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Conditions for optimum giant magnetoresistance in granular metals
D. Kechrakosa) and K. N. Trohidou
Institute of Materials Science, NCSR ‘‘Demokritos,’’ 15310 Athens, Greece

The dependence of the giant magnetoresistance~GMR! 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 Physics.@DOI: 10.1063/1.1357120#
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Magnetic granular systems have been extensively s
ied during the past few years in relation to their anomalo
magnetotransport properties and in particular because
display giant magnetoresistance.1,2 The observed large de
crease of the resistivity of magnetic granular metals un
application of a magnetic field is attributed to spin-depend
scattering of the conduction electrons off the magnetic p
ticles. The microscopic origin of the scattering mechani
remains an open problem, but it is generally believed t
spin-dependent scattering at the interface between the m
and the magnetic particles is the most probable candidat3–5

The complexity of the granular systems introduces c
tain important factors that determine the strength of the g
magnetoresistance~GMR! effect. In particular, early
observations2 indicated that there exists an optimum partic
size at which the GMR is maximized. Various authors ha
investigated different combinations of matrix and magne
particle materials, such as Ag–Co, Cu–Co, Cu–Fe,2 and
Fe–Cr~Ref. 6! in an attempt to maximize the effect. How
ever, a comparative study of Ag–Ni with Ni–SiO2 ~Ref. 7!
suggested that the nature of the matrix affects to a m
extent the value of the sample resistivity but it does
affect the value of the normalized resistivity variatio
namely the GMR. Background magnetic impurities play
crucial role in degrading the GMR effect as previo
theoretical3 and experimental studies5,8 have demonstrated
The magnetic configuration of the system is also an imp
tant factor, as one would expect from the physical origin
the phenomenon. In this context, it has also been dem
strated both experimentally9 and theoretically10 that the pres-
ence of dipolar interactions between the magnetic parti
degrade the GMR values and they manifest themse
through the flattening they cause to the GMR versus t
magnetization parabola close to zero field values. Moreo
many experimental studies have appeared regarding the

a!Electronic mail: dkehrakos@ims.demokritos.gr
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pendence of the GMR on the concentration~or volume frac-
tion! of the magnetic particles.4,5,11 In these works, sample
have been grown by either traditional ultrahigh vacuu
deposition techniques~sputtering, coevaporation! or by the
more advanced technique of low-energy cluster be
deposition.4,5 The major advantage of the latter is that e
tremely narrow particle size distributions are produced
well as matrices free of magnetic defects.5 A common find-
ing in all these studies has been that an optimum concen
tion is observed, close to the theoretical percolation thre
old, for a maximum GMR value. However, the exact val
of the optimum concentration and the shape of the mag
toresistance~MR! versus concentration curve varies.

The purpose of this work is to study the concentrati
dependence of MR and investigate the factors that determ
the optimum concentration value and the shape of the c
centration dependence curve. To this end we have develo
a numerical model that includes two basic ingredients t
are important in the study of granular systems. Namely,
effect of coalescence of particles at high density and
dipolar interactions between them. It is shown that the c
lescence of the particles is the necessary process in ord
obtain a maximization of GMR at intermediate concent
tions, i.e., close to the percolation threshold. We show t
the interplay between the interparticle exchange interacti
and the dipolar interactions modify both the position of o
timum concentration and the maximum value of GMR.

We model the magnetic structure of the granular syst
by an ensemble of classical spins~magnetic moments! lo-
cated at random on the sites of a simple cubic lattice. E
spin represents a magnetic nanoparticle and the total en
of the system reads

E5(
i

Fg(
j

m̂i•m̂j23~m̂i•R̂i j !~m̂j•R̂i j !

Ri j
3 2h~m̂i•Ĥ !

2Jeff(̂
j &

m̂i•m̂j G ~1!
3 © 2001 American Institute of Physics
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with mi the magnetic moment~spin! of the i th grain,g the
dipolar strength,h the Zeeman energy, andRi j the inter-
granular distance. Hats indicate unit vectors. The energy
rameters in Eq.~1! are measured in units of the dipola
strength (g51), while distances are measured in units of t
particle diameter. In a previous study12 we have shown tha
for temperatures above the blocking temperature of the
lated particles and for a wide range of particle concentrati
~up to;0.8! the interparticle dipolar interactions have a fe
romagnetic character. In this regime, the single-particle
isotropy is immaterial to a first approximation and we the
fore do not include the corresponding terms in Eq.~1!. The
last term in Eq.~1! is a short range~first nearest neighbors!
ferromagnetic term and describes the effect of interpart
exchange coupling across their contact surface. In the l
of infinite Jeff , the magnetic moments of neighboring pa
ticles are aligned at all field values and are forced to ro
coherently under the influence of the external field. T
limit describes the case of coalesced particles. On the o
hand, for Jeff50, neighboring particles are well-separat
with negligible interparticle exchange. Therefore the mo
of magnetic structure, Eq.~1!, serves as an interpolatio
scheme between systems containing well-separated par
and systems with coalesced particles.

To calculate the conductance we consider an electro
sample–electrode geometry and use a tight-bind
Hamiltonian:10,13

H5(
i ,a

« icia
1 cia1V (

^ i , j &,a
cia

1 cj a

2J (
i PMG

a,b

cia
1 ~m̂j•s& !abcib , ~2!

where the on-site atomic potentials« i assume the values«LW

in the electrodes,«NM in the nonmagnetic matrix, and«MG

on the magnetic grains. Also,V is the nearest neighbor hop
ping integral,J is the exchange potential of the magne
material,sx , sy , andsz are the Pauli matrices, anda andb
are the spin indices. The energy parameters in Eq.~2! are
measured in units of the hopping integral (V51). The use of
a single-site potential to describe the magnetic grain is ju
fied as long as the electronic mean free path is larger than
particle diameter. The conductance of the system is given

G5
2e2

h
Tr~pz Im G~1 !pz Im G~1 !!, ~3!

whereG(6)5(EF2H6 ih)21 is the Green’s function at the
Fermi level andpz is the component of the electron mome
tum operator along the axis of current flow~z axis!. Finally,
the field-dependent magnetoresistance is defined as MRH)
5@R(H)/Rs)21]3100, where the field-dependent res
tanceR(H)51/G(H) andRs is the resistance of a fully satu
rated sample.

It is clearly seen from Eq.~2! that the configuration of
magnetic moments introduces a distribution of local pot
tials into the sample that determines its resistance. Th
potentials are distributed randomly in space but th
strengths are spatially correlated according to the mome
moment correlation function, the values of which are det
mined by the relative strength of the interaction ene
strengths in Eq.~1! and the thermal energyt5kBT.
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The Monte Carlo simulation11,12 is performed at low
temperature (t/g50.1) so that ordering effects due to dipol
interactions are maximized. The effective exchange par
eter between neighboring particles is also assumed to
larger than the thermal energy~Jeff /t55, 10, and 100! be-
cause we are interested in the regime where ferromagn
order due to interparticle exchange interactions is wea
disrupted by thermal agitation (Jeff.kB T) and in the regime
where coalescence occurs with thermal effects being ne
gible (Jeff@kBT). For the electronic structure parameters w
use«LW5«NM50 so that there is no contribution to the r
sistance of the system from the electrode–sample con
and from the nonmagnetic matrix. Also we choose«MG5
11 and J511 so that the electrons in the majority sp
band are less scattered by the magnetic grains than tho
the minority band, when the grains are align
ferromagnetically.10,13Finally, we have taken the Fermi leve
at the band center (EF50), so that the Fermi wavelength i
comparable to the minimum particle distance or the part
size (l;a).

In Fig. 1 we show the dependence of the sample re
tance at zero applied magnetic field (R0) and at saturation
(Rs) on the concentration of magnetic particles and in Fig
we plot the corresponding dependence of the magnetore
tance. We note in Fig. 1 thatR0 increases linearly with the
concentration forx,0.2 and no substantial differences a
observed for systems with different strengths of interparti
exchange. This result is anticipated, as for concentrations
to about 15% the number of particle clusters~pairs, triplets,
etc.! is negligibly small. Therefore interparticle exchang
couplings are very rare and also the dipolar interactions h
practically no effect in dilute samples. In this concentrati
regime, the conditions for weak scattering~dilute limit, weak
potential! are fulfilled and the linearity of theR0 with con-
centration is expected.3 This behavior is also in agreemen
with recent observations in granular systems.5 The linear de-
pendence ofR0 persists for higher concentrations, only fo
the systems where interparticle exchange coupling is abs
In particular, for a system containing superparamagnetic
dipolar interacting but well-separated particles, the conti
ous increase ofR0 is a consequence of the increasing numb

FIG. 1. Resistance as a function of magnetic particle concentration
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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of scattering magnetic centers introduced in the system as
concentration increases.

For concentrations abovex;0.2 and when the interpar
ticle exchange coupling is nonzero, the curves are drastic
different. In particular, as the effective exchange is increa
~open symbols in Fig. 1! a maximum inR0 develops close to
x50.3 which corresponds to the site percolation thresh
(xp) for the system under consideration. This happens
cause atx5xp the magnetic–non magnetic interface area
maximized5 and therefore the scattering of the carrie
which happens only at the interface within our model,
maximized too. When the interparticle exchange coupl
does not overwhelm the thermal energy (Jeff /t55,10), ferro-
magnetic domains occur within each cluster of partic
causing extra scattering of the electrons and leading toR0

.Rs in the high concentration limit. Notice also that the fa
that R0;Rs for x.0.4 andJeff /t5100 is consistent with the
picture of coherent spins within the clusters or in other wo
the existence of a single magnetic domain within the cl
ters.

The role of the dipolar interactions~closed symbols in
Figs. 1 and 2! changes depending on the strength of
interparticle exchange. In particular, dipolar interactions
duce the resistivity in the case of strong exchange (Jeff /t
5100) while they have the opposite effect in the case
moderate exchange (Jeff /t55,10). When the exchange
strong, large single domain magnetic clusters exist in
sample that produce strong dipolar fields, which result
strong ferromagnetic correlations of the cluster moments
a consequent reduction of the resistance. On the other h
when the effective exchange is weak or moderate, dip
interactions have an antiferromagnetic character within
clusters and reduce the magnetic ordering caused by the
change, thus increasing the resistance.

The above trends of the resistance are also appare
the concentration dependence of the magnetoresistance~Fig.
2!. Notice that in the case of particle coalescence (Jeff /t

FIG. 2. Magnetoresistance as a function of magnetic particle concentra
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5100) and when the dipolar interactions are active the GM
curve lies below the corresponding one for noninteract
clusters, especially above the percolation threshold. Gi
also that only interface spin-dependent scattering is con
ered within our model, the GMR curve for the system co
taining coherent and noninteracting clusters~open, up-
triangles in Fig. 2! follows exactly the dependence of th
total interface area of the clusters in the system. There
our data in Fig. 2 support recent magnetoresistance meas
ments in a Co–Ag granular film5 where downward devia-
tions of the GMR curve from the total surface curve we
observed. Finally, it is interesting to notice in Fig. 2 that
the interparticle exchange coupling decreases the optim
GMR value occurs at higher concentrations. Also when
exchange coupling is moderate (Jeff /t55,10) ~with or with-
out dipolar interactions! the shape of the curve around th
maximum can be rather broad without a sharp drop at hig
concentrations. A similar broad peak of the GMR vers
concentration curve has been recently observed14 in a
Co–Al2O3 granular film and attributed to suppression of t
Coulomb blockade. Our simulations indicate that the sa
shape arises when the formation of bulk material has
occurred but moderate exchange interparticle interacti
(Jeff /kT;10) are present. In conclusion, provided that t
strength of the interparticle exchange can mimic the deg
of formation of a bulk and magnetically saturated mater
we suggest that the changes in shape and peak position o
MR versusx curve reflect this formation.
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the Department of Theoretical Physics, University of Oxfo
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