative of a distribution of particle
in transverse geometryn-plane magnetic field applied per- sizes, the larger ones controlling the low field variation and
pendicular to the currentSince the highest available field the smaller single-domain particles dominating at high
was 15 kOe, the MR ratio has been defined fs/p, fields*®

H (kOe)

C. Magnetoresistance
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In order to quantify the analysis, we characterize the size 10"
distribution of the superparamagnetic particles as log-normal
as was done in article I, following the proposal of
Gittelemar?® Considering that magnetic moments of the par- 1012 |
ticles are randomly oriented, the field dependence of the
GMR ratio can be expressed as

Ap _p(H)—p(0) 101 ¢
p p(0)

= [ (V)H 2
=—a0~<J_mL( KaT )f(V)d(an)) , 2

wherep(0) is zero-field resistivityA p the resistivity change
in a fieldH and  the magnitude of the GMR. The magne- 10° ¢
toresistance curves have been fitted using(Bgand a log-
normal distribution for the particle sizes described by Eq.
(). The results of this analysis for the as-deposited samples 104 |
as well as those measured after subsequent irradiation doses
are presented in Sec. IV C.

Intensity (counts)
2

/"} As deposited |

102 : :

IV. IRRADIATION EFFECTS 30 40 50 80 90 100

In this section we present the effects of ion-beam irra- 26 (degrees)
diation on the structure, magnetization and magnetoresiss. 5. X-ray diffraction spectra for the 14 A Co multilayer after various

tance for samples having different Co thickness. stages of 1 MeV Si irradiation. The substrate signal is represented by the
o solid-line spectra. Successive spectra have been shifted vertically for clarity.
A. Structural modifications

The evolution of the x-ray structure of the multilayers at
all C_o-layt_s-r thicknesses generally_ follows that_d|sc_usseq foEombardment, as has been discussed in article I. In the tran-
the film with the 5.0 A Co-layer thickness detailed in article _. . i

o . sition zone between Co layers of 5 and 7 A, a mixed

. The principal peaks are assigned as @41 around Z superparamagnetic-ferromagnetic character is present. The
=38° and Ag(222 near 20=82°. The initial 20 positions perp g g P i

; L evolution of this behavior with ion dose is illustrated in Fig.
are several percent higher than the bulk equilibrium value _ . . .
o . . . for thetc,=6 A sample. Extending the analysis described
for pure Ag, indicating a lattice contraction resulting from

. - - - 4
the incorporation of at least part of the Co into the Ag ma—Irl Sec. Il to the irradiated sample gives atxa0"
trix. With ion bombardment, these peaks grow in intensity,

narrow and shift almost completely to the bulk positions for 25

erature and only develop a ferromagnetic component upon

I As deposited | 3x10"Si*/em®

pure Ag. In addition, two other peaks emerge at high ion % A s o ]
dose (2x10" Si*/cn?) near #=43.5° and #=95.5° P ~
(Fig. 5 and article ). Their positions and the fact that their g 05 —
intensities track the Co-layer thickness leads us to ascribe g o5t | . g

them to Co(111) and Co(222) reflections, respectively. As g ’ ._—;_':';"' 1~

with thetc,=5.0 A film studied in article I, the Co grains are & -15} 3

highly textured in the same orientation as the Ag grains. = 25

As-deposited multilayers with continuous Co layers ex- 25
hibit well-developed x-ray superlattice reflections as shown
in Figs. 1 and 5. At low doses<(8x 10" Si*/cn?), the
intensities of the superlattice peaks initially increase as a
result of an initial demixing near the interfaces. The super-
structure is relatively robust under ion bombardment up to an
ion dose exceeding 19Si*/cn?. Larger doses progressively
reduce the intensity of the superlattice peaks as the interlayer = - :
coherence is destroyed by the breakup of the layer structure %5 o5 00 05 1o10 05 00 05 10
and the formation of separate Co and Ag grains. Magnetic field (kOe) Magnetic field (kOe)

15r

05

0.5

agnetic moment (10”emu)

151

FIG. 6. Magnetization of thé;,=6.0 A sample measured at 300 K after
different irradiation dosesfa) as-deposited(b) 3x10'® Si*/cn?, (c) 3

lon-beam irradiation causes significant changes in th%( 10 Si*/cn? and(d) 5% 10'° Si*/cn?. The calculated superparamagnetic
s

. . . olid) and the ferromagneti¢dashegl contributions are also shown. The
magnetization curves. At Co-layer thicknessés50A and o) calculated curvéSPM+FM—solid line) is superimposed on the data

below, the films are initially superparamagnetic at room tem-n (d).

B. Irradiation effects on the magnetization
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Si*/cn? an initial reduction in the average grain size from universal increase of the resistivity at small doses clearly
D,,=48-42 A accompanied by a decrease of the ferromagindicates that defect production has the greater effect. The
netic component Mgem{msp goes from 0.44 to 0.9 A  subsequent decreasegdrat doses above 1osit/cn? is due
similar initial decrease in the average grain size has beetp the atomic segregation and grain growth; it is apparent
noted for tke 5 A sample in article I. Subsequent irradiation that the granular material is less resistive than the corre-
to 5x 10'® Si*/cn? almost doubles the average particle di- sponding alloy mixture.
ameter to 76 A leading to a significant conversion of the  Figure 7b) presents the field induced variation of the
magnetic material from superparamagnetic to ferromagnetigesistivity A p with ion dose for the samples of Fig(&J. For
(M2 dM2=1.4). Details of this evolution under ion bom- all multilayers, no significant change is observed below a
bardment are illustrated in Fig. 6 along with the calculationthreshold dose of order 10Si*/cn?. With the exception of
of the fitted superparamagnetic and ferromagnetic compahe thinnest film {c,= 1.2 A), there is a monotonic decrease
nents. of Ap with doses greater than the threshold value; such be-
Beyond a Co-layer thickness of about 8(Rig. 2), the  havior signals changes in the magnetic disorder on the scale
film behavior is initially ferromagnetic with a small in-plane of the mean free path. At the highest dose of B'®
anisotropy, characteristic of continuous layers coupled ferrosj*/cn?, Ap is almost identical for all the samples. Finally,
magnetically. Only minor changes can be observed after irgig. 7(c) illustrates the variation of the magnetoresistance
radiation up to 310" Si*/cn? and, for larger doses, the A/, with ion dose. The MR also decreases monotonically,
in-plane magnetization curves become isotropic and the CGalling quite abruptly beyond the threshold dose Ags.
ercive field increases. At all doses, films with thick Co layers  gome evolution in the shape of the MR curves is ob-

maintain a predominantly ferromagnetic character, althouglened, most noticeably for the multilayers with the thinnest
there is a rounding of the magnetization curves and a SoMe layers(Fig. 8 for te,=2.8 A). The initial curve has a
i . . o=2. .

what slower approach to saturation at the highest doses. W&, . 5jic shape with no sign of saturation up to 15 kOe, as is
conclude that some superparamagnetic clusters are formed_&?pected for Co dispersed in very small Co clusters. With
. ticiently | A Cf i rfhcreasing dose, the shape transforms to a cusp-like form
grallns Sli. ||C|e|n %/ arged 0 sup[?ort grtrr?r?iﬁne ISm. p Idusually observed for GMR materials: the MR drops rapidly

harticie 1, 1t was demonstraled that the coercive TIeld, . fields and saturating at a field which decreases with
He increased rapidly at the highest doses for the f"m with 5|on dose. For all doses, the MR curves are nearly identical
%or the field oriented in the sample plafiEMR) and perpen-

layers. Attc,=6 A it is more pronounced but at greater . o o
thicknesses the effect is substantially attenuated. In part, thi icular t_o the plangPMR). This |so_tropy |nd|ce_1tes that the
0 particles are reasonably spherical for all ion doses. Ap-

behavior arises from the generation of defects and pinning’~ "° . . )

centers within the films. However, the fact that the variationP!cation of the analysis of the curves described previously

in H. is greatest for films in the transition zone from Super_yields quantitative information about the size distribution of
C H —

paramagnetic to ferromagnetic behavior also suggests thatff€ CO particles. For th&o;\zf A sample, we calculate an

is a consequence of the significant changes in particle size@verage diameter of 17 Aof=0.35) in the as-deposited

shapes and separations under irradiation. A similar behavigiamPle which rises to 38 Po(=0.89) at the maximum dose

6 .
of the coercive field was also observed upon annealing if?f 5x 10 Sﬁ/c_”_‘z- . .
CoCu,_, and FeCu, _, alloys? In the transition region between superparamagnetic and

ferromagnetic behavior the shape of the MR curves is cusp-
like aroundH=0, as illustrated fotc,=5.0 A in article 1.
C. Irradiation effects on the magnetoresistance The magnitude of the MR falls in accordance with Fig. 7 as

As mentioned in Sec. Ill C, the magnetoresistance of thdon irradiation causes growth of the magnetic clusters. Fitting
as-deposited multilayers varies in magnitude and form witHhe MR curves reveals that average particle diame_ters double
the Co-layer thickness. Under ion bombardment, there arkNder ion bombardment: 23-52 A fog,=5.0 A (article );
further changes in the MR which differ withs,. Figure 7 26-59 A fortc,=6.0 A. For the as-deposited samples, the
summarizes the behavior of the resistivity and the magneanalysis of the magnetization curves gives somewhat larger
toresistivity of several representative samples in the serieyalues, but the two analyses converge to very similar values
At all Co-layer thicknessefFig. 7(a)], the resistivityp in-  atlarge ion doses. Nevertheless, both magnetic and transport
creases at least 20% at doses up to abotit30/cn?, after ~ data support a consistent picture that ion bombardment re-
which further irradiation causes it to fall to a value close tosults in the segregation and growth of the magnetic particles.
the original one. In contrast, it can be pointed out that, for ~ For multilayer withtc,>8 A the Co layers are almost
Co/Cu multilayers irradiated under similar conditidiighe ~ continuous. The MR is small and displays anisotropies for
resistivity at high dose continues to increases with ion dosédield orientations within the plane of the sample and perpen-

The initial increase of the resistivity is the result of sev-dicular to it. Ferromagnets normally exhibit an anisotropic
eral possible factors. On one hand, the x-ray data have shownagnetoresistancéAMR) for the field oriented parallel or
that ion irradiation initially induces some atomic demixing in perpendicular to the current; such an effect is evident for the
the interfacial regions which should normally result in a re-tc,=14 A film. Upon irradiation the MR and AMR change
duced resistivity; on the other, the irradiation generates bullkut never exceed a value of 1%. Furthermore, at high doses,
defects which have the opposite effect on the resistivity. Théhe PMR (field directed perpendicularly to the film surface
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is characterized by a demagnetization field which is signifidyzed within the model used for the superparamagnetic
cantly larger than found for the in-plane MR. It would appearsamples, so no detailed information is available on the size
that, even at a dose ob510® Si*/cn?, the initially continu-  distribution of the magnetic clusters for these materials.

ous Co layers have been broken into quite anisotropic mag- The decrease ohp and Ap/p upon irradiation can be
netic clusters. As was the case for the magnetization data, thenderstood if one considers that the spin-dependent scatter-
magnetoresistance curves for such thick films cannot be an@g at the surface of particles is dominant, as proposed by
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FIG. 8. Field dependence of the transverse magnetoresistance at 300 K for

the tc,=2.8 A multilayer at the following ion dosesa) as-deposited(b)
5x 10" Sit/en?, (c) 3x 10" Sit/en?, (d) 1x10' Sit/en?, (b) 5x 10
Si*/ecm?. Solid lines are fits to the data using H8).

Berkowitz? Zhang and Levy. With this assumption, their
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FIG. 10. Schematic representation for the structural evolution upon irradia-
tion: (a) as-depositedb) <1x 10" Sit/cn?, (c) >1x 10 Sit/cn?.

models predict thah p will decrease as the particle diameter

increases since the corresponding reduction instindace/

volumeratio results in relatively less spin-dependent interfa-

cial scattering relative to scattering processes in the bulk oficles only. This difference can be ascribed to contributions
the clusters. Qualitatively, it has been noted that the MR fall§fom other mechanisms such as reported by Hykoal. in
strongly as the average particle size grows upon irradiatiodNiFe/Ag multilayers?

This effect is demonstrated quantitatively in Fig. 9 where it

is shown that the total change in the fitted resistivity varies

inversely with the mean magnetic particle size for samples;. CONCLUSIONS

with a significant superparamagnetic component. In the fig-

ure, Ap for the tc,=5.0 A sample is substantially bigger This article completes a study, begun in article I, of the
than that found for theéc,=2.8 A film at the same mean structural, magnetic and transport properties of a series of
cluster size, indicating a dependence on the mean separatibfo(tco)/Ag(25 A)]7, multilayers with Co-layer thicknesses
of the clusters. Furthermore, for the samples in the transitiobetween 2 and 14 A and their modification by 1 MeV' Si
region (4 A<tc,<7.5 A), Ap is somewhat larger than ex- ion bombardment. The multilayers can be classified into
pected on the basis of a collection of superparamagnetic pathree groups according tig,,: below about 4 A, the Co is

initially dispersed in the highly textured Ag matrix; above 8
A a continuous Co layer is formed during deposition; a tran-

28 eod ' ' T sition region exists between these values.
24 ; :CO:Z.‘;A # | Figure 1@a) presents a schematic representation of the
’ Cm " . structure for the as-deposited multilayers in the transition
20l region (5 A<tc,< 7 A), and for the multilayers with con-
_ tinuous Co layerste,>8 A).
g 1.6 | L ] The large structural changes that we observed upon irra-
3 diation are depicted in Fig. 10). Low ion doses induce a
& 121 limited demixing of the elements which is most noticeable
08 | for thick continuous Co layers as a sharpening of the super-
lattice modulation. At high ion doses, the Co is progressively
04 1 segregated from the Ag. The general tendency to form a
granular structure after high dose irradiation is illustrated in
0'00. T oz 0:3 0: . 0:5 0: . o7 Fig. 100c). The lattice constant of the Ag matrix shows that
s there is almost a complete phase separation after irradiation
/D, (nm”™) by 5% 10 Si*/cn?. For samples with thin and intermediate

FIG. 9. Maximum change of the fitted resistivitp p= @) for samples

Co layers, ion irradiation leads to a systematic growth of Co

teo=2.8 and 5.0 A as a function of the inverse mean particle radius. TheCIUSterS_; f(_)r multilayers With initially continuous (_:0 layers,
solid line is a linear fit to the data. the periodic superstructure is destroyed and the films take on
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a granular structure. In all cases, the Co and Ag grainsheir help with the maintenance of the sputtering and mag-
formed after intense ion bombardment share a high degree oktoresistance experiments as well as Pridden and R.
structural texturing, essentially f¢d11). Gosselin with the operation of the tandetron accelerator. The
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