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Universitede Montrel, C.P. 6128, Succ. Centre-ville, Monale Québec H3C 3J7, Canada

(Received 18 June 1999; accepted for publication 20 March)2000

We describe the effects of 1 MeV ‘Sion-beam irradiation on a sputtered Co/Ag multilayer with
layer thicknessesfd A for Co and 25 A for Ag, thicknesses for which the magnetoresistance is
maximum in the as-deposited sample. X-ray diffraction, magnetization, and magnetoresistance
measurements all point to the conclusion that the Co is initially dispersed through the Ag and
segregates completely upon ion-beam bombardment. Throughout the process both Ag and Co grains
maintain a high degree of texture, essentially face centered €Ll The magnetization behavior
evolves from superparamagnetic to mixed superparamagnetic—ferromagnetic with ion dose whereas
the room-temperature magnetoresistance decreases from 12% to 1.5% upon irradiation up to 5
X 10'® Si*/c?. Simple models taking into account the size distribution of the Co particles have
been used to analyze these phenomena in order to quantify the particle size distributizg@00©
American Institute of Physic§S0021-897@0)09512-§

I. INTRODUCTION strongly dependent on the details of the chemical interactions
between the constituents, their miscibility and heats of

Over the past few years, discontinuous multilayers andormation'~'3 Of particular interest is how such ion-beam
heterogeneous mixtures of magnetic and nonmagnetic metafgodification affects the magnetic behavior of alloys and
have been extensively studied because of their unique magnultilayers, particularly those exhibiting GMR for which
netic and transport properties, in particular, the phenomenopnly a few studies have been reportéd® Recently, we
of giant magnetoresistan¢&MR) which has great potential studied the effect of low-temperature ion-beam mixing on
for application in magnetic recording technoldgy.in these  the GMR in Co/Cu multilayers® These results demonstrate
systems, the magnetic material is heterogeneously dispers@sht 1 MeV Si" irradiation at 77 K provides a sensitive tool
in the nonmagnetic matrix, forming single-domain particlesfor structural modification on a nanometric scale for films
ranging in size from a few to many thousands of atoms. Thenych thinner than the ion range.
magnetic properties of these materials are complex; ferro-  Because the size distribution of the magnetic particles
magnetic, superparamagnetic, or spin-glass behavior can bgays such a central role in the magnetic behavior of hetero-
obtained depending on the sizes and separations of the mageneous systems, it is important to follow the magnetic prop-
netic particles. Specifically, the size distribution of the mag-erties through various stages of magnetic-particle formation.
netic particles is one of the key parameters for the appeasyith this objective, we have undertaken a systematic exami-
ance of the GMR in these materidlg. nation of the evolution of the microstructure and the mag-

The Co/Ag system is an excellent example of such manetic behavior of Co/Ag multilayer mixtures resulting from 1
terials and has been widely studied. In equilibrium, Co andviev Si* ion bombardment. Samples were deposited with
Ag are completely immiscible due, in part, to the fact that thenominal Co-layer thicknesses ranging from 2 to 15 A with a
surface free enerdyf Co (2.71 J/nf) is more than twice that  constant Ag layer thickness of 25 A and studied as a function
of Ag (1.30 J/nf) and, in part, to the large atomic size dif- of jon dose. This article presents results on a single sample
ference. Face-centered-culficc) Ag has a lattice parameter with a nominal Co thicknesstg,) of 5 A for which the
that is 15% larger than that of fcc Co. As a result, the heat ofnitial room-temperature GMR is a maximumAf/p
formation between Co and Ag is strongly positivaH, =11.9%). Emphasis is placed here on the analysis of the
= +26 kJ/g atom so there is no tendency for alloying. In effects of ion irradiation on the size distribution of the Co
most of the research to date, Co/Ag mixtures have been preyarticles and their influence on the structural, magnetic, and
pared by co-deposition at elevated temperatures or at roomagnetoresistance properties. Data for the entire series will
temperature and subsequently annealed in order to contrgke published elsewhefé.
the magnetic-particle size. These materials exhibit a maxi-
mum GMR for mixtures around 30 at. % Gb.

Depending on the ion, its energy and dose, ion bombardl- EXPERIMENTAL DETAILS

ment can promote local atomic diffusion and is thus capable ColAg multilayers were deposited onto Si@yers ther-

of modifying the microstructure of alloys. Such changes arnally grown on Si(001) substrates using a modified single-

source rf triode sputtering system with a base pressure of 1
dElectronic mail: cochrane@ere.umontreal.ca x 107 Torr.*® Samples were sputtered under a pressure of 4
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Ag(111)4

Co(111)4

Ag(002) ]

mTorr of argon gag99.999% and a rf power of 100 W
resulting in sputtering rates of 0.9 A/s for Co and 5.1 A/s for 101
Ag. During sputtering, the substrate temperature was main-
tained at about 40 °C. Layer thicknesses were computer con-
trolled during deposition and subsequently confirmed with a
DEKTAK step profiler. Crystallographic structures were in- 10°
vestigated by x-ray diffraction using a ®w source. Mag-
netic moments were measured at room temperature using a
vibrating sample magnetometer operating at 85 Hz with the
external field applied in the sample plane. Magnetic mea-
surements below room temperature were taken with the aid
of a custom-modified Quantum Design Model 6000 Physical *
Property Measurement System. Resistance and magnetore g 105
sistance were obtained by a standard four-point method on a™
high-resolution ac briddé with fields applied both in the
sample plane and perpendicular to it.

Normal incidence ion-beam irradiation was performed in 10% L
a vacuum of about X 10~ Torr with 1 MeV Si* ions ras-
tered over the entire sample surface. To avoid sample heating
during irradiation, the ion beam current was kept below 50
nA/cn? and the samples were placed in thermal contact with 10'
a copper block maintained at 77 K. At each stage, the irra- N P | Y R Mt i s e i
diation was performed on a single S[@g50A(Co5 A/ 30 36 42 48 5478 84 90 96
Ag25 A),o] multilayer; the dose was systematically increased 26 (deg.)
from an initial value of 2x 10'3 Sit cm 2 (~0.009 displace- &
ments per atom, dpado 5x 10'® Si* cm 2 (~32 dpa. The  FIG. 1. Selected high-angle x-ray diffraction patterns measured witki €u
ion energy (1 MeV) was selected such that its projected radiation on & 50 A (Co5 A/Ag25 A);] multilayer irradiated with 1 MeV
range was greater than the total film thickn¢2g00 A) in Sit ions_. The_ solid_—line spectrum originates f_rom the ;ubstrate. For clarity,
order to give a uniform damage profile throughout thesuccesswe diffraction patterns have been shifted vertically.
multilayer. Only a very small amour(t<0.1% of the im-
planted ions were expected to remain within the magnetiCo, the position of this peak corresponds to that expected for

AgGIIN

107

ensity (¢/s)

films, the rest being transmitted or backscattered. a mixture of CgAg,s, the composition of our sample. The
two satellite lines can be analyzed as superlattice reflections
. RESULTS around the_principal peak at 39.0° arising from a periodic
) _ structure with a wavelength of 29 A. Finally, the second
A. X-ray diffraction order peak around 82° shows a weak narrow line at28¢)

X-ray diffraction spectra of the sample after different ion Position of bulk Ag on top of a broad peak shifted to higher
doses are plotted in Fig. 1 along with the spectrum for thedngles; no superlattice substructure is observed around this
bare substrate which serves to demonstrate that the structuiflection.
around ¥=33° arises from the substrate. Since the region These data lead to a relatively simple picture of the mi-
55°<26<75° is dominated by substrate peaks, it has beefgrostructure of the as-deposited sample. In the buffer layer
omitted from the figure. Nevertheless, the substrate lines di@nd possibly the first few periods, Ag takes up a near equi-
prove to be useful for correcting small variations in thelibrium configuration. At 5 A thickness, the Co grows on Ag

sample alignmentX(26)<0.2°). in a discontinuous layer of small three-dimensional islands.
The heavier Ag atoms disperse the small Co clusters
1. Microstructure of the as-deposited sample throughout the Ag layer, resulting in a smaller average lattice

For the as-deposited sample, only two broad principaparameter fpr Fhe mixture. The Cp dispersioq is clearly non-
peaks are observed and indexed as (&) and (222) re- uniform as indicated by the relatively broad fII’St. and second
flections of fcc Ag, indicating that the Ag is highly textured Order peaks and the persistence of the 29 A period. Nonethe-
with its close-packed plane parallel to the substrate. DespitSS: the Co is finely enough dispersed so that the average
the strong tendency for phase separation between Co and Agttice parameter of the mixture is shifted and no pure Co
no evidence of either pure fcc or hexagonal-close—packeeeak is observed. The entire sample maintains a high degree
(hcp Co is found in this sample. The first order Ag peak Of fcc (111) texture.
contains considerable structure: a central peak at 39.0°, a ) ) -
sharp shoulder at 38.2°, and small subpeaks around 36° arfd Evolution of the microstructure with ion dose
42.5°. The sharp shoulder is situated almost exactly at the A significant structural evolution results from the ion-
(112) position for pure bulk Ag, whereas the principal peak beam irradiation.
corresponds to a compression of some 2.4% with respect to (a) Both the first and second ordét1l) Ag peaks shift
the bulk reflection. Given the 15% lattice mismatch with fccto lower angles and narrow considerably. The monotonic line
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4.10 ) TABLE |. The average diameter of Co particles obtained from fits to the
. ' ' ' magnetization at room temperatuid(H), the zero-field cooled magneti-
A_g(l’“_lkl _________________ zation measurements, ZFC, the magnetoresistance HYIRgnd from the
§ application of the Scherrer formula to the x-ray diffraction peaks.
4.07 .
¢ ¢ Dose Du(®)  Dy@A) Dy (A) )
(10* Sit/cr?) M(H) ZFC MR(H) (Scherrer
4.04 - § i i 0 39+0.6 542 23+0.5
- ° 8.0 34+0.3 52+2 26+0.3
°$ 30 36+:0.6 30+0.8 365
L] 1 80 44+0.3 664 37+0.4 53t4
4.01 + i | 100 47£0.8 45+0.4
500 54+0.7 52+0.9 67+4
3.98 ° .
T found from the analysis of the magnetic data as described in
the following sections.
3.95 L L L
1013 1014 1015 1016 1017

B. DC magnetization measurements

Dose (Si'/cm’) Figure 3 shows low field in-plane magnetic moment-
FIG. 2. The variation of the lattice parameter of the Ag grains of the field curves measured at 300 K at various stages of ion irra-
[50 A(Co5 A/Ag25 A),,] multilayer as a function of the irradiation dose.  diation. Initially, the magnetic moment displays a slow
single-valued rise toward saturation as a function of the ap-
plied magnetic field. A dose of 810 Si*/cn? induces a
reduction in the initial field slope of the moment although the

narrowing and accompanying intensity increase of thesﬁmalyss described below indicates that the saturation value

O L . as increased. Upon further irradiation, the initial slope rises
peaks with ion dose indicates systematic growth of the A o ) .
: T . nd the curve develops an hysteresis with a coercive field
grains. Also, as presented in Fig. 2, the Ag lattice parameter

as calculated from the peak position, rises very close to thE:hat increases with ion dose. The mixed hysteretic—

room temperature bulk value for pure Ag of 4.086 A anhysteretic behavior persists up to the maximum dose of
. . 6 .+
(b) Two new lines appear, centered af#-243.4° and 5X10° Si'/ent.

95.5°. A detailed analysis of these peaks leads to the Condléi_esétibt:ltshsrxrr:g?nr: der)l(lssttserr(]e(t)icugrl:lcje(;nn;Ogteelrgvtizlcr:acigti-
sion that they cannot be assigned as fcc(2g0) and (400 . . y y . ar
zation curves obtained for systems of weakly interacting

on the basis of a lattice parameter consistent with Fig. 2'mal| maanetic particles. Conseauently. we adoot the empiri-
They must arise from a Co-dominated phase and be desig- 9 P ' 9 Y, P P

nated either(111) and (222 fcc lines with a cube edge of al approach of Stearns and Ch@mg_;nd analyze each mag-

3.60 A or hcp(002 and (004) with a c-axis parameter of netization curve as the sum of two contributions: a ferromag-

4.16 A. These values are some 2% larger than those for buI!Qe'{IC one,Meng(H), due to larger ferromagnetic grains or

Co but are identical to the ones reported by Mitchell andmteractmg particlegwhich are easily saturatgdnd a super-

co-workeré® for co-deposited CoAg alloys with average paramagnenc onéMse(H), arising from small noninteract-

compositions similar to that of our sample ing unblocked particleswhich at room temperature require
(c) The superlattice structure is slightly enhanced up to Qe large fields for saturation
dose of 8< 10 Si*/cn?; subsequent irradiation suppresses ~ M(H)=Mygo(H) + Mg H). 1)

it completely. : I
(d) The high degree of texture for both the Ag and theThe ferromagnetic contribution can be represented by an

. . nalytical function describing the hysteretic behavior as a
Co remains almost complete up to the highest dose of A 9 y

% 101 Si* /e, unction of the coercive fieldH, and the remanenc#l,
(Ref. 22

H*=H, 7T M,
these subsidiary peaks increase in other samples with thicker Myerro(H)= ! H tar( oM O
Co layerst’ Taken together with the evolution of the Ag ¢ ferro
peaks, it is clear that energetic ion irradiation has induceddereM{,,,, is the saturation value for the magnetic moment
almost complete demixing of the Co atoms from the Agof the ferromagnetic part. Unfortunately, there is no unique
matrix. Using Scherrer’s formufd the average Co grain size relation between the size of the magnetic particles and the
in the growth direction has been estimated from the line-magnetic parametetd, and M, so that this description for
widths of these peak; the values are listed in Table I. Oneghe ferromagnetic fraction of the sample cannot be used to
calculates a grain size of 36 A after irradiation with 8 estimate the size distribution of the ferromagnetic particles.
X 10" Si*/c? which increases to 67 A after a dose of 5 For small Co particles, there is a critical size below
X 10'® Si*/cn?. These dimensions are consistent with thosewhich they form single magnetic domains. Below the block-

The assignment of the lines ap243.4° and 95.5° to
Co clusters is also supported by the fact that the intensities of ZM?erro

tan”

N )]

w
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) - 555 4
S 05 8x10™ Si*fem® P
- + o
g
=] G
£ AP
S o5t J o
3 :
5 e
<
s 15} 1
. . FIG. 3. Magnetization curves of the sample measured
25 at room temperature after different irradiation doses.
2.5 T T T T T T T T The measured data are represented by the open circles,
16 ity 2 5x10'Si*/em® the calculated superparamagnetic contribution by the
1x10°7° Si*/em . . .
5 15 © L @ | dashed line and the calculated ferromagnetic contribu-
E — ] tion by the closed line.
N P
= 05
: 7/
g 05 4 / 1
E ¥ o Experiment
) — 5P
= -15 Ferro ]
_2.5 il 1 ] 1 1 L 1 1
‘1.5 1.0 05 00 05 10 15 -5 <10 05 00 05 10 15

Magnetic field (kOe) Magnetic field (kOe)

ing temperature,Ty,, the magnetic moment of a single- ferromagnetic components of the magnetization curves so
domain particle is frozen along a local easy axis determinedalculated are superimposed on the experimental data in
by shape and strain anisotropies. Abdyg the thermal en- Fig. 3.

ergy is larger than the anisotropy energy and the moment The magnetic moment of the as-deposited sample shown

becomes free to fluctuate. In this superparamagnetic statg, Fig. 3@ rises gradually as a function of the applied field

the total moment of an ensemble of weakly interacting Paryith no sign of saturation and very little hysteresis (

t'CIeS. ofzaunlform Size can b(_a Qescnbed by .the Langevm<10 0e, a behavior that is characteristic of small superpara-
function”> However, for a realistic representation of the be-

havior of our samples we consider a distribution of particlem_agnetlc Co part|cles: As expect.ed, Fhe. curve can be fitted
sizes. In order to quantify this analysis, we follow the pro_Wlthout a ferromagnetic contribution, indicating that almost
posal of Chantrelet al?* and use a log—normal distribution all the Co atoms are contained within small superparamag-
for the volume of the magnetic partides_ Assuming for Sim-netiC particles. The deduced size distribution is described by
plicity that the particles are spherica¥ € #D3/6), the size a mean particle diameter &f,,=39 A. This and subsequent
distribution can be expressed in terms of the diamBtess  values for the particle sizes are listed in Table I.
Under low dose irradiation, the magnetization curves
d(nD), preserve an essentially superparamagnetic behavior. The de-
crease in the low-field slope of thd —H curve upon irra-

(3)  diation with 8<10™ Si*/cn? is apparently due to a small

whereD,, and o are respectively the mean value and thedecrease in the mean particle size at low doses. At a dose of

5 .+ .
variance of the size distribution. The superparamagnetic cor? ¥ 10 Si*fen? [Fig. 3b)], the presence of a small hyster-
tribution to the total magnetic moment can then be expresse@SiS reveals a ferromagnetic component along with the domi-

(In(D/Dyp))?

1
exp —
J2mo F{ 20°

f(D)d(InD)=

as nant superparamagnetic onM?, /M2:=0.07. At doses
) higher than & 10'° Si*/cn? [Figs. 3¢)-3(d)], the magneti-
o0 M D H . . .. _
Mg H) = Mgpf L( > ) f(D)d(InD), (4) zation curyes show pronounced hystgregs arising from a fer
- BT romagnetic component comparable in size to the superpara-

. . . magnetic one. At % 10% Sit/cn?, M, /M2.=0.45; the
where L(x)=coth(x)—1/x is the Langevin function,u 9 . . ferrd M s
_ — 3 . : ... average particle diameter deduced from the superparamag-
=M V=7M¢D*/6 the magnetic moment of a particle with i _ .
volumeV and saturation magnetizatiofh,= 1420 gauss and netic component has grown to 54 A but evidently remains
M2, is the saturation value for the superparamagnetic contrimaller than the critical size for single-domain behavior.
bution to the total magnetic moment. In order to evaluate thdlevertheless, the hysteresis in the magnetization curves is
relative size of the ferromagnetic and superparamagnetigignaling the presence of large blocked particles or, at least,
contributions, the magnetization curves were fitted to thea significant ferromagnetic coupling between the Co par-
model described by Eq&l)—(3). The superparamagnetic and ticles.
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FIG. 4. Variation with ion dose of the coercive field for the
[50 A(Co5 A/IAg25 A),o] multilayer.

(Klll)

C. Coercive field

The in-plane coercive field, measured at room tempera—&I 2
ture as a function of the ion dose, is presented in Fig. 4. Its
rapid rise for doses above *¥Si*/cn? results from signifi-
cant changes in the size, shape, and interparticle distance:
and demonstrates a striking dependence of the coercive fiel(

on the sample morphology. It is kno#ithat for large mul- L Th(0 Oe)=94.5 K

tidomain particles, small coercivities are associated with the 7 1 L L 1 ! L 1
relatively low energies necessary to activate domain-wall 0 10 20 30 40 50 60 70 80
motion. Below a critical size, which depends on the material

and the shape, the particles become single domain and onl' Applied field (Oe)

spin rotation processes can change the magnetization. Suc:,
spin rotation processes require larger energies than dogss. s, (a) The temperature dependence of the magnetization for the irra-
domain-wall motion resulting in an increase in the coercivediated (8< 10" Si*/cn?) sample, measured under conditiong@FC) and
field. As the size of the single-domain particle is reducedFO in several magnetic fieldgb) The variation of square root of the
from the critical value, the coercive field should decreas!ocking temperaturesTg) deduced from Fig. @) as a function of the
. ' . . applied magnetic field. The line is a linear fit to the data.
since the smaller moments are easier to activate thermally.
On this basis, Fig. 4 indicates that, even at the largest dose,
the mean particle size has not attained the critical value. A
similar behavior of the coercive field has been observed upon The ZFC and FC data for the sample after a dose of 8
annea"ng in CQCu17X, F@Cu17X a||0y526'27 and CQ_Ag X 104 Si+/Cm2 is shown in Fig. Sa) and the field depen-
alloys deposited above room temperaﬁﬁ'e_ dence of the blocking temperatufg is given in Fig. §b). A

Another method for estimating single-domain particle"near decrease OT%I2 with H is found at this dose and also
sizes quantitatively is to determine the blocking temperatur@t other ion doses. It can be understood using the
T, for thermal activation of magnetization rotation. To this Chudnovsk§® expression for the energy barrier in the pres-
end, zero-field coole@ZFC) and field-cooled FC) magneti-  ence of an applied field
zation measurements were performed after each irradiation. wH\ 2

(gl | ®

The sample was initially cooledbt5 K in ZFC or in the Eg=KV
presence of the FC whereupon the magnetization at fixed

applied field was measured as a function of increasing temdJnder the assumption that the energy barriers are determined
perature. Both series of measurements were performed ahly by the anisotropy energtV, whereK is the total an-
fields of 10, 20, 40, and 70 Oe. The field-dependent blockingsotropy constant and is the volume of the magnetic par-
temperature is indicated by a peak in the ZFC curve and byicles, the volume can be determined using the relalkidh

the onset of irreversibility between the FC and ZFC curves~25kgT,(H=0)* for which the moment relaxation time
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becomes comparable to the measurement period. Hert 0.02 T T T
Ty(H=0) is the value of the blocking temperature extrapo-
lated to zero field. Using =4.5x 10° J/n? for the anisot-
ropy constant of fcc Co, the mean diameter of the magnetic
particles(considered sphericalvere estimated from the cal- -0.02
culated volume and are listed in Table I. The results of simi-
lar analyses after other ion doses are also given in Table I.
From these data, it is evident that the particle-size distribu- g_‘ -0.06
tion broadens and shifts to larger values as a function of ion <
dose.

Finally, for doses larger than »810'° Si*/cn?, the
blocking temperatures become larger than room temperature -0.10
and only a very small irreversibility is observed between FC
and ZFC curves. It can be concluded that very large particles
are formed under high-dose irradiation and/or large ferro- . . . . .
magnetic regions are formed due to particle interactions. -0.14
This conclusion is in agreement with the results obtained 5105 0 5 10 15
from the vibrating sample magnetometer measurements 0.002 T T T T T
which show an important ferromagnetic contribution after ‘ ¢ H-in-plane
irradiation greater than 1B Si*/cn?. ©  H-perpendicular|

-0.001

D.T t ti
ransport properties -0.004

1. Magnetoresistance measurements
Q.
At each stage of the irradiation process, magnetoresis-a -0.007

tance measurements were taken for two orientations of the™
magnetic field, perpendicular and parallel to the film surface.
Measurements for different in-plane directions of the applied
field indicated that the magnetoresistance was always isotro
pic in the plane. Figure 6 shows the magnetoresistance for ~ -0.013
the in-plane and perpendicular orientations for the sart@le

-0.010

as deposited an(b) after irradiation with the largest dose of 0.016

5% 10'° Si*/cn?. lon bombardment has a dramatic effect on 15 10 5 0 5 10 15
the magnitude of the magnetoresistance. In light of the mag-

netization data discussed earlier, this effect is consistent with H (kOe)

the g_rovvth of the mag.netlc particles. In addition, the magne_.lG. 6. Magnetoresistana®p/p at 300 K of the[ 50 A(Co5 A/Ag25 A),]
toresistance of the hlgh-dose sample saturates at a signi iultilayer as a function of the magnetic field applied in the sample plane

cantly lower field than the as-deposited one although theréiled circles and perpendicular to the platepen circles (a) as-deposited
remains a significant difference between measurements @nd (b) after irradiation with 5<10*° Si*/cn?.
the two field orientations. It can be concluded that the initial
shape anisotropy of the magnetic particles decreases strongly
with ion bombardment but is not entirely eliminated even atof the resistivity can be ascribed to a small amount of mixing
the maximum ion dose. near the Co/Ag interfaces. The decrease at larger doses then
The variations of the transport parametei®), Ap, results from the formation and growth of magnetic Co par-
and Ap/p(0) with ion dose are detailed in Figs(ay—7(c); ticles. This picture is also supported by the decrease of the
from them it is evident that a significant structural and magHow-field slope in theM —H curves in Fig. 8a) followed by
netic evolution takes place on a scale comparable with théhe onset of the hysteretic behavior as discussed previously.
electron mean-free path50 A). As shown in Fig. 7a), the The strong decrease of thep upon irradiation, shown
zero-field resistivity p(0) increases initially by 25% for in Fig. 7(b), is also indicative of a change in the magnetic
doses up to & 10* Si*/cn?, after which it passes through a disorder on a scale of the order of the mean-free path. No
maximum and decreases upon further irradiation to a valusignificant changes are seen for doses lower tharld*
comparable to that of the as-deposited material. Since it haSi*/cm?, whereupon a slow decrease is observed up to a
been demonstrated that the resistivity of the pure materialdose of 8<10* Si*/cn?, followed by a more pronounced
remains unaltered for similar ion treatméhthese variations decrease at even higher doses. The combination of the varia-
must be related to the changes in the morphology resultingjons inp andAp gives rise to the dependence of the GMR
from ion irradiation. It should also be noted that the zero-(Ap/p) shown in Fig. Tc). The strong reduction of p with
field resistivities of granular Ag ,Co, (Ref. 10 are smaller dose can be explained on the basis of the phenomenological
than those of the metastable alloys with the same overathodel proposed by Berkowitet al® and is also in agree-
composition. With these points in mind, the initial increasement with the quantum theory proposed by Zhang and
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Veres et al.

domain particles separated by distances comparable with the
electron mean-free path. The magnitude of the GMR has
been found to be very sensitive to the size and concentration
of ferromagnetic particles and to the presence of magnetic
interactions between them. Parallel alignment of the particle
moments(arising either from an external field or from posi-
tive interactions between particlesn a scale larger than the
electron mean-free path will strongly reduce the GMR. Thus,
information about the particle size distribution can be ob-
tained from the magnetoresistance.

By symmetry>>? the magnetoresistance can be ex-
pressed as an even function of the reduced magnetization
m=M(H)/Mg, where M(H) is the global magnetization
and My is the saturation val{é

M(H)
ARvE )

Ap _p(H)=po _
p Po

6

-

where F(m) is an even function om and the prefactor
sets the overall magnitude of the GMR. The simplest form
for this function is a parabolaf(m)=m?) valid for nonin-
teracting moments; deviations from this simple dependence
can arise due to the existence of weak magnetic interactions
between particle¥ 34 In addition, a broad particle-size dis-
tribution can also lead to departures from the parabolic varia-
tion since small particles make a relatively larger contribu-
tion to the magnetoresistance than to the magnetization.
Certain authorshave described the GMR in superpara-
magnetic systems using a bimodal distribution for the mag-
netic particles, reasoning that the moments of large particles
will be more easily aligned than smaller ones at a given
temperature. The large particles are then responsible for the
low field variation of the magnetoresistance and small ones
for the slow approach to saturation at high fields. In our case,
the magnetization data have been analyzed on the basis of a
log—normal distribution for the particles sizE&q. (4)], so
the same approach has been employed to fit the magnetore-
sistance data. Specifically, E@) becomes

= [wm(D)H 2
@ wa( T )f(D)d(lnD)), @)

Ap
p

where p(0) is the zero-field resistivityAp the resistivity
change in an applied fieltl, and o the amplitude of the
GMR. As in Eq.(3), L(x) is the Langevin function ang
=M,V the magnetic moment of a particle with volurie

The magnetoresistance curve following each irradiation
was fitted to Eq(7); the results of the fits for several doses
are presented in Fig. 8. The as-deposited sample is charac-
terized by a particle size distribution with,,=23 A ando

Levy.” Assuming that the spin-dependent ratio for scattering=0-98. The distribution broadens with dose and the mean-
at grain surfaces is much larger than that within the magneti¥alue D, shifts up to 55 A ¢=0.72) at the maximum dose

grains, these models predict a decreask @fp with increas-
ing particle size.

2. Analysis of the magnetoresistance

of 5x 10'® Si*/cn?. The values for the mean-particle diam-
eter obtained from the fits are also listed in Table I. In Fig. 9
is plotted Ap as a function of the inverse of the mean-
particle size determined from the fits. For doses larger than
1.5x 10" Si*/cm?, Apx1/D,, as expected from the theoret-

As Chien and co-worket$’ have emphasized, the key ical model§’ on the basis of independent superparamagnetic
requirement for a significant GMR in granular magnetic al-particles. However, for low dosesp deviates towards larger
loys is the existence of nonaligned ferromagnetic singlevalues. This deviation might arise from an overestimation of
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0.02 T T T T T ent systems is not the subject of our article, it must be noted
that the two mechanisms operate in opposite directions in the
case of elements with large positive enthalpy of mixiAg.
Specifically, ballistic effects, which are always present, act
as a mixing mechanism in the initial stages of the collision.
For enhanced thermal diffusion, the energy lost by the pri-
mary ion generates atomic relocations in a cascade of nuclear
collisions. The energy of the recoil atom is thermalized by
secondary collisions down to kinetic energies of a few elec-
tron volts, comparable with chemical potentials in solids. At
these energies the random walk atomic relocations can be
chemically biased® As noted from x-ray diffraction studies

in Fe/Ag multilayers and bilayerg, chemically guided dif-
fusion in systems with large positive heats of mixing pro-
vides a demixing mechanism during the thermal spike stage
of the collision cascade.

For thin Co-layer thicknesses, specifiga A for our
sample, the structural, magnetic, and transport data are con-
sistent with a limited demixing near the Co/Ag interfaces at
-0.14 * . : : : low ion doses followed by a progressive Co segregation at

15 10 5 0 5 10 15 higher doses. As indicated in Table I, the mean-particle size

H(kOe¢) glmost doubles as a result of the ion irradiation. We can
interpret these results as follows: At low doses, when there is
FIG. 8. Magnetoresistance for the sample at various ion doses. The soliio spatial superposition of the cascades, only short-range
lines are fits to the data, based on Eq). relocation within the collision cascade is possible so that the
initial ballistic mixing is partially recovered by chemically

the size of anisotropic particles or from a possible magneticgr'ven relocation within the cascades. The role of chemical

coupling between Co particles across the Ag spacer, as Hygriying forces is enhanced _for high doses When. atomic relo-_
ton et al2 have reported for their NiFe/Ag multilayers. cations over extended regions due to the spatial superposi-
tion of cascades promote long range atomic migration and

phase segregation.

It is also useful to compare the different results listed in

Several mechanisms are generally invoked to describgable I. For all doses, the distributions are quite broad (
ion-beam mixing/demixing in multilayers: collisionddallis-  =0.7-0.8) indicating the presence of a wide range of par-
tic) transport and irradiation-enhanced thermal diffusioif.  ticle sizes. Nevertheless, the values for the average particle
Although the interplay between these mechanisms in differsize obtained through the analysis of the magnetization and
transport data are surprisingly similar, given the fact that
these properties are sensitive to different parts of the size

-0.02

Aplp
o
[
N

As deposited
® 1x10" Si*/em®
o 8x10" Si‘/em’
A 1x10" Sit/em?
" 5x10" Si*/em’

-0.10

IV. DISCUSSION

28 ' ' ' ' ' ' distribution. In a broad size distribution, the major contribu-
24 | ii i tion to the low-field magnetization comes from large par-
° ticles which make a relatively small contribution to the mag-
20 - | netoresistance. Large magnetic fields will align the moments
- of the smallest particles along with those of the large par-
§ 16 b i ticles leading to relatively much smaller changes in the mag-
c::'1 netization than in the magnetoresistance. As shown by Badia
12}t i et al,® the broad size distribution breaks down the simple
< parabolic relation betweefip/p andM (H)/Mg resulting in
08 F J a field dependent prefactar(H) in Eqg. (7). At the same
time, the particle radii obtained from the blocking tempera-
04 J ture analysis are somewhat larger than those obtained from
the other results. Since the blocking temperature depends on
0.0 L ) L ! : ! the energy barrier distribution whereas the superparamag-
03 04 05 06 07 08 09 1.0 netism is coupled to the particle volume, these differences
in particle sizes are to be expected for a broad size
1/R_ (nm™) 4 distribution®®

Qualitatively, the ion-induced evolution of the morphol-

FIG. 9. The maximum change of the resistivitk 4= a) of the sample, o4y yanorted here parallels the effect of thermal annealing of
obtained from the fits to the room temperature magnetoresistance, as a fun¢ 40
| demonstrate that

tion of the inverse mean particle diameter. The solid line is a linear fit to the CO—AJ CO'dEPQSited alloys. Xiaet a (
data for doses larger than KA0' Si*/cn?. thermal annealing of a GgAggy alloy deposited at 77 K
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