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We report a comparative study of the magnetic and magnetoresistance phenomena in two types of granular
ferromagnets: ferromagnet-normal-metal mixtures Ni-Ag, Co-Ag, and ferromagnet-insulator mixtures
Ni-SiO,, Co-SiG;. Anisotropic magnetoresistance and giant magnetoresist&M®) are identified in both
types of systems above and below the magnetic component percolation threshold respectively. The GMR effect
in granular ferromagnets is shown to be essentially independent of the nature and resistance of the nonmagnetic
intergranular matrix[S0163-182@07)04010-1

INTRODUCTION of electronic conduction, depending on the metal volume
fractionx. Whenx is large, the metallic grains coalesce and
Granular ferromagnets are immiscible mixtures of twoform a connected metallic network, so that electrons can per-
materials one of which is ferromagnetic in the form of colate along the connected metallic channels. This regime is
nanoscopic-size polycrystalline grains and the other is nondsually called metallic, although the properties which depend
magnetic. The nonmagnetic material can be either metallion the electron’s mean-free path are strongly modified due to
(Ag, Au, Cu, .. .) or insulating(SiO,, Al,0Os, ...) in crys-  strong electron scattering from the dielectric inclusions and
talline or amorphous form. In the forthcoming discussion wegrain boundaries. For example, the electrical conductivity
shall call the ferromagnet-normal-metal granular mixtures aslecreases by orders of magnitude from its crystalline value,
FM and ferromagnet-insulator ones FI respectively. and the temperature coefficient of resistivity, although posi-
Magnetic properties of granular ferromagnets are thortive, is very much smaller than in pure metalgvhenx is
oughly studied and known to depend mainly on the topo- small, the metal grains form isolated dispersions in an insu-
logical structure of the ferromagnetic component. When thdating matrix. Electrical conduction in this dielectric regime
size of individual grains is sufficiently large for the existenceis by a hopping mechanism in which the charge carriers are
of ferromagnetism, the isolated nanometer-size ferromagiransported from one grain to another via thermally activated
netic grains are single domains. At low concentration of theunneling. Transition from the metallic to the dielectric re-
ferromagnetic material individual grains are dispersed in aime is characterized by a percolation threshold, at which the
nonmagnetic matrix. When the space orientation of granulametallic network first becomes disconnected. The tempera-
easy magnetic axes is random, the system behaves liketare coefficient of resistivity changes sign to a negative at the
superparamagnétAt high magnetic material volume frac- composition and temperature where the contribution to elec-
tion, the magnetic particles coalesce and form a connecteical conductivity due to thermally activated tunneling be-
network. In this regime, the magnetic phase percolatesomes comparable to the contribution along the percolating
throughout the material and the sample appears to be a nametallic channels. Below the percolation thresha|d the
mal ferromagnet. The transition from superparamagnetic tthopping process alone accounts for the conductivity of
ferromagnetic state seems to be a general property of grangranular metals.
lar ferromagnets and was found either in ferromagnet- The first experimental and theoretical studies of the elec-
normal-metal(FM) (Ref. 1) and ferromagnet-insulatqiI) tronic transport properties of granular metaiad, in particu-
(Refs. 1 and Bmixtures. lar, granular ferromagnet€ were performed and published
Although the magnetic properties of both types of granu-more than two decades ago. Renewed interest in granular
lar ferromagnets are similar, the electronic transport properferromagnets has been triggered by the recent discovery of
ties are different, especially at low ferromagnet componenthe so-called “giant magnetoresistance effe¢dGMR) in
concentrations. The electric conduction mechanism in allmagnetic multilayer’s*? and heterogeneous magnetic alloys
metallic granular composites does not change much as with ferromagnetic grains embedded in a nonmagnetic me-
function of its composition. The resistivity of a granular mix- tallic matrix!>'*It was found that the resistance can exhibit
ture can be a few times higher than the resistivity of the purdarge changes of the same order of magnitude as the resis-
componentsdue to electron scattering from the grain bound-tance itself upon the application of an external magnetic
aries. However, the total resistivity is low and it has a posi-field. Till recently the effort was concentrated on
tive temperature coefficient over entire concentration rangeferromagnetic-normal-metal combinations only. Ferro-
In granular metal-insulator composites there are two regimemagnet-insulator systems were neglected, probably because
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of the assumption that the resistance of the FI system below . NiA © 008

the metallic percolation threshold is too high to be measured. \°) 1% " ¢1o '

Recently, it has been demonstrdfetf that FI mixtures can — nos 43.0% —

be measured safely in a certain concentration range belowNo4 44.7%

the percolation threshold and behavior similar to GMR was EZZ jf);‘ﬁ

rediscovereflin a number of ferromagnet-insulator mixtures. No7 527% — .

Our preliminary® comparison of GMR-like magnetotrans- o8 1% /

port in FM and FI systems revealed a surprising qualitative ng?o zzif

and quantitative similarity in the field-dependent effects in o1 606%

both types of systems. No.12 61.9%
In this paper we present the results of an extended com-

parative study of magnetoresistive and magnetic properties

of some FM and FI granular ferromagnets.
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EXPERIMENTAL RESULTS AND DISCUSSION

Sample preparation -10 -5 0 5 10

H (kOe)

Thin granular films of Ni-SiQ, Co-SiO,, Ni-Ag, and
Co-Ag were prepared by coevaporation of the starting mate- FIG. 1. Normalized room-temperature magnetoresistance of
rials using two independent electron beam guns. The resulf§i'Ag granular.fer.romggnets. for different Ni volume concgntra-
presented in this paper were obtained on samples deposité‘ﬂ”s X. M_agnetlc_flglql is applied parallel to the current flowy.is
on a room-temperature glass substrate without any posiie zero field resistivity.
deposition thermal processing. The deposition rate and the
relative volume concentration of the two components wergyenerally (but not always greater thanp, ; (iv) magnetic
monitored and controlled by two quartz thickness monitorsfields needed to observe the effect are of the order of 10—100
Usually, a set of up to twenty four samples was deposited.
simultaneously. The relative concentration of the compo- Contrary to the anisotropic magnetoresistance, the GMR
nents varied smoothly due to a shift in the geometrical locaeffect® in heterogeneous ferromagnet-normal-metal systems
tion of the substrate relative to the evaporation sourcesoccurs not within the bulk but in the boundary regions sepa-
Samples with Ni(Co) volume concentrations from 30 up to rating magnetic and nonmagnetic materials. The characteris-
100 % were prepared. The absolute concentration accuragi phenomenological features of GMR drethe magnetore-
defined by the deposition rate control is abot$%. The  sistance is always negativéi) in isotropic granular three-
relative concentration accuracy of the samples of the samdimensional(3D) alloys the effect does not depend on the
series, as defined by their geometrical location, is better tharelative orientation of magnetization with respect to the cur-
+0.3%. The films had a strip form with linear dimensions of rent flow.
about 8<2 mm. Most of the results reported here were ob- We show in Fig. 1 the magnetic field dependence of the
tained on 100-nm-thick films. Magnetization measurementsglectrical resistivity of Ni-Ag films as a function of Ni vol-
were performed on 450-nm-thick samples. 15-30 nm thickime concentratior with field applied parallel to the current

films were used for transmission electron microscopy. flow. The resistivity data are normalized to the zero field
value. Two distinct behaviors can be pointed out. At Ni con-

Magnetoresistance centrations up to about 48% only a negative magnetoresis-

) tance has been observed. At higher concentrations an addi-

Ferromagnet-normal metal mixtures tional feature develops: magnetoresistance is sharply positive

Two types of magnetoresistive behavior are known in meat low fields, then changes sign and becomes negative. A
tallic ferromagnetic materials, usually referred as “aniso-characteristic “wing” curve is developed. With further in-
tropic magnetoresistanc/AMR) and “giant magnetoresis- crease of Ni concentration the positive stroke of resistance
tance” (GMR). Anisotropic magnetoresistar?ﬁés observed progressively increases whereas the negative magnetoresis-
in ferromagnetic metals such as Fe, Co, and Ni in alloygance slope at higher fields approaches zero.

(permalloy. Phenomenologically the behavior can be identi- As has been reported in Ref. 16, the positive “wing
fied by a few characteristic feature$) it is a property of a  stroke” in Ni-rich samplegx>49%) disappears when mag-
bulk ferromagnetyii) for a uniform magnetizatioM, the  netic field is applied perpendicular to the current direction.

longitudal resistivity is given by Contrary to that, the negative magnetoresistance observed in
samples with low Ni concentration does not depend on the
pzplsinzﬁ-i-p“COS? 9, 1) relative direction between the applied field and the curtént.

We can, therefore, identify the field-orientation dependent
wherep, andp, are resistivities for current flow perpendicu- magnetoresistance observed in Ni-Ag at Ni concentrations
lar and parallelor antiparallel to the magnetization direc- above 49% as the anisotropic magnetoresistance effect
tion respectively, and is the angle between the magnetiza- (AMR). Negative isotropic magnetoresistance in samples
tion and the currentAp/p=(p,—p,)/p, is of the order of 2%  with low Ni concentration is identified as the giant magne-
in Ni at room temperature. The effect increases at low temtoresistanc GMR) effect, although the magnitude of the
peratures and can reach 15%5aK in permalloy.(iii) p,is  effectin these samples is far from being "“giant.” Both AMR
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- 1.006 tron microscopy. Ni, Co, and Ag in Ni-Ag and Co-Ag films

No.l 40.6% Ni(SiOy)00.. 3 ; A . o
No2 414% el were found to be crystalline with typical grain sizes of the
No3  422% — é " order of 30—40 A. It is very difficult to distinguish individual
Eg;‘ :i;f p/pg grains in these metal-metal films. This prevents a credible
No6  459% definition of the spatial topology of the ferromagnet in a
E“é :;jj 11 nonmagnetic metallic matrix. In KCo)-SiO, films the ferro-
Noy  600% 101 1000 magnetip grain; are crystglline, their size being a_bout 30 A
No.l10 83.5% : 9 The grains are immersed in an amorphous.,Si@trix. The
Mol 84.8% ; 8 dimensions of the crystalline ferromagnetic grains are ap-
No.l2 883% —— ] . )
Nod3d 913% proximately equal in all the systems studied.

1 =6 Percolation threshold

o . . . .
2 N 0.994 In metal-insulator mixtures the metallic percolation

threshold can be identified lg) the divergence of the resis-

tivity and (b) the change of the resistivity temperature coef-

-10 -5 0 5 10 ficient from positive in metallic regime above the threshold
H (k0e) to negative in the dielectric regime below it. Based on these

FIG. 2. Normalized room-temperature magnetoresistance o?r'ter'a’ the concentration=49% can be regarded as the

: s vy 16
Ni-SiO, granular ferromagnets for different Ni volume concentra- P€rcolation threshold of Ni in our Ni-SiOmixtures.” A

tions x. Magnetic field is applied parallel to the current flowg.is  Similar threshold was also found in Co-SiO .
the zero field resistivity. In Ni-Ag the resistivity of both metallic components is

very close and no singularity is found at the threshold. How-

and GMR coexist in Samples with intermediate Concentraeven the magnetic properties of granu|ar ferromagnets de-
tions (see Fig. 1 This behavior is typical and was repro- pend on the magnetic material concentration and, in particu-
duced in Co-Ag mixtures as well. lar, on the percolation of the magnetic phase. By crossing the
magnetic percolation threshold a system such as Nj-SiO
] o ] ] starts exhibiting a bulk ferromagnetiérand associated with

Magnetoresistance of Ni-Sidilms for different Ni con- it anjsotropic magnetoresistance. As we have reported
centrations with field applied parallel to the current flow is previously!® the threshold in Ni-Ag was found at=47%.
shown in Fig. 2. As in Ni-Ag films(see Fig. 1 a negative e can; therefore, conclude that both Ni-Ag and Ni-SiO

magnetoresistance is found in samples with Ni CONCeNtrag, ctoms have the sanie5%) nickel continuity threshold
tions below 49%. At high Ni concentrations a positive y e 5%) y '

“wing” feature is observed when the magnetic field is ap-
plied parallel to the current direction. Al$d,as Ni-Ag, the N ) ]
negative magnetoresistance at low Ni concentrations is inde- Additional information on the topology of the systems can
pendent of the relative orientation of the field and the curbe extracted from the magnetization measurements. The lat-
rent. At high Ni concentrations the magnetoresistance iger were performed in a superconducting quantum interfer-
strongly orientation dependent. Based on the same arg@nce device magnetometer at room temperature at fields up
ments as discussed for the Ni-Ag system, we identify theéo 2 T. A comprehensive discussion of the magnetization
isotropic negative magnetoresistance observed in samplasudies is beyond the scope of this paper and we shall dem-
with low Ni concentrations as a GMR-like effect, and the onstrate here only a few characteristic results. We plot in
orientation-dependent magnetoresistance of samples withigs. 3a) and 3b) the magnetization of two series of Co-
high Ni concentration as caused by an anisotropic magnebased samples: Co-Ag and Co-Sifs a function of an ap-
toresistancd AMR). Similar magnetoresistive behavior was plied magnetic field. The range of Co concentrations is 37
found in another FI mixture, Co-SiO <x<62 % in both series. As one sees, the magnetization
Prior to discussing the remarkable similarity between thenehavior is almost identical both quantitatively and qualita-
two types of systems in the low ferromagnet concentrationively for all the concentration range. Since magnetic prop-
regime, we would like to address the topology of the systemerties of granular ferromagnets depend mainly on their topol-
under study. Due to the basic difficulties in microscopicogy, we can conclude that the geometric structure of
analysis of crystalline metallic mixtures we do not possess aferromagnetic material in metallic Ni-Ag and Co-Ag films is
accurate topological map of metallic Ni-Ag and Co-Ag films. similar to that in Ni-SiQ and Co-SiQ, respectively.
We, nevertheless, can conclude that the ferromagnetic mate- We turn now to the discussion of the GMR-like phenom-
rial topology in these samples is similar to that inena in granular ferromagnets. We define the normalized
ferromagnet-insulator mixtures Ni-SjCand Co-SiQ, re-  GMR effect as po—p)/po, Wherep, and p are resistivities
spectively. We are supported in this conclusion(bygrain  measured at zero and 10 kOe field, respectively. The values
dimensions, as found in a transmission electron microscopyf the effect measured in all four systems: Ni-Ag, Ni-$jO
study; (ii) location of the percolation threshold; ardi)  Co-Ag, and Co-SiQ are plotted in Fig. 4 as a function of
magnetization measurements. ferromagnetiaNi, Co) volume fraction. Two major conclu-
sions can be drawr(i) The largest normalized GMR effect
occurs below the percolation threshold. In both FM and FI
Thin films with thicknesses of about 200 A were depos-mixtures the maximum normalized GMR requires about the
ited on graphite substrates and studied by transmission elesame concentration: 45—47 % for Ni-based mixtures and 40—

Ferromagnet-insulator mixtures

Magnetization measurements

Grain size
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FIG. 3. Room temperature magnetization of Co-fg and
Co-Si0, (b) samples as a function of magnetic field for a few dif-
ferent Co concentrations. The samples are 450-nm thick.
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FIG. 5. Magnetoresistance of Ni-Sj@nd Ni-Ag granular fer-
romagnets for different Ni volume concentrations normalized at
zero and 10 kOe field. Put attention on the variation of the curves’
shape.

4.5% in Co-SiQ. The difference between the Co-Si@nd
Co-Ag series is negligible compared to the ratio of the abso-
lute resistivities 181 atx=38% and 161 atx=32%.

A note should be taken here. The value of the magnetore-
sistance is defined in this paper&s=py,—p(10 kO¢, where
po and p(10 kO#9 are resistivities at zero and 10 kOe fields,
respectively. Actually, none of the samples studied showed
the saturation of its resistivity at field of 10 kOe. We present
in Fig. 5 the resistivity versus field curves normalized at zero
and 1 T fields for several Ni-SiOand Ni-Ag samples with
different Ni concentrations. The slogkp/dH gradually be-
comes sharper near the fiell b T for lower Ni concentra-
tions. This suggests that the saturation field increases for
lower Ni concentration and the magnetoresistance measured

42 % for Co based mixturesii) Despite the huge difference up to the 1 T field is a fraction of the total saturated magne-

in the resistivities of FM and FI systems, the magnitude o

foresistance which was not reached in these experiments. As

the GMR effect is nearly the same in FM and FI mixtures.'éPorted by Ref. 19 magnetic fields higher than 14 T are
The maximum GMR is about 0.6% both in Ni-Ag and required to reach magnetoresistance saturation in Fe-Ag

Ni-SiO,. In Co-based films the maximum magnetoresistancé”ms at low iron concentrations. High-field experiments are

was found to be an order of magnitude higher than in Ni
based compounds and reached about 10% in Co-Ag arfd

=
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ccurrently under way and will be reported elsewhere. How-

er, as shown in Fig. 5, magnetoresistance curves of
Ni-SiO, and Ni-Ag are very similar, and although we discuss
a partial effect only, the comparison between the two types
of systems is credible.

Let us compare in more details the dependence of the
magnetoresistance on the ferromagnet material concentration
x in ferromagnet-normal-metal FM versus ferromagnet-
insulator FI mixtures. The GMR seems to develop in NisiO
systems much sharper than in NiAgee Fig. 4. Indeed,
Aplp, reaches its maximum of about 0.6% in both systems in
the vicinity of x=45%. No GMR behavior is observed in
NiSiO, at concentrations above 48%, whereas the GMR-like
magnetoresistance of the order of 0.2% is observed in NiAg
atx as high as 53%. The percolation threshold of Ni in both
NiSiO, and NiAg is about 48%. At concentrations higher
thanx. Ni builds up both an infinite cluster and finite clusters
of different sizes. Since the electrical current in NiAg system
flows roughly uniformly in an entire volume, it tests both

FIG. 4. Normalized GMR magnetoresistance as a function offinite clusters and an infinite cluster simultaneously. The fer-

the ferromagnet material component concentratioThe results

for Ni-based series are multiplied by 10.

romagnetic phase percolates along the infinite cluster and
along large enough finite clusters, giving rise to the aniso-
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concentrations. Contrary to thatp keeps increasing for the
: decreasing metal concentration, at least in the range we were
0! —e—NiSiO, " able to measure.

P TS o Magnetoresistance of FM samples is often compared with
their global magnetization. The connection between the mag-
netoresistance and global magnetization is understood to re-
sult from the sensitivity of GMR to the relative orientation of
the neighboring magnetic moments. In the limit of the un-
correlated granular magnetic axes the average Vahs#,;),
where @, is the relative angle between the axes of the ferro-
magnetic entities can be described é(msﬂ,j)=(M/Ms)2,
whereM is the global magnetization and is its saturated
F e value. Experimental agreement is reasonably good for cer-
10° 102 10 100 10! 10 108 tain samples, as shown in Fig(ay for the Co-Ag sample

o (Qcm) W|th X=43%
The same comparison between the magnetoresistance and

FIG. 6. Absolute value of the GMR-like magnetoresistance as @he global magnetization can be performed fof@4)-SiO,
function of the zero field resistivity for Ni-SiO(circles and  films. Similar agreement is found in samples with low ferro-
Co-SiQ, (squaressamples. magnet concentrationg=ig. 7(b)]. For higher ferromagnet
[goncentrations in the vicinity of the percolation threshold the

main superparamagnetic and are responsible for the partig]agnetoresmtance stops following the square power of the

GMR contribution. Coexistence of AMR and GMR in the gpbal magnetizatior_{Fig. )] A simple explanation far
same samples above the percolation threshold is well iIIust-hIS t_rend IS t0p0|09'0§|: Al concentrations closg to the per-
trated by the “winglike”” magnetoresistance curves in Fig. 1_f:olatlon threshold individual single domain grains coalesce

The situation is different in NiSiQsystem. Here, from into large ferromagnetic clusters. The latter dominate the
. X plobal magnetization, whereas the GMR behavior is gov-

the current will flow along it and no current will pass be- ern_ed by the rest_of qncoupled_small superparam_agn_etic
tween small grains separated by insulating gaps. Thereforg,rams' Thereforg, in this topologlcal range, magnetization
and magnetoresistance probe different parts of the sample:

no GMR-like contribution is observed above the percolationI roe ferromaanetic clusters and small roaramacneti
threshold in FI sample. The anisotropic magnetoresistanc@ ge ferromagnetic clusters and smail superparamagnetic

effect is also negligible in the FI sample in the vicinity of the grains, respeciively.

percolation threshold. We can mention at least two reason Both FM and Fl systems seem to have a similar d_epe_n-
for that. (i) AMR is a property of a bulk ferromagnet, in our ence of the magnetoresistance on the total magnetization

case pure Ni. Due to strong scattering on the boundaries (ﬁnd, therefore, similar sensitivity to the relative orientation
the conducting paths, the resistivity of NiSi@ the vicinity of the neighboring magnetic moments. However, the roughly

of the percolation threshold is much higher than that of pure,Eequal values of the ratidp/p in both metallic and dielectric

Ni, and any variation of the bulk nickel resistivity is negli- ypes of the systems is natpriori expected and remains to

: ; = be understood.
gible on the total backgroundi) Contrary to the all-metallic X . .
systems, the local current direction in the branched and cong In metallic FM systems GMR s traditionally regarded as

0
~36%

Ap (Qem)
S
s
T

tropic magnetoresistance. Small separated clusters can

plcate tpolog o the I samples can e orintd atanle 117 900 [esance e o saterng fom o
angle with respect to the local magnetization. Thereforet Ig stivit fg | .t liic 1 P L ' I
AMR becomes visible in NiSi@at much higher Ni concen- al resis %' y ot a granuiar metaflic terromagnet Is usuatly
trations a4bove 80% when the total resistivity decreases tgescrlbe as

about 10™ Q) cm and the current flow becomes uniform.

Although the relative GMR-like magnetoresistance ap- p(H.T)=po+t ppr(T) + pm(H, T), v
pears identical in ferromagnet-normal metal andwhere p, is the temperature independent contribution from
ferromagnet-insulator mixtures, the absolute values of magdefects,p,,(T) is the phonon contribution, angl,(H,T) is
netoresistance demonstrate different tendency at low concethe magnetic resistivity responsible for GMR. The fractional
trations of ferromagnetic materials. In ferromagnet-normalGMR is then given by
metal mixtures Ni-Ag and Co-Ag the zero field resistivity
remains roughly constant in an entire range of the composite Ap  pn(0T)—pn(H,T)
concentrations. Therefore, both the absolute and normalized o potpo T+ pm(OT)" )
magnetoresistance show the same dependence on the ferro- P
magnetic concentration. Namely, it develops in the vicinityEach type of scattering is assumed to be independent and it's
of the percolation threshold, reaches maximum and dehard to imagine that the change of the total resistivity by
creases at low Ni/Co concentratiofsee Fig. 4 The behav- many orders of magnitude will cause the same change in the
ior is different in ferromagnet-insulator mixtures. We plot in spin-dependent contribution.

Fig. 6 the absolute magnetoresistance valpeas a function As we have mentioned above, the isotropic negative mag-
of the room temperature resistivigy for Ni-SiO, samples. netoresistance was found by Gittlemetnal !’ in discontinu-
The absolute magnetoresistance value diCd)-SiO, mix-  ous Ni films more than two decades ago. The effect was
tures does not show any tendency to decrease at low mettitated by Helman and Abefeim the framework of the tun-
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FIG. 7. Normalized magnetoresistan@pen circley and mag-
netization squaré? (full circles) as a function of magnetic field
for three typical samples. The data is normalized at zero and 10 kO&

field. @ is a normalization coefficienta) CoAg1gg-x, X=43%); (b)
Niy(SiO5)100-x» X=42%; (¢) Co,AT100-x» X=46%.
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FIG. 8. Normalized magnetoresistance of Co-Sg@mples as a
function of the zero field resistivity as measured after the deposition
(open circles and three months latdtriangles.

model, the conductivityfo) of the system is proportional to
the probability of an electron tunneling across an intergranu-
lar barrier and is, therefore, proportional to the product of the
nonmagnetic and the spin-dependent conductance terms.

o(HT)=0e(T)on(H, T)=0exp —E,/KT). (4

For the superparamagnetic grains the magnetoresistance is
given by?

Aplp=—(IPIAKT)L2(wH/KT), (5

where P is the polarization of the tunneling electrorkjs
the electronic exchange coupling constarithin the ferro-
magnetic metal graing, is the Langevin function, ang is
the magnetic moment of the grain. Within this model the
normalized magnetoresistance depends mainly on the intra-
granular properties, electronic polarization, the intragranular
exchange coupling constant, the granular magnetic moment
and does not depend on the total resistivity of the sample.
The independence of the effect on the resistivity of the
ferromagnet-insulator sample is confirmed by the following
data presented in Fig. 8. Here, the normalized magnetoresis-
tance of a number of CoSi&amples is shown as a function
of their resistivity as measured shortly after the deposition
and a few months later. Resistivity of CoSiGamples in-
creases with aging due to a partial dissociation of ,Si®
SiO and O and the following oxidation of Co. The effective
Itergranular insulating layer becomes thicker which leads to
an exponential increase of resistance. As seen in Fig. 8 the
resistivity of the samples has increased up to about an order

neling theory of spin-polarized electrons. Here, the effectiveof magnitude, however, the normalized magnetoresistance
intergranular barrier energy is represented by the sum of twalmost did not change. A small decrease of the latter can be
contributions, electrostatic and magnetic. The electrostaticelated to a development of the CoO layer on the Co grains
barrier energy includes the charging energy term, which besurfaces and a respective reduction of the magnetic mo-
comes particularly important for small grains. The magnetionents.

term E,, is the difference between the exchange energies of To conclude, we performed the first comparative study of
an electron situated in grains 2 and 1, which arises when theagnetotransport phenomena in two types of granular ferro-
magnetic moments of the grains are not parallel and electromagnets: ferromagnet-normal metal mixtures Ni-Ag, Co-Ag
spin is conserved in tunneling. The relative orientation of theand ferromagnet-insulator mixtures Ni-Si@nd Co-SiQ.
neighboring magnetic moments is affected by the magnetidhe geometric arrangement of the ferromagnetic material in
field, therefore, the variation of the magnetic exchange enmetallic Ni-Ag and Co-Ag films is likely to be similar to that
ergy E,, is responsible for the magnetoresistance. In thign Ni-SiO, and Co-SiQ. The main experimental findings can
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be briefly summarized as follows(i) 3D granular tures. Assuming that a striking similarity between the
ferromagnet-insulator mixtures demonstrate isotropic negaerromagnet-normal metal and ferromagnet-insulating mix-
tive magnetoresistance similar to the GMR effect in heterotures is not accidental, it is a theoretical challenge to provide
geneous ferromagnet-normal metal alloy§i;) both in  a general description of the magnetotransport phenomena in
ferromagnet-metal and ferromagnet-insulator mixtures thd&oth types of granular ferromagnets.

largest normalized GMR-like magnetoresistance is found in
samples below the ferromagnetic percolation threshid;
despite the difference of many orders of magnitude in the
absolute resistivities of ferromagnet-insulator and It is a pleasure to thank D. Bergman, R. Mints, and G.
ferromagnet-metal mixtures, the values of the normalizedeutscher for stimulating discussions. This research was
negative magnetoresistance found in both types of the sysupported by The Israel Science Foundation founded by The
tems are close to each othéx,) contrary to FM systems, the Israel Academy of Sciences and Humanities. B.G. acknowl-
absolute magnitude of the magnetoresistance increases edges the support granted by Levi Eshkol Foundation, the
low concentrations of the ferromagnet component in FI mix-Ministry of Science and the Arts, Israel.

ACKNOWLEDGMENTS

1C. L. Chien, J. Appl. Phys69, 5267 (1991), and references '?S. S. P. Parkin, N. More, and K. P. Roche, Phys. Rev. I6it.

therein. 2304(1990.
2J. 1. Gittleman, B. Abeles, and S. Bozowski, Phys. Re®,B891  13A. E. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, S.
(1974. Zhang, F. E. Spada, F. T. Parker, A. Hutten, and G. Thomas,
3C. Laurent, D. Mauri, E. Kay, and S. S. Parkin, J. Appl. PI§5. Phys. Rev. Lett68, 3745(1992.
2017(1989. 14J. Q. Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. 168t3749
4C. L. Chien, Annu. Rev. Matter. Sc25, 129 (1995. (1992,
5 . -
C.A Neuge_bauer, Thin Solid Filmg; 443(1970_' 15H. Fujimori, S. Mitani, and S. Ohnuma, Mater. Sci. Eng38
5B. Abeles, Ping Sheng, M. D. Coutts, and Y. Arie, Adv. PH3s. 219(1995.
7J4(I)7(gt?l75. V. Goldstei 4s. B i Phvs. Rew.B 16A. Milner, A. Gerber, B. Groisman, M. Karpovsky, and A. Glad-
. |. Gittleman, Y. Goldstein, and S. Bozowski, Phys. Re\s, kikh. Phvs. Rev. Lett76. 475(199
3609(1972. . Py, eV  475(1999.

17 ; .
8. S. Helman and B. Abeles, Phys. Rev. L8f, 1429(1976. T. R. McGuire and R. I. Potter, IEEE Trans. MagiAG-11,

9 L
M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen Van Dau, E. 4 . . . .
Petroff, P. Etienne, G. Creuzet, A. Friederich, and J. Chazelas, See review paper of P. M. Levigolid State PhysicéAcademic,

Phys. Rev. Lett61, 2472(1988. . New York, 1994, Vol. 4_17, pp. 367-463, anc_i references therein.
10G. Binasch, P. Grunberg, F. Saurenbach, and W. Zinn, Phys. Rev. > A- Makhlouf, K. Sumiyama, and K. Suzuki, Jpn. J. Appl. Phys.

B 39, 4828(1989. " 33 491.3(1994). . .
1133, Krebs, P. Lubitz, A. Chaiken, and G. A. Prinz, Phys. Rev.” C- L. Chien, J. Q. Xiao, and J. S. Jiang, J. Appl. PH#%.5309

Lett. 63, 1645(1989. (1993.

1018(1975.



