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Conditions for optimum giant magnetoresistance in granular metals

D. Kechrakos® and K. N. Trohidou
Institute of Materials Science, NCSR “Demokritos,” 15310 Athens, Greece

The dependence of the giant magnetoresistai@dR) of a metallic granular system on the
concentration of magnetic particles is studied numerically. The effect of particle coalescence and
dipolar interactions between the particles on the value of optimum GMR and the shape of the
concentration dependence curve are discussed. The micromagnetic configuration of the system is
obtained by a Monte Carlo algorithm that involves short-range effective exchange couplings and
long range dipolar interactions. The conductivity is obtained using Kubo’s formula for a tight
binding Hamiltonian. A comparison of our results to experiments on metallic granular films is made.
© 2001 American Institute of Physic§DOI: 10.1063/1.1357120

Magnetic granular systems have been extensively studsendence of the GMR on the concentration volume frac-
ied during the past few years in relation to their anomalougion) of the magnetic particles>* In these works, samples
magnetotransport properties and in particular because thédyave been grown by either traditional ultrahigh vacuum
display giant magnetoresistant®The observed large de- deposition techniquesputtering, coevaporatipror by the
crease of the resistivity of magnetic granular metals undemore advanced technique of low-energy cluster beam
application of a magnetic field is attributed to spin-dependenteposition®> The major advantage of the latter is that ex-
scattering of the conduction electrons off the magnetic partremely narrow particle size distributions are produced as
ticles. The microscopic origin of the scattering mechanisnwell as matrices free of magnetic defett&. common find-
remains an open problem, but it is generally believed thaing in all these studies has been that an optimum concentra-
spin-dependent scattering at the interface between the matrijon is observed, close to the theoretical percolation thresh-
and the magnetic particles is the most probable candfdate. old, for a maximum GMR value. However, the exact value

The complexity of the granular systems introduces cerof the optimum concentration and the shape of the magne-
tain important factors that determine the strength of the giantoresistancéMR) versus concentration curve varies.
magnetoresistance(GMR) effect. In particular, early The purpose of this work is to study the concentration
observationsindicated that there exists an optimum particle dependence of MR and investigate the factors that determine
size at which the GMR is maximized. Various authors havethe optimum concentration value and the shape of the con-
investigated different combinations of matrix and magneticcentration dependence curve. To this end we have developed
particle materials, such as Ag—Co, Cu—Co, Cu2fed @ numerical model that includes two basic ingredients that
Fe—Cr(Ref. 6 in an attempt to maximize the effect. How- are important in the study of granular systems. Namely, the
ever, a comparative study of Ag—Ni with Ni-Si@Ref. 7 effect of coalescence of particles at high density and the
suggested that the nature of the matrix affects to a majoflipolar interactions between them. It is shown that the coa-
extent the value of the sample resistivity but it does notfescence of the particles is the necessary process in order to
affect the value of the normalized resistivity variation, Obtain a maximization of GMR at intermediate concentra-
namely the GMR. Background magnetic impurities play ations, i.e., close to the percolation threshold. We show that
crucial role in degrading the GMR effect as previousthe interplay between the interparticle exchange interactions
theoretical and experimental studie® have demonstrated. and the dipolar interactions modify both the position of op-
The magnetic configuration of the system is also an imporlimum concentration and the maximum value of GMR.
tant factor, as one would expect from the physical origin of ~ We model the magnetic structure of the granular system
the phenomenon. In this context, it has also been demorty an ensemble of classical spifrmagnetic momenjslo-
strated both experimentaflyand theoreticalllf that the pres- cated at random on the sites of a simple cubic lattice. Each
ence of dipolar interactions between the magnetic particle§Pin represents a magnetic nanoparticle and the total energy
degrade the GMR values and they manifest themselvedf the system reads

through_ the_z flattening they cause to t_he GMR versus total - My — 3(; - Ry ) (1 A”) A
magnetization parabola close to zero field values. Moreover, E= E gz R3 —h(m;,-H)
many experimental studies have appeared regarding the de- ' ! ]

_‘Jeffz m; - M, (1)
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with m; the magnetic momer{spin of theith grain,g the 0.04
dipolar strength)h the Zeeman energy, an;; the inter-
granular distance. Hats indicate unit vectors. The energy pa-
rameters in Eq.(1) are measured in units of the dipolar
strength §=1), while distances are measured in units of the
particle diameter. In a previous stddyve have shown that
for temperatures above the blocking temperature of the iso-
lated particles and for a wide range of particle concentrations
(up to ~0.8) the interparticle dipolar interactions have a fer-
romagnetic character. In this regime, the single-particle an-
isotropy is immaterial to a first approximation and we there-
fore do not include the corresponding terms in EQ. The

last term in Eq.1) is a short rangéfirst nearest neighbors /
ferromagnetic term and describes the effect of interparticle PR NIRRT NP B SR
exchange coupling across their contact surface. In the limit 00 01 02 03 04 05 06
of infinite Jg, the magnetic moments of neighboring par- Concentration

ticles are aligned at all field values and are forced to rotate FIG. 1. Resistance as a function of magnetic particle concentration.
coherently under the influence of the external field. This
limit describes the case of coalesced particles. On the other
hand, forJ.=0, neighboring particles are well-separated
with negligible interparticle exchange. Therefore the mode
of magnetic structure, Eql), serves as an interpolation

scheme between systems containing well-separated particl
Y g P P arger than the thermal enerdy.;/t=5, 10, and 10D be-

and systems with coalesced particles. cause we are interested in the regime where ferromagnetic
To calculate the conductance we consider an electrode£2YS€ W : ! g W gneti

sample—electrode geometry and use a tight-bindin%,rder due to mterpartlclle _exchange mteraguons is \_/veakly
10,13 isrupted by thermal agitatiord{z>kg T) and in the regime

Hamiltonian:. . : .
where coalescence occurs with thermal effects being negli-

0.03 F

2 2 .
R, (h/t'e” units)

0.02

The Monte Carlo simulatiod'? is performed at low
Eemperaturet¢g=0.l) so that ordering effects due to dipolar
interactions are maximized. The effective exchange param-
Ler between neighboring particles is also assumed to be

H= E &iCiaCiatV E CiJ:ija gible (Jo=kgT). For the electronic structure parameters we
e (L) usee w=env=0 so that there is no contribution to the re-
—J_E city(mjfr)a,;cilg, 2 sistance of the system from the electrode—sample contact

'j'\ff and from the nonmagnetic matrix. Also we choasgs=

where the on-site atomic potentialsassume the valueg,, 1 andJ=+1 so that the electrons in the majority spin
in the electrodesgyy, in the nonmagnetic matrix, anelg band are less scattered by the magnetic grains than those in
on the magnetic grains. Alst, is the nearest neighbor hop- the minority bgqg, ~when the grains are aligned
ping integral,J is the exchange potential of the magneticferromagnetlcall)}.* Finally, we have taken _the Fermi IeV(_aI
material,oy, oy, ando, are the Pauli matrices, andand 8 at the band centelg-=0), so that the Fermi wavelength is
are the spin indices. The energy parameters in (Bgare comparable to the minimum particle distance or the particle
measured in units of the hopping integrel¢1). The use of Siz€ A ~a). _

a single-site potential to describe the magnetic grain is justi- N Fig- 1 we show the dependence of the sample resis-
fied as long as the electronic mean free path is larger than tH8Nce at zero applied magnetic fielRy) and at saturation

particle diameter. The conductance of the system is given b{RRs) On the concentration of magnetic particles and in Fig. 2
22 we plot the corresponding dependence of the magnetoresis-

r= TTr(pz|m Gp,ImGH)y, (3)  tance. We note in Fig. 1 th&, increases linearly with the
concentration forx<<0.2 and no substantial differences are

whereG(*)=(E—H=i7) ! is the Green’s function at the observed for systems with different strengths of interparticle
Fermi level andp, is the component of the electron momen- exchange. This result is anticipated, as for concentrations up
tum operator along the axis of current flgwaxis). Finally,  to about 15% the number of particle clustépsirs, triplets,
the field-dependent magnetoresistance is defined aHYIR( etc) is negligibly small. Therefore interparticle exchange
=[R(H)/R,)—1]%X100, where the field-dependent resis- couplings are very rare and also the dipolar interactions have
tanceR(H)=1/T"(H) andRg is the resistance of a fully satu- practically no effect in dilute samples. In this concentration
rated sample. regime, the conditions for weak scatterifilute limit, weak

It is clearly seen from Eq(2) that the configuration of potentia) are fulfilled and the linearity of th&, with con-
magnetic moments introduces a distribution of local potencentration is expectetiThis behavior is also in agreement
tials into the sample that determines its resistance. Thesgith recent observations in granular systehe linear de-
potentials are distributed randomly in space but theipendence oR, persists for higher concentrations, only for
strengths are spatially correlated according to the momentthe systems where interparticle exchange coupling is absent.
moment correlation function, the values of which are deterdn particular, for a system containing superparamagnetic or
mined by the relative strength of the interaction energydipolar interacting but well-separated particles, the continu-
strengths in Eq(1) and the thermal energy=kgT. ous increase dRj is a consequence of the increasing number
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40 ——T1——1— — T =100) and when the dipolar interactions are active the GMR
[ —C—g=04,70 / /' ] curve lies below the corresponding one for noninteracting
- \ 1 clusters, especially above the percolation threshold. Given
30k ] also that only interface spin-dependent scattering is consid-
: . ered within our model, the GMR curve for the system con-
i \ ] taining coherent and noninteracting clustgi@pen, up-
. - \, . triangles in Fig. 2 follows exactly the dependence of the
= 20 [ . 7] total interface area of the clusters in the system. Therefore
% - . our data in Fig. 2 support recent magnetoresistance measure-
[ \ ] ments in a Co—Ag granular fifrwhere downward devia-
10 |- % e tions of the GMR curve from the total surface curve were
[ T~ ] observed. Finally, it is interesting to notice in Fig. 2 that as
- \ 1 the interparticle exchange coupling decreases the optimum
ol . ., L, T\$>$ ] GMR value occurs at higher concentrations. Also when the

exchange coupling is moderaté.{/t=>5,10) (with or with-
out dipolar interactionsthe shape of the curve around the
Concentration maximum can be rather broad without a sharp drop at higher
FIG. 2. Magnetoresistance as a function of magnetic particle concentratiofeoncentrations. A similar broad peak of the GMR versus
concentration curve has been recently obséfvad a
Co—-AlL,O5 granular film and attributed to suppression of the
Heoulomb blockade. Our simulations indicate that the same
shape arises when the formation of bulk material has not

For concentrations above~0.2 and when the interpar- occurred but moderate exchange interparticle interactions

ticle exchange coupling is nonzero, the curves are drasticallfer/KT~10) are present. In conclusion, provided that the
different. In particular, as the effective exchange is increasediréngth of the interparticle exchange can mimic the degree
(open symbols in Fig.)la maximum inR, develops close to of formation of a bulk and magnetically saturated material,
x=0.3 which corresponds to the site percolation thresholdV€ Suggest that the changes in shape and peak position of the

(x,) for the system under consideration. This happens beVIR versusx curve reflect this formation.
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