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Spin-Dependent Electronic Transport in Granular Ferromagnets
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We report a comparative study of the spin-dependent electronic transport in two types of granular
ferromagnetic systems: ferromagnet metal (Ni-Ag, Co-Ag) and ferromagnet insulator (M-St
SiO,). Both systems demonstrate remarkably similar magnetoresistive behavior of comparable
magnitude: negative isotropic magnetoresistance below the ferromagnet percolation threshold and the
anisotropic magnetoresistance above.

PACS numbers: 72.15.Eb, 72.15.Qm, 73.40.Rw, 75.50.Cc

Extensive studies of spin-dependent transport propemwith two ferromagnetic electrodes. Assuming that spin is
ties of heterogeneous magnetic solids were triggered a feaonserved in the tunneling process one can expect [15—
years ago by a discovery of the so-called giant magnetoret-7] the tunneling conductance dependence on the conduc-
sistance (GMR) effect. It was found that the resistancdion band spin polarization of the electrodes and, therefore,
can exhibit large changes of the same order of magnituden their relative magnetization. Antiparallel relative mag-
as the resistance itself upon the application of an externaletization corresponding to a minimum conductance of a
magnetic field. The effect was first discovered in mag-junction can be aligned parallel by an applied magnetic
netic multilayers like Fe-Cr or Co-Cu [1-4] and later in field giving rise to a significant increase in the tunnel con-
heterogeneous magnetic alloys with ferromagnetic grainductance. Indeed, large room temperature magnetoresis-
embedded in nonmagnetic metallic matrix [5,6]. Althoughtance up to the order of 10% has been recently reported
the exact mechanism of GMR remains elusive, it is be{18,19] in ferromagnetic thin film tunnel junctions. Spin-
lieved to be a manifestation of the conduction electronglependent magnetoresistance was also observed by Git-
spin-dependent scattering dependence on the local matleman, Goldstein, and Bozowski [13] more than 20 years
netic configuration [7—9]. In the case of granular ferro-ago in discontinuous nickel films and discussed by Helman
magnets with antiferromagnetic or random distribution ofand Abeles [20]. However, since these early works no sys-
magnetic moments at zero field, the applied field aligngematic study of the spin-dependent transport in disordered
the magnetic moments and, therefore, affects the spiferromagnet-insulator systems has been performed.
dependent scattering. In this Letter we report the results of a first com-

As a next step in the research of the spin-dependengarative study of the magnetotransport phenomena in
transport phenomena in heterogeneous magnets it seetmg types of granular ferromagnetic systems: ferromagnet
attractive to expand the studies to granular magnetic sysnetal and ferromagnet insulator. Both systems demon-
tems where small ferromagnetic grains are embedded istrate a remarkably similar isotropic negative magnetore-
an immiscibleinsulating matrix. Macroscopic proper- sistance below the ferromagnet percolation threshold and
ties of metal-insulator mixtures depend on the metalliche anisotropic magnetoresistance above. In contrast to
volume fractionx which can be controllably varied. At metallic ferromagnet-metal mixtures, where the magne-
low x values metallic grains are isolated from each othetoresistance is attributed to the spin-dependent scattering
and an electric transport is realized by intergranular tunen the boundaries of nonaligned magnetic grains, similar
neling or temperature activated hopping. When metagffect in discontinuous metal-insulator films is a manifes-
concentration is increased above a certain threshold, ination of a spin-dependent tunneling process.
dividual grains form an infinite cluster [10] with a contin-  Granular films of Ni-SiQ and Co-SiQ were studied
uous metallic conductance path. in comparison with similarly prepared films of Ni-Ag and

Magnetic properties of granular ferromagnets are thor€Co-Ag. Thin films of both types have been prepared by
oughly studied [11,12] and known to depend on thecoevaporation of starting materials on a room tempera-
magnetic material concentration, mean grain size, antlre glass substrate. The deposition rate and the relative
intergranular distance. The isolated nanometer size ferolume concentration of two components were monitored
romagnetic grains are single domains. At low concenand controlled by two quartz thickness monitors. Usually,
trations the system behaves as the superparamagnet. Atset of up to 24 samples has been deposited simultane-
larger x and shorter intergranular distances the magnetiously with the relative concentration of the components
phase percolates throughout the material and a system likarying smoothly due to a shift in geometrical location
Ni-SiO, starts exhibiting superferromagnetism [13]. relative to the materials’ evaporation sources. Samples

Spin-dependent tunneling between two ferromagnetsith Ni (Co) volume concentration from 30% up to 100%
has been predicted and observed [14] in single junctiongiere prepared. The absolute concentration accuracy de-
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fined by the deposition rate control is abatif%. The  attributed to the anisotropic magnetoresistance phenomena
relative concentration accuracy of the samples of the sam@&MR) [22]. The negative isotropic magnetoresistance is
deposition series, as defined by their geometrical locatioridentified as the GMR, although the value of the effect in
is better thant0.3%. The films had a strip form with lin- certain compounds is not “giant” as in the case of Ni-Ag.
ear dimensions abo® X 2 mm and 100 nm thickness. Qualitatively, magnetoresistance of ferromagnets-metal
The samples were studied by transmission electron miNi(Co)-Ag] and ferromagnets-insulator [Ni(Co)-S}p
croscopy (TEM). Ni, Co, and Ag in Ni-Ag and Co-Ag systems is very similar. The same two phenomena AMR
films were found to be crystalline with a typical grain and GMR can, therefore, be identified in ferromagnet-
size of the order of 30—40 A. SiOmatrix in Ni(Co)- insulator Ni-SiQ, and Co-SiQ granular system.
SiO, was found to be amorphous. Similarity of both systems in the Ni-rich samples
Magnetoresistance was measured at room temperatui® not surprising. Resistivity of NAgie-x and
in fields up to 10 kOe at different orientations of an ap-Ni,-(Si0,)i00—,» With x = 88% is about2 X 107> and
plied field in respect to the samples’ plane and the cur5 X 1073 () cm, respectively. Field dependent electrical
rent flow direction. The results for four selected Ni-basedconductivity is determined here by a massive bulk of
samples are shown in Fig. 1. Two essentially distinct phemetallic ferromagnet and an influence of small inclusions
nomena can be pointed out. Negative isotropic magnesf either metal (Ag) or insulator (Si§ is limited. The
toresistance only is pronounced in both Ni-Ag and Ni-difference in resistivity of the two systems increases
SiO, samples at nickel concentrations below (45-48)%gradually at lower Ni concentrations reaching a ratio
[Figs. 1(a) and 1(b)]. In contrast, magnetoresistance obf 1:10° for the concentration of 45%. (The resistivity
nickel-rich samples depends strongly on the relative fielf two samples presented in Figs. 1(a) and 1(b) with
orientation [Figs. 1(c) and 1(d)]. The positive magnetore-nickel concentration about 45% agex 107> Q. cm in
sistance stroke developed at low fields (below few kOe) idNi-Ag and 2 2 cm in Ni-SiO,.) Changes of resistivity
largest when the field is applied parallel to the current floncaused by the AMR effect in the bulk of Ni are clearly
and changes to negative when the field is perpendicular tobserved in low resistance Ni-Ag in a complete range
the film plane. Both Ni-SiQ@and Ni-Ag systems demon- from 45% to 100%, but are negligible and, therefore,
strate almost identical sensitivity for the applied field ori- obscure in Ni-SiQ with Ni concentration below 80% and
entation. Similar behavior was found in Co-based seriethe resistivity exceeding00 w{) cm.
as well. On the other hand, the similarity between two systems
Ferromagnetnetal granular alloys were extensively in alow concentration regime is remarkable. As shown in
studied [21,22]. The positive longitudinal magnetore-Figs. 2 and 3 the value of GMR defined @s — p)/po,
sistance and negative transverse magnetoresistance vaserep, andp are resistivities measured at 0 and 10 kOe
observed in ferromagnet-rich Ni-Ag and Co-Ag films is field, respectively, reaches its maximum of about 0.6%
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FIG. 1. Room temperature magnetoresistance of two(ND,) 00—, (a),(c) and two NiAgig-. (b),(d) films at different
orientations of the applied magnetic field: solid curves: field parallel to the sample plane along the measuring current;
dotted curves: field is normal to the sample plane (a)(8lD:)100-x, x = 44.7%, p = 2 Q. cm; (b) Ni;AQi00-x, X = 46.4%,

p =3 X107 Qcm; () Nii(SiOy)100—x, x = 88%, p = 5 X 107> Q cm; (d) NitAQ1g0—x, X = 88%, p = 2 X 107> Q cm.

476



VOLUME 76, NUMBER 3

PHYSICAL REVIEW LETTERS

15 ANUARY 1996

0.6

(Pg"P10k0e P %

0.2

0.0

0 o—s

%o

g 10

o)

50

: . 107
55 60

the magnetic properties of granular ferromagnets depend
on the magnetic material concentration and, in particular,
on the continuity of the magnetic phase. By crossing
the ferromagnetic metal continuity threshold a system
like Ni-SiO, starts exhibiting a bulk ferromagnetism [13]
and associated with it an anisotropic magnetoresistance.
Development of the latter indicates the ferromagnetic
continuity threshold. We plot in Fig. 3 the value of the
AMR (defined as a difference between the longitudal and
transverse resistivity measured at 10 kOe) in Ni-Ag as a
function of nickel concentration. The data extrapolate to
x = 47% in an immediate vicinity of the GMR peak. We

can, therefore, conclude that in both Ni-Ag and Ni-$iO
systems the GMR is largest slightly below the samhé&%)
nickel continuity threshold.

X, %

FIG. 2. Normalized GMR magnetoresistarieg¢ and the room S . .
temperature zero field resistivify) of Ni,(SiO,)i00_.» Samples The most intriguing result is the equality of the GMR
as a function of Ni volume concentration. The dotted effect in Ni-Ag and Ni-SiQ systems. As shown in

curve is a guide to the eye. The dashed line is th(_a .fit curverigs. 2—4 the magnitude of the GMR effect is almost

f\)liz(s%f)m_();a%g?gl ier?::gSzgt\i/\I/tg-itr?Tepg%%tu(rl‘v; ?gfj'gg{gt of identical for both systems. This is extraordinary since

and posit}\oloe in region (2) for > 49%. ' the resistivity of Ni-SiQ at x = 45% is 5 orders of
magnitude higher than that of Ni-Ag.

Similar results were obtained in cobalt-based (Co-
in both Ni-SiO, and Ni-Ag systems at nickel volume Ag and Co-SiQ) films. The maximum value of the
concentration of the order of 45%—47%. It can be showmormalized magnetoresistance was found to be an order
for both compounds that the maximum is located in thegt magnitude higher than in Ni-based compounds and
vicinity of the samg=5%) Ni percolation threshold. reached about 10% in Co-Ag and 4.5% in Co-Si@

In metal-insulator mixtures the metallic percolation 5 Co concentrationt = 38% (Fig. 4). The difference
threshold can be easily identified by (a) the divergencen magnitude of the effect between Co-Si@nd Co-Ag
of the resistivity and (b) the change of the resistivity tem-series is negligible comparing to the ratio of their absolute
perature coefficient from positive in the metallic regimeesistivities: 16 atx = 38% and 10 atx = 32%.
above the threshold to negative in the dielectric regime pye to the basic difficulties in microscopic analysis of
below it. As demonstrated in Fig. 2, this recipe workscrystalline metallic mixtures we do not possess an accurate
well in the Ni-SiO, system, where the zero field resis- topological map of metallic Ni-Ag and Co-Ag films. We,
tivity starts to diverge exponentially and the resistivity- neyertheless, can conclude that the ferromagnetic material
temperature coefficient changes its polarity in the vicinitytopology in these samples is similar to that in ferromagnet-

of x = 49%. The metallic continuity threshold can be
pointed out at this concentration.
In Ni-Ag the resistivity of both components is very close 104
and no singularity is found at the threshold. However, /. %
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FIG. 3. Normalized GMR(x) and AMR (o) magnetoresis-
tance of NjAgip-. films as a function of Ni volume con-

FIG. 4. Normalized GMR magnetoresistance as a function of
the ferromagnet material component concentration: full circle:

centrationx. The dotted line is a guide to the eye. The dashedCo-Ag; full square: Co-Si@ open circle: Ni-Ag; open square:
line represents a linear fit.

Ni-SiO,. The results for Ni-based series are multiplied by 10.
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insulator mixtures Ni-Si@and Co-SiQ, respectively. We mixtures demonstrate isotropic negative magnetore-
are supported in this conclusion by the fact that (1) thesistance similar to the GMR effect in heterogeneous
grains’ dimensions, as found in TEM study, are comparaferromagnet-normal metal alloys; (2) in both ferromagnet-
ble; and (2) the ferromagnet material percolation thresholdnetal and ferromagnet-insulator mixtures the largest
is the same in ferromagnets metal and ferromagnets insmormalized magnetoresistance is found in samples in
lator: 48% in Ni-based systems and 44% in Co-based onethe vicinity of the ferromagnetic material percolation
We can, therefore, suggest that the normalized magnetorthireshold; (3) despite the difference of many orders of
sistance of the system in which a granular ferromagneticmagnitude in the absolute resistivities of ferromagnet-
structure is immersed in a honmagnetic matrix is nearlynsulator and ferromagnet-metal mixtures, the values of
independent of the nature of the intergranular matrix. ~ the normalized negative magnetoresistance found in both

The mechanisms of electronic transport in metallic andypes of the systems are close to each other. This can
dielectric granular magnets are different and the magnendicate that the normalized magnetoresistance of the
toresistance effects were so far treated separately. Fodystem in which a granular ferromagnetic structure is
lowing the early experiments of Gittleman, Goldstein, andmmersed in a nhonmagnetic matrix is nearly independent
Bozowski [13] on discontinuous Ni films, the magnetore-of the nature of the intergranular matrix.
sistance of ferromagnet-insulator mixtures was derived by It is a pleasure to thank D. Bergman and |. Korenblit
Helman and Abeles [20] in the framework of the tunnel-for stimulating discussions.
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