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Magnetic structure and giant magnetoresistance in granular metals

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

The effect of dipolar interactions on the giant magnetoresista@®4R) 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 Physid$$0021-897€00)72108-4

INTRODUCTION moment—moment correlations have been included in a semi-

. , . . classical transport formulation of the MRHowever, this
Following the first observatidnof the giant magnetore- Co . . o
model is limited to low concentrations and its application to

sistance(GMR) effect in granular films composed of nano- . -
. . : dense systems is debatable. Also, an explicit form of the
sized superparamagnetic clusters embedded in a nonmag: . . .
i . ort-range moment correlation function that appears in the
netic matrix, a great deal of research effort has been devot Y : . .
ormalism is not given. A combined study of the micromag-

to the understanding of the microscopic mechanism CaUSINBatic structure and the transport coefficients in a granular

the effect and the factors determining its size. As in the case .
) : : magnetic metal has not appeared so far.

of magnetic multilayers, where GMR was first observed, the In this article we obtain the magnetic configuration of a

effect is attributed to spin dependent scattering of the Con_ranular metal solid using the l\?lonte Carlg simulation

duction electrons off the magnetic gram¥he value of the 9 9

4
GMR in a granular magnetic material depends on the avermetho& and we calculate the conductance of the sample

. - using the Kubo—Greenwood expression in the real space
age size of the magnetic grainand the metal volume frac- representatiof® Our approach combines the advantage of
tion of the samplé:* Theoretical works on the GMR effect P i PP g

) . ; . the phenomenological models] namely the realistic de-
in granular metals include phenomenological models in

which the magnetoresistané®IR) is assumed proportional scription of the micromagnetic configuration of the system

to the moment—moment correlation functiéisand trans- /i the fully quantum mechanical treatment of the elec-

port treatments using either the classical Boltzmanr;[romc transport that is valid in the whole concentration range

. 29 . and for all values of the scattering potential strength. Particle
equatiof® or the quantum mechanical Kubo—Greenwood’. . .
10,11 size effects are not considered here as recent experimental

formula. technique®® have succeeded in growing practically mono-
Early experimental studies have demonstrated that the:
isperse samples.

MR follows a quadratic dependence on the reduced magne-

tization (M/M) of the samplé. This behavior can be

understooaa_ by means of a model of noninteracting super- e MODEL

paramagnetic particles with identical magnetic moments.

However, deviations from this parabolic relation have been ~We consider identical spherical magnetic grains which

observed by several experimental grousand were at- we model by an assembly of three dimensional classical

tributed either to grain size distributibl? or to magneto- spins(magnetic momenjdocated at random on the sites of a

static interactions between the graffis. simple cubic lattice. The spins interact via dipolar magneto-
Particle size distribution is mainly responsible for the static forces. The total energy of the system reads

deviations from the parabola at high field#1/M ~1) and . LA o

has been accounted for in previous theoretical mdtfels. E=> ¢S -y — 3(my - Rij) (M - Ryj)

: A 2 |92 R3
has also been arguEdhat size distribution effects also con- i i ij

tribute to the low field U/Ms~0) deviations, but in this \\nerem, is the magnetic momertspin of ith grain,g s the
regime it is the interparticle interactions that play the dom"dipolar strengthh is the Zeeman energy, ar); is the in-
- - . B . . L ]

nant role:® This is because interparticle magnetostatic interyergranular distance. Hats indicate unit vectors. The energy
actions generate sh.ort range.magn_etlc order at zero field a’ﬂfjdrameters in Eq.1) are measured in arbitrary units, while
consequently the difference in resistance between the satiyisiances are measured in units of the particle diameter. In a
rated and the ;ero-fleld state Is reduced.. previous stud}* we have shown that for temperatures above

The experimentally observed flattening of the MR VSyq piocking temperature of the isolated particles and for a
M/Ms parabola at low f|elldzs has been reproduced withinige range of particle concentratiofisp to ~0.8) the inter-
phenomenological modél$™ at the cost of introducing & particle dipolar interactions have a ferromagnetic character.
fitting parameter related to the electronic mean free path Wltrlln this regime, the single-particle anisotropy is immaterial to

no clear microscopic meaning. More recently, short-range, first approximation and we therefore do not include the

corresponding terms in Eql). A finite sample(6X6X86,
dElectronic mail: dkehrakos@ims.demokritos.gr approximately 20 up to 216 sping considered with peri-

—h(mA)|, (D
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odic boundary conditions. The long range part of the dipolar 6.0 T T T
field is calculated using the Ewald method. The equilibrium
spin configuration is obtained by a Monte Carlo simulation
using the standard Metropolis algorithm.

To calculate the conductance we consider an electrode-
sample-electrode geometry and use a simplified tight-binding
Hamiltoniart®

R (h/e? units)

H=E eicﬁ;cia+v_2 cfacja—JIE Cio(Mi6) upCig
ia (i,j) @ lEM,BG
[e3

2
where the on-site atomic potentialsassume the valuesy C
in the electrodesgyy, in the nonmagnetic matrix angl,g on L —
the magnetic grains. Alsd/ is the nearest neighbor hopping 2 h(/’g 2

integral,J is the exchange potential of the magnetic material,
oy,0y,0, are the Pauli matrices, ang 8 the spin indices. FIG. 1. Resistance as a function of the applied field strength for different
The energy parameters in E) are measured in units of the particle'conceqtrations. Solid lines: Noninteracting particles. Full circles:
hopping integral Y= 1). The use of a single-site potential to "Meracting particies.

describe the magnetic grain is justified as long as the elec-

tronic mean free path is larger than the particle diameter.

The zero-temperature conductance of the system is given ' "€ field dependence of the resistance and magnetore-
sistance are shown in Figs. 1 and 2, respectively, for various

concentrations of magnetic grains. The characteristic peak
close to zero field appears, indicating maximum scattering
for the randomly oriented moments. Similar behavior is ob-
served for the dipolar interacting samples, but in this case the
curves are modified in three asped®: The maximum val-
ues of R and MR are reducedp) the saturation field in-

by
2e? (+) (+)
FZT Tr(pmG"™p,ImG' ™) 3

where G(*)=(Er—H=*iz) ! is the Green function at the
Fermi level andp, is the component of the electron momen-

tum opertor along the axis of current flo@@ axis) Finally, . . : .
the field-dependent magnetoresistance is defined asHyIR( creases with grain concentration, as a result of the competi-
P g tion between the dipolar and Zeeman energies of the dipoles,

=[R(H)/Rs—1]X% 100, where the field-dependent resistance . )
R([H)(z )1/FiH) ]and R is the resistance o?a fully saturated and(c) a shift of the peak followed by an asymmetry in the
S

sample. shape of the curves appears. In particular, the pe&kand

It is clearly seen from Eq(2) that the configuration of MR shifts to positive fields. This happens because dipolar

) : o interactions have an anisotropic character that gives rise to
magnetic moments introduces a distribution of local poten . R
. : . . . hysteresis. Consequently, the system has a coercivehijeld
tials into the sample that determines its resistance. Thesg . . . . :
. L : -and it is around that field that the maximum of the resistance
potentials are distributed randomly in space but their . . .
; ; occurs, in agreement with previous numeficaland
strengths are spatially correlated according to the moment— . . A
: . : : experimentdl studies. Furthermore, the coercive fidld is
moment correlation function. The latter is determined on one__ "~ Lo .
- . : . maximum around the percolation liflt(c,~0.3 in our sys-
hand by the competition between the dipolar interaction en-

ergy (g) and the Zeeman enerdgly) and on the other hand on
the temperaturé=KkgT.

100 T —————
[ 1/g=0.01 07 1
L i i

RESULTS AND DISCUSSION 80 ,i 3 §
For the electronic structure parameters we usg so [ L] 3 1

= eym =0 so that there is no contribution to the resistance of =~ . 05
the system from the electrode-sample contact and from ;\v: L $ E( E‘i ] |
the nonmagnetic matrix. Also we choosg=—2 and =40 \ ]

J=+2.0, so that the electrons in the minority spin band are

less scattered by the magnetic grains than those in the ma- 20
jority band, when the grains are aligned ferromagnetic4lly.

Finally, we have taken the Fermi level at the band center

R

(E=0), in order to give the electrons a Fermi wavelength 0
comparable to the intergranular distance. The Monte Carlo 2.0 0.0 2.0
simulation was performed at low temperatutfyE0.01) so hig

that ordering effects due to dipolar interactions are rnaXI_FIG. 2. MR as a function of the applied field strength for different particle

miz«_a_d. The applied field is swept from the negative to thegoncentrations. Solid lines: Noninteracting particles. Full circles: Interacting
positive saturation value. particles. The dotted line is a guide to the eye.
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FIG. 3. MR as a function of the reduced sample magnetization for different Concentration

particle concentrations. Solid lines: Noninteracting particles. Full circles:

Interacting particles. The dotted line is a guide to the eye. FIG. 4. Dependence of maximufg) resistance anth) MR on the concen-
tration of particles. Squares: Noninteracting, Circles: Interacting particles.
The lines are guides to the eye.

tem) and in Figs. 1 and 2 we show that in this concentration o )
range the maximum shift of the resistance peak is observetMPle. In our model this is probably the scattering of the

(h,/g~0.2 atc,~0.3). electrons at the free boundaries of the sample.

In Fig. 3 we plot the MR data versus the reduced mag- Comparing the magnetoresistance curves in Fig. 4, we
netization of the sample for various concentrations. The welllotice that the curve of the dipolar system lies below that of
known parabolic dependence is reproduced for the nonintetD€ isolated grains. In recent experimehtiie concentra-
acting assembly, while dipolar interactions flatten down thdional dependence of the MR was fitted to a theoretical
MR vs (M/M,) curves at low fields in qualitative agreement model for noninteracting particlBsnd the data fell below
with experiments? However, more severe deviations have the predictions of the model. The discrepancy was attributed
been measured around the center of the parabeB0% 0 the hypothesis about self-averaging that is inherent in that
reduction,*2 probably due to the combined effect of the di- Particular model. Our qlata in Fig. 4 indicate that dipola'r
polar interactions and the size distribution. The asymmetn#ff€Cts could be a candidate for producing the observed dis-
of the curves around the maximum value, seen in Fig. 3 fof'éPancy.
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