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

The effect of dipolar interactions on the giant magnetoresistance~GMR! of a granular metal is
studied numerically. The equilibrium magnetic configuration of the system is obtained by classical
Monte Carlo simulation and the conductance is calculated using the real space Kubo–Greenwood
formula and a single band tight-binding Hamiltonian. The numerical results are compared with
experimental finding. ©2000 American Institute of Physics.@S0021-8979~00!72108-6#
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INTRODUCTION

Following the first observation1 of the giant magnetore
sistance~GMR! effect in granular films composed of nan
sized superparamagnetic clusters embedded in a non
netic matrix, a great deal of research effort has been dev
to the understanding of the microscopic mechanism cau
the effect and the factors determining its size. As in the c
of magnetic multilayers, where GMR was first observed,
effect is attributed to spin dependent scattering of the c
duction electrons off the magnetic grains.2 The value of the
GMR in a granular magnetic material depends on the a
age size of the magnetic grains1 and the metal volume frac
tion of the sample.3,4 Theoretical works on the GMR effec
in granular metals include phenomenological models
which the magnetoresistance~MR! is assumed proportiona
to the moment–moment correlation functions5–7 and trans-
port treatments using either the classical Boltzma
equation8,9 or the quantum mechanical Kubo–Greenwo
formula.10,11

Early experimental studies have demonstrated that
MR follows a quadratic dependence on the reduced mag
tization (M /Ms) of the sample.1 This behavior can be
understood5,8 by means of a model of noninteracting supe
paramagnetic particles with identical magnetic momen
However, deviations from this parabolic relation have be
observed by several experimental groups1,12,13 and were at-
tributed either to grain size distribution1,12 or to magneto-
static interactions between the grains.13

Particle size distribution is mainly responsible for t
deviations from the parabola at high fields1 (M /Ms;1) and
has been accounted for in previous theoretical models.6,8 It
has also been argued12 that size distribution effects also con
tribute to the low field (M /Ms;0) deviations, but in this
regime it is the interparticle interactions that play the dom
nant role.13 This is because interparticle magnetostatic int
actions generate short range magnetic order at zero field
consequently the difference in resistance between the s
rated and the zero-field state is reduced.

The experimentally observed flattening of the MR
M /Ms parabola at low fields has been reproduced wit
phenomenological models6,7,12 at the cost of introducing a
fitting parameter related to the electronic mean free path w
no clear microscopic meaning. More recently, short-ran

a!Electronic mail: dkehrakos@ims.demokritos.gr
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moment–moment correlations have been included in a se
classical transport formulation of the MR.9 However, this
model is limited to low concentrations and its application
dense systems is debatable. Also, an explicit form of
short-range moment correlation function that appears in
formalism is not given. A combined study of the microma
netic structure and the transport coefficients in a granu
magnetic metal has not appeared so far.

In this article we obtain the magnetic configuration of
granular metal solid using the Monte Carlo simulati
method14 and we calculate the conductance of the sam
using the Kubo–Greenwood expression in the real sp
representation.10 Our approach combines the advantage
the phenomenological models,5–7 namely the realistic de-
scription of the micromagnetic configuration of the syste
with the fully quantum mechanical treatment of the ele
tronic transport that is valid in the whole concentration ran
and for all values of the scattering potential strength. Part
size effects are not considered here as recent experim
techniques3,15 have succeeded in growing practically mon
disperse samples.

THE MODEL

We consider identical spherical magnetic grains wh
we model by an assembly of three dimensional class
spins~magnetic moments! located at random on the sites of
simple cubic lattice. The spins interact via dipolar magne
static forces. The total energy of the system reads

E5(
i

Fg(
j

m̂i•m̂j23~m̂l•R̂i j !~m̂j•R̂i j !

Ri j
3 2h~m̂iĤ !G , ~1!

wheremi is the magnetic moment~spin! of i th grain,g is the
dipolar strength,h is the Zeeman energy, andRi j is the in-
tergranular distance. Hats indicate unit vectors. The ene
parameters in Eq.~1! are measured in arbitrary units, whil
distances are measured in units of the particle diameter.
previous study14 we have shown that for temperatures abo
the blocking temperature of the isolated particles and fo
wide range of particle concentrations~up to ;0.8! the inter-
particle dipolar interactions have a ferromagnetic charac
In this regime, the single-particle anisotropy is immaterial
a first approximation and we therefore do not include
corresponding terms in Eq.~1!. A finite sample~63636,
approximately 20 up to 216 spins! is considered with peri-
9 © 2000 American Institute of Physics



la
m

on

d
in

g
ia

e
to
le
.
iv

n-

(
c
d

en
e
e
n
n

en
n

o
ro

ar
m
.
te
th

ar

x
th

ore-
ous
eak
ing
b-
the

eti-
les,
e

lar
e to
d
nce

ent
es:

le
ting

5180 J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 D. Kechrakos and K. N. Trohidou
odic boundary conditions. The long range part of the dipo
field is calculated using the Ewald method. The equilibriu
spin configuration is obtained by a Monte Carlo simulati
using the standard Metropolis algorithm.

To calculate the conductance we consider an electro
sample-electrode geometry and use a simplified tight-bind
Hamiltonian10

H5(
i ,a

e icia
1 cia1V (

^ i , j &,a
cia

1 cj a2J (
i PMG

a,b

cia
1 ~m̂i ŝ !abcib ,

~2!

where the on-site atomic potentialse i assume the valueseLW

in the electrodes,eNM in the nonmagnetic matrix andeMG on
the magnetic grains. Also,V is the nearest neighbor hoppin
integral,J is the exchange potential of the magnetic mater
sx ,sy ,sz are the Pauli matrices, anda, b the spin indices.
The energy parameters in Eq.~2! are measured in units of th
hopping integral (V51). The use of a single-site potential
describe the magnetic grain is justified as long as the e
tronic mean free path is larger than the particle diameter

The zero-temperature conductance of the system is g
by

G5
2e2

h
Tr~pzImG~1 !pzImG~1 !! ~3!

whereG(6)5(EF2H6 ih)21 is the Green function at the
Fermi level andpz is the component of the electron mome
tum opertor along the axis of current flow~z axis! Finally,
the field-dependent magnetoresistance is defined as MRH)
5@R(H)/Rs21#3100, where the field-dependent resistan
R(H)51/G(H) andRs is the resistance of a fully saturate
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 latter is determined on o
hand by the competition between the dipolar interaction
ergy~g! and the Zeeman energy~h! and on the other hand o
the temperaturet5kBT.

RESULTS AND DISCUSSION

For the electronic structure parameters we useeLW

5eNM50 so that there is no contribution to the resistance
the system from the electrode-sample contact and f
the nonmagnetic matrix. Also we chooseeMG522 and
J512.0, so that the electrons in the minority spin band
less scattered by the magnetic grains than those in the
jority band, when the grains are aligned ferromagnetically10

Finally, we have taken the Fermi level at the band cen
(EF50), in order to give the electrons a Fermi waveleng
comparable to the intergranular distance. The Monte C
simulation was performed at low temperature (t/g50.01) so
that ordering effects due to dipolar interactions are ma
mized. The applied field is swept from the negative to
positive saturation value.
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The field dependence of the resistance and magnet
sistance are shown in Figs. 1 and 2, respectively, for vari
concentrations of magnetic grains. The characteristic p
close to zero field appears, indicating maximum scatter
for the randomly oriented moments. Similar behavior is o
served for the dipolar interacting samples, but in this case
curves are modified in three aspects:~a! The maximum val-
ues of R and MR are reduced,~b! the saturation field in-
creases with grain concentration, as a result of the comp
tion between the dipolar and Zeeman energies of the dipo
and ~c! a shift of the peak followed by an asymmetry in th
shape of the curves appears. In particular, the peak inR and
MR shifts to positive fields. This happens because dipo
interactions have an anisotropic character that gives ris
hysteresis. Consequently, the system has a coercive fielhc

and it is around that field that the maximum of the resista
occurs, in agreement with previous numerical6,7 and
experimental1 studies. Furthermore, the coercive fieldhc is
maximum around the percolation limit14 ~cp;0.3 in our sys-

FIG. 1. Resistance as a function of the applied field strength for differ
particle concentrations. Solid lines: Noninteracting particles. Full circl
Interacting particles.

FIG. 2. MR as a function of the applied field strength for different partic
concentrations. Solid lines: Noninteracting particles. Full circles: Interac
particles. The dotted line is a guide to the eye.
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tem! and in Figs. 1 and 2 we show that in this concentrat
range the maximum shift of the resistance peak is obse
(ho /g;0.2 atcp;0.3!.

In Fig. 3 we plot the MR data versus the reduced m
netization of the sample for various concentrations. The w
known parabolic dependence is reproduced for the nonin
acting assembly, while dipolar interactions flatten down
MR vs (M /Ms) curves at low fields in qualitative agreeme
with experiments.13 However, more severe deviations ha
been measured around the center of the parabola~;50%
reduction!,12 probably due to the combined effect of the d
polar interactions and the size distribution. The asymme
of the curves around the maximum value, seen in Fig. 3
the dipolar systems, is in accordance with the asymmetr
the magnetization curve~M –H curve! around the coercive
field, which reflects the fact that above and below the co
cive field the granular system has different micromagne
configurations.

In Fig. 4 we show the maximum values of the resistan
and magnetoresistance as a function of the particle con
tration. For weak scattering potentials and dilute systems
resistance increases proportional to the concentration
scatterers.8 The scattering potential in our model is wea
becauseeNM2eMG!WB andJ!WB , whereWB is the band-
width. The linear increase of the resistance for concen
tions below the percolation limit, is demonstrated in Fig.
This behavior is realized in most granular metals.2 Devia-
tions from linearity occur in our model above the percolati
limit as multiple scattering events become increasingly
portant.

The MR on the other hand exhibits an almost conca
parabolic dependence on the concentration. In a recent t
retical work,9 it was shown that the concave shape of t
concentrational dependence of the MR is an indication
important background spin-independent scattering in

FIG. 3. MR as a function of the reduced sample magnetization for diffe
particle concentrations. Solid lines: Noninteracting particles. Full circ
Interacting particles. The dotted line is a guide to the eye.
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sample. In our model this is probably the scattering of
electrons at the free boundaries of the sample.

Comparing the magnetoresistance curves in Fig. 4,
notice that the curve of the dipolar system lies below that
the isolated grains. In recent experiments,3 the concentra-
tional dependence of the MR was fitted to a theoreti
model for noninteracting particles8 and the data fell below
the predictions of the model. The discrepancy was attribu
to the hypothesis about self-averaging that is inherent in
particular model. Our data in Fig. 4 indicate that dipo
effects could be a candidate for producing the observed
crepancy.
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