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The giant magnetoresistané6MR) of a granular metal containing interacting magnetic particles with
disperse sizes and shapes is studied numerically using a tight binding Hamiltonian with spin-dependent poten-
tials. Dipolar interactions between the magnetic particles are assumed and the equilibrium configuration of the
system is obtained by a classical Monte Carlo simulation. The conductance of the system is calculated using
the Kubo-Greenwood formula and real space Green function techniques. Due to the dipolar interactions acting
between the grains the maximum GMR value is reduced and the saturation field is increased. When the
coalescence between particles is introduced the concentration dependence of the GMR develops an optimum
value close to the percolation threshold, where the effect of dipolar interactions is mostly pronounced, causing
serious deviations from the predictions for noninteracting grains. Both dipolar interactions and grain size
distribution are responsible for the deviations from the parabolic dependence of the GMR on the reduced
magnetization at low fields. The relative importance of these two factors is investigated. Our numerical results
are compared with experimental findings in,Co, _, granular alloys.

I. INTRODUCTION of the particles is comparable to the electronic mean free
path? Due to their small size, which does not exceed the
Magnetic granular metals consist of magnetic particlesorrelation length for the exchange interactions, the particles
(e.g., Fe, Ni, Cowith a diameter typically of a few nanom- consist of a single magnetic domain. When the thermal en-
eters embedded in a nonmagnetic metallic maieiy., Au, €rgy exceeds the magnetic anisotropy barrier the particles
Cu, C. The first observation of a giant magnetoresistance iPécome superparamagnetic and in the absence of external
granular film&2 motivated a great deal of experimental and field their magnetization vectors point in random directions.
theoretical effort with two main purposes. First, to reveal the/n the random configuration the system has the maximum
underlying physical mechanisms that gives rise to the GMRESIStVity. Application of a magnetic field aligns the mag-
effect and second, to achieve control over the physical fachetic moments and the resistivity of the sample drops leading

tors that determine the size of the observed magnetoresi&Q the GMR effect. . .
tance. This effort is driven by the immense technological Experiments have revealed various factors that determine

. ) : . fIhe size of the GMR effect. In particular, the value of GMR
potentials of magnetic granular metals in construction of

. ) X . . increases initially with increasing grain diameter and it de-
magnetic read heads combined with their relatively €a8S¥%reases above a certain grain size. The maximum value oc-
growth procesgsputtering, mechanical alloying, melt spin-

curs for particle diameters around the electron mean free

ning). _ . _ path? Varying the particle concentration, an optimum value
The GMR effect was first observed in magnetic Fe/Cris  optained around the percolation threshbid.Spin-

multilayers® In particular, the multilayer exhibits high resis- dependent scattering in granular metals occurs predomi-
thlty when the magnetizations of successive magnetic Iayerﬁanﬂy at the magnetic-nonmagnetic interfaces of the par-
are aligned antiferromagnetically, while the resistivity dropsticles with the matrix and therefore the important role of the
to nearly half its value when a ferromagnetic alignment ofsurface structure of the particles has been underfinied.
the layers is achieved by application of an externally appliedhally, the choice of magnetic and nonmagnetic material for
magnetic field. This effect is attributed to spin-dependenimaximum GMR values remains an open isSue.
scattering of the charge carriers. Intrinsic effe¢spin- It was demonstrated by Xiaet al? that the magnetoresis-
polarized band structureand extrinsic effectgmagnetic or tance data at various magnetic fields when represented as a
nonmagnetic impurities, lattice imperfectigrisoth give rise  function of the reduced sample magnetizathdfM ¢ lie on a
to spin-dependent scattering and their relative importance resingle curve that is very close to an inverted parabola. This
mains an open questidriFurthermore, the direction of cur- dependence of the GMR on the square of the total magneti-
rent, either in the magnetic plan&SIP) or perpendicular to zation is an indication that long range correlations between
them(CPB, produces different values for the effect. In gen-the particle moments determine the size of the effect. How-
eral, the CPP arrangement produces higher GMR values thaver, many experimental groups have observed deviations
the CIP® from the parabolic dependence that have been attributed to
The GMR effect in granular metals is attributed to theinterparticle interaction¥’ to particle size distributioA® and
same physical mechanisms as in the case of magnetic multie the coexistence of blocked and superparamagnetic
layers, namely spin-dependent scattering of the conductioparticles! or collectively rotating and superparamagnetic
electrons off the magnetic particlé4lt occurs when the size particles? in the sample. The relative importance of these
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factors in producing the deviations from the inverted pa-for the moment-moment correlation function is lacking. Fur-
rabola, is currently an open question. thermore, this modé&t is developed in the dilute limit and its
The theoretical works, on the other hand, that describe thapplicability to dense systems is debatable. Dense systems
GMR effect in granular metals, include classical are desirable as the GMR effect appears to grow with particle
treatments®1° semiclassical treatments based on Boltz-concentration and maximum values appear around the perco-
mann’s equation®~*¥and quantum approaches based on thdation limit.5’
Kubo-Greenwood theory of conductivity:2° We believe that a theoretical transport study of the GMR
Two common approximations adopted in previous theo4n granular metals that includes a realistic description of the
retical treatments are the following. First, that a single spirmagnetic structure is currently missing from the literature.
quantization axis exists in the systéff® Consequently, This study is important in order to understand the observed
spin-flip processes are inhibited and the two spin channeldeviations of the experimental results from the predictions of
contribute to the electronic conduction in parallel. Secondthe existing theoretical models.
that the particles are superparamagnetic and therefore, a ran-We have recently presented preliminary results of a nu-
dom configuration of the magnetic moments exists at zerenerical study of the GMR in a granular metal, where the
field. The maximum GMR effect is then obtained by com-magnetic correlations, arising from magnetostatic interac-
paring the conductivities of the random and the fully alignedtions between the particles, were included in the calculation
configurations®'° For superparamagnetic systems, the paraef the conductivity’> Our method is a combination of the
bolic dependence of the GMR on the total magnetizafioh  real space Kubo-Greenwood formula for the conductivity of
was proved. a system described by a tight binding Hamiltonian with the
Zhang and Lev}f assumed further that a distribution of Monte Carlo simulation technique. The implementation of
the particle sizes exists and they showed that this is respomke Kubo-Greenwood formula for a tight-binding Hamil-
sible for the deviations from the parabolic dependence atonian constitutes a very efficient and reliable method
high fields M/M¢~1) in agreement with previous to study spin-dependent transport in nanoscale magnetic
experimentg. The situation with the deviations at low fields structures. It has been previously used to study the
(M/M¢~0) appears more complicated. The reason beingnagnetoresistant® and the thermopow@f in magnetic
that both grain-size distribution and interparticle interactionsmultilayers and the magnetoresistance in granular affog5.
are responsible for these deviatidhs. The Monte Carlo simulation is a well established techni§ue
At room temperature, which for most granular films is that reproduces the micromagnetic configuration of interact-
greater than the blocking temperature of the isolated paring magnetic systems at finite temperatures. Our approach
ticles, the magnetic configuration of the system is mainlyhas, on one hand, the advantage of the phenomenological
ruled by the action of the magnetostatic interactions amongnodels in providing a realistic description of the micromag-
the particles, while the effective anisotropy energy is of secnetic staté®?>?*and, on the other hand, the advantage of the
ondary importancé' The magnetostatic interactions tend to quantum-mechanical treatment of electronic transport in in-
align the magnetic moments to form flux-closure loops anctluding multiple scattering effects. The latter are of particu-
thus introduce short range ferromagnetic correlations in théar importance in dense samples.
ensemble of particles. In magnetic multilayers, the ferromag- As the concentration of magnetic particles in a granular
netic alignment of the layers produces higher conductivityalloy increases, the coalescence between neighboring par-
values than the antiferromagnetic one. Similarly, in granulaticles is an inevitable phenomenon. Coalescence causes for-
metals, the presence of ferromagnetic correlations in the emmation of clusters of particles with a distribution of sizes and
semble leads to higher conductivity values than the fullyshapes. It also manifests itself in the concentration depen-
random case. Thus the GMR effect is degraded due to théence of various macroscopic quantities. For example, the
presence of magnetostatic interactions. coercive field and the magnetoresistdiicef the sample de-
The resistivity of a granular metal was postulated to bevelop a characteristic peak at concentrations around the per-
proportional to the moment-moment correlation functibn. colation threshold. To our knowledge, the role of coales-
Following this idea, certain phenomenological studies of thecence has been neglected in all previous models of the GMR
GMR appeared that focused on the calculation of than granular alloys, a fact that limits their applicability to very
moment-moment correlation functit?>2* and demon- dilute systems. In the present work, we study the GMR effect
strated a flattening of the GMR-versus-magnetization pain the whole concentration range and include the effect of
rabola in agreement with experiments. However, in thesgarticle coalescence by a percolation mddeathich is valid
treatments of the GMR effect, the variation of the mean freavhen the thermally driven diffusion of magnetic particles is
path with the particles concentration is either negleét® negligible. According to the percolation model the particles
or treated as a fitting paramef@rAlso a set of parameters occupy random sites in space and the various cluster sizes
determining the value of the resistivity are phenomenologicahre generated by a cluster counting algorithm performed on
with no clear microscopic origin. this random systerf?. There are two reasons for choosing
Recently, Pogoreloet al® extended the transport model this model to describe the morphology of the granular sys-
of Zhang and Levif by allowing for coherent scattering of tem.
the carriers by neighboring magnetic particles. They showed First, with the recently developed technique of low-
that, short range magnetic correlations enter the final expregnergy cluster beam epita®y° magnetic clusters are formed
sion for the magnetoresistance and cause mixing of the man flight and are mass selected before they are co-deposited
jority and minority transport channels. However, no numeri-on a substrate with the atoms of the nonmagnetic matrix.
cal predictions are made in this work, because an expressidWith this technique extremely narrow size distributions of
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l Herei,j are the site labels;’ (c;,) is the creatior(annihila-
& tion) operator of an electron with spia at sitei,s; is the

atomic potential on sité and it takes the values,,, in the

electrodesgyy in the nonmagnetic matrix, ang,g on the
—_— E— magnetic sitest is the hopping integral between nearest

FIG. 1. Sketch of the geometry used to calculate the conductiv'€ighbors(i,j) and is fixed throughout the whole structude.

ity of the granular alloy. is the exchange potential on the magnetic sites and

oy,0y,0, are the Pauli matrices. The third term in Eg)) is

the spin-dependent scattering potential that causes the GMR

. . effect. The ener arameters in are measured in
particles are produced and particle coalescence after depoﬂhits of the hoggin% integral. TheE(qs—)trength of the spin-

tion is the major mechanism that leads to formation of Iargerdependent potential, in Eql), is proportional to the cosine

clusters. Our percolation model describes satisfactorily thi%]c the angle between the electronic sginand the local

situation and predicts, at least qualltatlvel)_/, the correct Confnagnetization axigh; . When the applied magnetic field is
centration dependence of the magnetoresistance.

Second, the magnetic properties and GMR of granulapot strong enough to saturate the sample, there is no unique

alloys, that are prepared by thermal annealing, are Commonlgagnetization axis in the system and therefore the spin-
analyzed by fitting the grain-size distribution function to a ependent term in Eq1) causes mixing of the spin-up and

log-normal functiorf The cluster size distribution generated spin-down states and introduces an elastic spin-flip scattering

. it : mechanism in the electronic transport.

by the p_ercolatlon algorithff for concentrations below the ... We mention that the internal magnetic structure of the
percolation thres_hol_d shares the same essential featur_es W'ﬁgrticles is neglected within our model. This approximation
the log-normal distribution, as fo_r e.xample, the long tail andi justified, because even room temperature, at which most
the dependenqe of standarq deviation on the mean \_/aIue. easurements are taken, is well below the Curie temperature
therefore anticipate that this model can reveal the mterplay)f Fe or Co or Ni. and the maanetic particles are. to a good
of size distribution and interaction effects that occur in diIUteapproximation s éturate d 9 P ' 9
granu_lar syst_ems. . . Notice also that in Eq(1) we use a single band to de-

Th|§ work is organ!zed as f(_)llows. In. Sec;. Il we mtrodu_ce scribe the electronic structure of the system. Thus itk
the spm-dependent tight binding Hamiltonian that d(.ESC“be%ybridization for the transition metal is neglected. As previ-
the electronic structure of the granular metal and gives th

corresponding Kubo-Greenwood expression for the conduca- studies have demonstraEdnclusion of thes-d hybrid-
-OITesp 9 ) . P .~ “fzation in the calculation leads to slightly different GMR
tivity. The use of a localized spin-dependent potential is jus-

tified as long as the electronic mean-free pdth 102 A) in values but it does not change the essential features of the
g . . P GMR effect, as, for example, the variation with the size of
granular metals is larger than the size of the granul@s (

) . magnetic particles or the concentration. We therefore expect
~10A) and therefore the magnetic particle scatters as g b P

; his simplification serv h r f the presen
whole!®19The Monte Carlo method used to obtain the mag that this simplification serves the purpose of the present

: .“J'work, which is to demonstrate the interplay of grain size
netic structure and the thermal average of the conductivity ISy play ot g

. . éstribution and dipolar interaction effects.
also presented in the same section. In Sec. lll we present and'y,,.* jescribe the composite system electrode-sample-
discuss the numerical results for systems containing wel s :
separated particleémonodisperseand systems containin électrode as a sequence Of layers contalm_;;igy_snes_(at-
P P 'SP . yste : 9 omsg each. The corresponding Green function is defined as
clusters of coalesced particlgmolydispersg Finally, in Sec.

IV we summarize the main conclusions.

Applied H-field <«— L: —> Applied voltage

1 !
—EF_Htink B @

We consider a finite sample of a granular system with twowherek is the layer indexE is the Fermi energy anglis an
semi-infinite electrodes attached to opposite sides, as shownfinitesimally small positive number. Notice that in general
in Fig. 1. We describe the electronic structure of the comthe Green function is nondiagonal in the spin indicgs.
posite system by the following single band tight binding The zero-temperature conductance in the Kubo-Greenwood
Hamiltonian on a simple cubic lattice: formalism and for the Hamiltonian in Eql) reads®

G&?(k,k'>:<k,a
Il. MICROSCOPIC MODEL OF MAGNETORESISTANCE

- 2e’t? _ [G(k,k)G(k—1k—1)+G(k—1k—1)G(k,k)—

h | Bkk—1)B(k—1K) - G(k—1K)BE(kKk-1) @
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with The equilibrium spin configuration is obtained from mini-
mization of the total energy of the system using the Monte
Carlo technique and the Metropolis algoritfifnAccording
to this algorithm a particle is chosen at random, a move of its
spin is considered and the change in the energy of the system
We compute the Green function for the composite systenfAE) is calculated. IfAE<O, the transition to the new state
electrode-sample-electrode using a real space recursiogs made and the new configuration is accepted Hf>0, the
method™® First, the Green function at the surface layer of atransition to the new state and the acceptance of the configu-
semi-infinite cubic lattice with & ,XL, surface supercell ration are made with probability equal to exp§E/ksT). The
G(0,0), that describes théeft) electrode, is obtained by step of change of the spin direction is adjusted so that ap-
means of a transfer matrix scherfeNext, the successive proximately 50% of the attempted moves are successful.
layers of the granular film are attached to the free surface ofhermal averages of the macroscopic quantities of interest
the left electrode and the corresponding Green function oére obtained from simple arithmetic averages over the ac-
the outermost layek is obtained using Dyson’s equation  cepted configurations. In particular, the conductivity for each
accepted configuration is calculated using E4$-(5), and
G(k,k)=[P(k,k)"*=U(k,k—1) the (reduced magnetizationM/Mg is equal to the average
1 value of the component of the spin along the field axis.
XG(k=1k=1)-U(k=1k)] ) Dipolar interactions introduce an extra anisotropy to the
with U(k,k’) the interlayer coupling matrix and(k,k) system and consequently the assembly of dipolar interacting
=[Eg—H(k,k)+in]~! the intralayer Green function of the Particle develops hysteretic behavior. One should therefore
kth granular layer. In the final step, after the-th layer is  distinguish between the anhysteretic and the hysteretic de-
added, the surface of the right electrode is attached, usingendence of the magnetization or the conductivity on the
Eq. (5) but with P(k,k) replaced by the surface Green func- €xternal field. To model the anhysteretic behavior of the sys-
tion of the cubic lattice on the free surface lay@g(0,0).  tem, the simulation starts with a random initial magnetic
The Green functions in Eqé3)—(5) are 2,L, X 2L L, ma- configuration that describes a demagnetized sample and an
trices and the trace in E@) is over the spin indice,and ~ €xternal positive(or negative field is applied. For the hys-
all sites in the two planek, k. teretic behavior, the S|mul_at|on stglrts W|th.a fully saturated
Itis evident from Eq(1) that a particular configuration of assembly along the negativer positive z axis and a nega-
the magnetic moments introduces a distribution of local polive (or positive external field is applied along the same
tentials into the sample that in turn determines the sampl@XiS: During the simulation, the required long range part of
resistance. The positions of the magnetic particles in a grandl€ dipolar interaction energy is calculated using the Ewald
lar metal are random. We, therefore assume that the spirfUmmation technique. _ _
dependent potentials in E€L), are located at random sites  FOr @ given sample, the field-dependent magnetoresis-
on the lattice. However, the strengths of the local potential§@nce (MR) is defined with respect to the minimum resis-
are determined by the orientation of the local magnetic mot@nce as MRKH) =[R(H)—R;]/Rsx 100, where the field-
ments, which are correlated due to interparticle interactionsdependent resistance is definedri$t) = 1/I'(H) andR is
In thermodynamic equilibrium, the magnetic configuration isthe resistance of a fully saturated samplaVe adopt this
such that the total energy of the assembly is at a globafi€finition of the magnetoresistance, because in the saturated
minimum. To obtain the energy minimum we proceed asState the micromagnetic configuration of the system is
follows. We describe the magnetic granular system by afinique and so the minimum resistance of the sample has a
assembly of identical three dimensional classical spimag- ~ Well defined value. Also, from the computational point of
netic momentslocated at random on the sites of a simple View, the value ofR; is obtained without implementing the
cubic lattice. The spins interact via dipolar magnetostatid¥onte Carlo simulation, because the micromagnetic configu-

- 1
G(k,k’)=E[G(’)(k,k’)—G(“(k,k’)]. (4)

forces. The total energy of the system reads ration at saturation is known. Therefore, our results for MR
do not depend on the maximum applied field used.
fin, - iy, — 3( 1y - ﬁij)(fnj ) @ij) The calculation of the thermodynamic quantitiesagne-

—h(y- )|, tization, conductivity, and magnetoresistaniserepeated for

E= 2 gz R3 . . " .
! ] ij a set of different samples with random positions of magnetic

(6) particles and eventually the configurational average is ob-
wherem: is the magnetic momerispin of ith particle,gis  tained by taking the arithmetic average of the resulits for all

the dipolar strengthh is the Zeeman energy, amj; is the samples.
distance between particlesndj. Hats indicate unit vectors.

Thg energy parameters in E®) are mgasured in arbitrar)_/ 1. NUMERICAL RESULTS AND DISCUSSION
units, while distances are measured in units of the particle
diameterD. In a previous stud§ we have shown that for In order to proceed with the numerical results we make

temperatures above the blocking temperature of the isolateitie following choice for the parameters of our model. As
particles and for a wide range of particle concentratians  mentioned earlier the hopping integral is constant throughout
to ~0.8) the interparticle dipolar interactions have a ferro-the electrodes and the granular sample and it defines the
magnetic character. In this regime, the single-particle anisotenergy unit {=1.0). Therefore the bandwidth in all materi-
ropy is immaterial, to a first approximation, so we have omit-als (electrode, matrix, magnetic graiis W=12. The on-site

ted the corresponding terms in E®). potentials in the electrodes:(y) and in the nonmagnetic
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matrix (ey) are equalg, w=env=0, S0 that the electrode- 1.0 rrr— T
sample contact does not introduce any contact resistance. On
the magnetic sites we choogg,c=+2 andJ=+2.0, so

that the electrons in the majority spin band are less scattered
at the magnetic grains than those in the minority band, when
the magnetic moments of the grains are aligned ferromag-
netically. This choice of parameters introduces in our model =40
the essential aspect of asymmetry in spin-dependent scatter- =
ing that has been observed in Co/Cu magnetic multilayers

and that is expected to be valid for granular CoCu alfSys.

The Fermi level is at the band centdeE{=0) and conse-

qguently the conduction electrons have a wavelength compa-

rable to the grain sizeN=D). An infinitesimal broadening
parametem=0.1 is used for the calculation of the Green -1.0
function transfer matrices, that leads to convergence after a 2.0 0.0 2.0

small number of iterationsN~7) and zero broadening is h/g

used in the recursion scheme of Ef).

The energy parameters that determine the micromagnetic FIG. 2. Hysteresis loop for a dipolar systésguaresand mag-
configuration are related to the actual grain parameters as netization curve for a noninteracting syste{mrcles). Parameters
=m?/D3 andh=mH, wherem=M.V is the magnetic mo- p=30% (CqgCug,) andT=82K. Monodisperse samples.
ment of the grains. For Co particles with mean diam&er
=60A and saturation magnetizatiol ;= 1400 emu/cri ~3.0kOe(not shown in Figs. 2 and)3ue to dipolar inter-
we obtain g=1.14x10 Berg and therefore the ratio actions. A decrease of the initial susceptibility due to the
kgT/g=0.36, at room temperaturel €300 K), andkgT/g presence of dipolar interactions is also obserEd). 3),
=0.01, at low temperatureT=8.2K). Also the ratioh/g from the valuexy,~ 9.3 emu/Oe crfor the noninteracting
=1 corresponds to a field dfl=0.73kOe. These results systems to the value,~ 1.6 emu/Oe crhfor the dipolar one.
indicate the appropriate range of values for the energy pafhe increase of the saturation field and the decrease of the
rameters KgT,g,h) that enter the Monte Carlo simulations. initial susceptibility observed in the dipolar system relative

In our simulations, a finite granular sample with dimen-to the noninteracting one, reflect the fact that dipolar inter-
sionsLy=L,=L,=10 and periodic boundary conditions is actions among the particles inhibit the alignment of their
considered. This contains approximately 100 up to 700 spingnagnetic moments along the external field axis.
depending on the concentration value. Equilibrium is The field dependence of the hysteretic MR is shown in
reached after TOMonte Carlo steps per spitMCSS. Fur-  Fig. 4 and that of the anhysteretic MR in Fig. 5. Notice that
ther increase of the number of MCSS by an order of magnithe maximum of the hysteretic MR appears at the coercive
tude does not modify substantially our results for the magfield and not the zero field, in agreement with experiménts.
netization and the conductivity. At every field value, the firstBy comparison of the noninteracting and the dipolar systems
10° MCSS are not included in the statistical averages in orwe deduce that due to dipolar interactions, both the maxi-
der to allow for relaxation towards the equilibrium state.mum MR value and the sensitivity of the MR to the external
Configurational averages are performed over 10—15 randoffield are reduced. The reduction of the maximum MR value
samples. In what follows, first we discuss the results for
monodisperse systems containing identical Co particles and 1.0
second the results for polydisperse systems arising from coa-
lescence of Co monomers.
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A. Monodisperse samples

We show in Fig. 2 the hysteresis loop curves for a granu-
lar system with concentration=30% of Co particles and in
Fig. 3 the anhysteretic magnetization curve for the same sys-
tem. This value of the concentration corresponds to a metal
volume fraction ofx,~16%, because in a rigid sphere
model on a cubic lattice one has the relatigp= (7/6)p.
Thus the results in Figs. 2 and 3 correspond approximately to
the system CCugs. The magnetization data for the nonin-
teracting assembly follow the well known Langevin depen- 2.0 0.0 20
dence on the applied field. The presence of dipolar inter- ) h}g '
granular interactions introduces anisotropy in the system and
the assembly of dipolar particles develops hysteresis with a fiG. 3. Anhysteretic magnetization curve for a dipolar system
remanence magnetizatiod z~20% andH.~0.15kOe at (squares and magnetization curve for a noninteracting system
T=82K. The assembly with noninteracting grains has &acircles. Straight line fits to the low-field data are shown. Param-
saturation fieldHs~1.5kOe, which is increased tbig etersp=30%(CqgCug,) andT=282K. Monodisperse samples.

0.0

M /Mg
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hig MM

_ FIG. 4. Field dependence of hysteretic magnetoresistance for a8 i 6. Anhysteretic magnetoresistance versus reduced sample
dipolar sample(squaresand for a noninteracting sampleircles.  agnetization for a dipolar samplsquaresand for a noninteract-
Parameters: p=30% (Cq¢Cugy) and T=82K. Monodisperse ing sample (circles. Parameters:p=30% (CqClg) and T

samples. =82 K. Monodisperse samples.

indicates that the zero field configuration is not random, bujr’ = MR, (Rs/Ry). For the data shown in Figs. 4

positive (ferromagneti¢ moment correlations develop in the 5,4 5 'the relevant ratio is fourRls/R,~ 0.6, which provides

"’.‘SSGmb'y O.f paF“C'eS- Th!JS. .the.difference betvve_en the zergpr 3506, Experiments on granular films containing
field and high field resistivities is reduced. Maximum ran- Co ngrticle%‘s'mreport values of MRin the range of-10—
domization of the magnetic moments occurs at the coercive_zo% We demonstrate below that our overestimation is
f|e|o_|, which explains the peak of the h_ysteretlc MRreg . improved by inclusion of the size distribution in our model.
Notice also that the MR curve for the dipolar system is more Fig. 6 we plot the ahnysteretic magnetoresistance as a
rounded arpund the zero field th?‘” the cprrgspondlng CUNVEnction of the reduced magnetization of the system. For the
for the noninteracting system. This behavior is related to th oninteracting system, the parabolic dependence=MR
difficulty of a weak eXte”_‘a' f_ield to rotate the magnetic mo-_ M?) is obtained in aéreement with previous experiméntal
ments that are coupled via dipolar forces. The same phy5|c%lnd theoretic&f~1° studies. A small flattening of the pa-

situation manifested itself in the reduction of the initial SUS" ahola(—8%) is observed near the zero field due to dipolar
cep_:_t;lbnlty (E|g. 3. MR val h in Figs. 4 and 5 is MR interactions. These deviations away from the parabola at low
€ maximum value shown In gs. = an IS fields have been previously observed in experiments and

~55%. In the def|n!t|on of _the magnetoresistance with re.'they have been mainly attributed to interaction effects among
spect to the zero field resistance, the maximum value ig, grain&’ or to grain-size distributiof

MRa=(Rs—Ro)/Ro>100. This result is related to ours by~ preyious Monte Carlo simulatiof* have also predicted

a small flattening(~10%) of the moment-moment correla-
tion function close to zero field and supported the role of the
dipolar interactions in determining this flattening. However,
both the deviations shown in Fig. 6 and the ones previously
calculated®?* are much smaller than the ones measured in
recent experiment&~50%).1° We show below that size dis-
tribution effects improve this discrepancy.

In Fig. 7 we show the concentration dependence of the
(maximum) resistance and magnetoresistance for a monodis-
perse system. The scattering potentials for the conduction
electrons are small compared to the bandwillth eyy
—enc=J<W, consequently, the resistance of the sample
increases almost linearly with concentration below the per-
colation threshold [§.~0.3). The MR also increases with

LISLIN B R B B B B | LU B B B B N S

o concentration because more spin-dependent scatters exist in
-2.0 0.0 2.0 the system. The MR exhibits a concave parabolic depen-
hig dence on the concentration. It was recently shviimat the

concave shape in the concentration dependence of the MR is
FIG. 5. Field dependence of anhysteretic magnetoresistance fé1 indication of important background spin-independent

a dipolar samplésquaresand for a noninteracting sampleircles.  Scattering in the sample. In our model spin-independent scat-
Parameters: p=30% (CqCls,) and T=82K. Monodisperse tering is provided by the boundaries of the sample. Notice,
samples. finally, in Fig. 7 that the deviations between the noninteract-
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FIG. 7. Concentration dependence @ the zero-field resis-
tance andb) the zero-field magnetoresistance of dipdisquares olm—__ ]
and noninteractingcircles monodisperse G&€u, _, samples. The 1
percentage change of the MR due to dipolar interactions is also 0 2 4 6 8 10
shown (starg and MRni), MR(i) denote the MR values for the Cluster Size
noninteracting and interacting systems, respectively. Parameters: o . . .
T=8K. FIG. 8. Distribution of magnetic cluster size at various concen-

trations. Abovep=0.3 an infinite(percolation cluster is formed

. . ._that is not shown in the histograms.
ing and the dipolar system are larger below the percolation

threshold and they tend to zero at high concentratigns ( simple cubic lattice. Then a cluster counting algorithris
~0.8). At large concentrations, the details of the underlyingmplemented that groups the monomers into clusters accord-
auxiliary lattice become important and in particular the Scing tg the rule that nearest-neighbor monomers belong to the
lattice, that is used in our study, when fully occupied by same cluster. This structural model produces a distribution of
dipolar particles is known to lead to a columnar antiferro-¢|yster sizes that is shown in Fig. 8 for various concentra-
magnetic ground staté. For this type of ordering of the tions. Notice that the distribution is highly asymmetric and
dipoles, the moment-moment correlation function is zeroyonomers are the most frequently appearing clusters in the
when averaged over the two ferromagnetic sublattices, angample. Around the percolation threshofa, ¢ 0.3), the talil
the resistance of the system is very close to its value in thes ihe distribution is extremely long indicating that clusters
case of a random configuration. Thus it appears that in thgs o) sizes exist in the system. The average cluster size var-
dense limit the dipolar interactions do not modify the MR. jes with the concentratiop (Fig. 9 and the maximum aver-
The structural model used so far, assumes the presence gfe size appears close to the percolation threshold. Above
well separated magnetic parnclgs in thg granular alloy anghig threshold, a cluster that spans the santipiiinite clus-
emphasizes the role of dipolar interactions alone. It reprogep exists and the rest of the particles tend to form clusters of
duces qualitatively certain features of the experiments, as t adually decreasing size.
flattening at low fields of the MR versus magnetization pa-~ Regarding the magnetic structure of the clusters, we as-
rabola, the reduction of the maximum GMR effect and thégyme for simplicity that within each cluster the magnetic
reduction of the sensitivity of the GMR effect on the applied
field. But, it wrongly predicts a continuous increase of the

2l T ¥ T T ' T T H
MR with particle concentration. The concentration depen- ° 40 F 3
dence of the MR obtained in recent experim&hshows an N C ]

. . o o
optimum value around the percolation threshold. Therefore, P 3.0 F AR E
the applicability of the model with well separated particles is I - . .
restricted to dilute systems only. To proceed with more o 20 3 ) $ . E
dense samples, we take account of the coalescence between § S 2 § 3 .
granules. This effect leads to formation of clusters of various ~ = 1.0 [® e
sizes and shapes and eventually the granular system becomes C ]
) 0.0 1 A ! 1 | L | 1

polydisperse.

o
(=]

0.2 0.4 0.6
Concentration

o
o

B. The percolation model and polydisperse samples o . . )
FIG. 9. Variation of the mean cluster size with concentration of

~ We describe the effect of grain coalescence by the followmagnetic particles. Error bars indicate the dispersion of cluster sizes
ing percolation model. The graingnonomers are distrib-  at each concentration. The infiniteercolation cluster is not in-
uted at random with a certain probabilipyon the sites of a cluded in the statistics.
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0.04 magnetic material. This is demonstrated by comparison of
the MR data below the percolation threshold in Figs. 7 and
10.
In addition to cluster size effects, further decrease of the
0.03 MR value is caused by dipolar interactions. We can see in

Fig. 10 that the reduction of MR due to dipolar interactions
is more dramatic now, compared to the monodisperse system
K ] (Fig. 7). The largest deviations between the noninteracting
002 Lb—o ¢ o001 and the dipolar systems are observed right above the perco-
lation threshold ~0.4). The reason is that due to the for-
mation of large clusters, strong local fields act on the smaller
clusters and produce ordering of their magnetic moments.
This ordering of the smaller clusters due to the fields of the

R (t2 e2/h units)

50

8 30 few large clusters leads to strongly reduced MR values at
§ concentrations above the percolation threskpt0.3—-0.4.
10 For example, the noninteracting system exhibits a substantial

MR value(~30%) at p=0.4, while the dipolar system, at the
same concentration, shows a very weak MR effe€$%).

If the MR is defined with respect to the maximuisatu-
ration resistance, the MR values pt=0.3 (CqgsCug,) are
MR'=—-22% for the noninteracting system and MR

FIG. 10. Concentration dependence(ef the zero-field resis- =—19% for the dipolar system. These results should be
tance andb) the zero-field magnetoresistance of dipdlsguares  compared with the experiments of Xia al? who report
and noninteractingcircles Co,Cu,_, samples. Coalescence is al- \5lyes of MR = — 10—20 % for CayClUgo samples annealed
lowed in all samples. Parameters:-82 K. at various temperatures and of Parettal® who report

maximum MR values MR=-10-15% for CgsAgs
moments of the monomers rotate in cohesion. In othefamples grown by cluster beam epitaxy. We believe that
words, multidomain formation is not allowed, not even in thethere is a reasonable agreement with these experiments,
infinite cluster that represents the bulk material. This is aiven the simplicity of our model for the electronic structure
reasonable approximation provided that spin-dependent sca@nd the magnetic structure of the granules.
tering at domain walls and anisotropic magnetoresistance are 1he size distribution in a granular film that has been ther-
not considered in the present study. The magnetostatic efff@lly annealed is commonly fitted to a log-normal function.
ergy of the system is expressed as a sum of terms corr "he size distribution function produced by the percolation

sponding to the dipolar energy of pairs of monomers beIong[mdel (Fig. 8 shares the same essentla! features with the
. . log-normal function, namely, the long tail and the depen-
ing to different clusters.

The concentration dependence of the zero-field resistan dence of the mean value on the standard deviation. There-
. P . : Cf%re, the percolation model serves also as a structural model
and the maximum magnetoresistance of a system with co

% study the interplay of size distribution and interaction ef-
lescence is shown in Fig. 10. Notice that the characteristkfectS inygranular 1Ei)lmys

peak around the percolation threshold appears and that the \yia show in Fig. 11 the anhysteretic magnetization curve

overall shape of the MR curve is in satisfactory agreemenf 4 system wittp=0.3, that contains the distribution of Co
with the experimental measuremeffsThe increase of both  ¢jysters shown in Fig. 8. The mean cluster size is increased

Rand MR below the percolation threshold is attributed to theejative to the monodisperse sample)~3 and conse-

gradually increasing number of spin-dependent scattereigyently, saturation is achieved at lower fieldsg
(Co monomergin the sample. Well above the percolation —0.45kOe for the noninteracting sample afd~1.5kOe
threshold 0>0.5) the infinite cluster occupies almost the for the dipolar sample. The field dependent MR is plotted in
whole volume of the sample and the resistance is approxiFig. 12. It is important to notice that in this system a drastic
mately equal to the bulk resistance of Co. In the same rereduction(~25%) of the maximum MR value is observed
gime, the MR tends to zero, because the electrons in thdue to dipolar interactions. The corresponding reduction for
sample travel through a single magnetic domain that ithe monodisperse systefw € 1) was only~8% (Fig. 5).
formed by the infinite Co cluster. In other words, the peak in  In recent measurements of MR in CoCu polydisperse
MR is the result of competition between two factors, namely granular samples, Allizet all® observed large reductions
the increasing number of spin-dependent scatterers th&t-10-709% in their MR data with respect to the theory for
causes an increase of M@ee Fig. 7 and the increasing noninteracting particles. Our results in Fig. 12 indicate that
mean cluster size that leads to a decrease of MR. similarly large reductions are predicted within a transport
Even below the percolation threshold, coalescence occursalculation that takes into account both the cluster size dis-
to a certain extend and the average cluster size is greater th&aibution and the interaction effects among the clusters. The
a monomer. This increase of the average cluster size is réarge reductions of the MR values is the combined effect of
sponsible for the reduced MR values observed in systemthese two factors. In Fig. 13, we demonstrate the effect each
with coalescence compared to the values in systems contaiof these factors independently has on the MR value and also
ing well separated particles with the same concentration otheir combined effect. We plot the MR data versus the square

0.0 0.2 0.4 0.6 0.8
Concentration
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FIG. 11. Anhysteretic magnetization curve for a dipolar system (M/MS)2

(squares and magnetization curve for a noninteracting system
(circles. Parametergp=30% (Cq¢Cug,) and T=82K. Coales-

. . FIG. 13. Anhysteretic magnetoresistance versus reduced magne-
cence is allowed in both systems.

tization. Data for a monodisperse noninteracting sydfiangles,

fth | i»ation for f diff | . ha monodisperse dipolar systeistarg, a polydisperse noninteract-
of the sample magnetization for four ditferent samples wit ing system(circles, and a polydisperse dipolar systésguaresare

the same concentration of 'magnetic materiaiz@.S) and shown. The monodisperse samples hewe3 and the polydisperse
the same average cluster size. In particular, we show resuligmples havév)~3.06.(The volume of a monomer is defined as

for a monodisperse noninteracting system Wit 3, a poly-  the volume unit Parametersp=30%(CqeCls,) andT=82K.
disperse noninteracting system wittf) ~ 3, a monodisperse

dipolar system with/=3 and a polydisperse dipolar system switched on, a reduction of the MR values is observed,

with (V)~3. Making this choice, the average cluster size hich is. h d = in th i h
and the metal volume fraction are approximately the same i ich Is, however, more dramatic in the polydisperse than
the monodisperse sample. In other words, dipolar interac-

all systems, while the width of the size distribution is al- .

lowed to take the zero value, in the case of the monodisperélé)nS cause a stronger reduction of the GMR effect as the

system. and a large value in the case of the polydis ers‘@idth of the size distr?bution increases._This trend was also
szstem(see Fig Qg PO AISPer Shserved in the experimental data of Aléaal,'® where the

Consider first the overall arrangement of the curves. In Aargest reductions of the MR values due to dipolar interac-

polydisperse noninteracting sample, the presence of clustel9"S Were observed in the sample ;§ogs, in which the
with size smaller than the mean size leads to increased MBZ€ distribution was nearly flat, and consequently all cluster

values relative to the monodisperse sample. This happeri2€S Were equally probable. On the contrary for the sample

because the GMR effect decreases with increasing clust 015C0U85: fthhat was nearly monodisperge, a We"’I‘k flqttenfing
size?1819 When the interactions among the clusters arel ~10% of the MR curve was measured. An explanation for

this behavior is that in the polydisperse sample, the large
50—ttt clusters ¥>3) produce strong magnetostatic fields that
cause an efficient alignment of the surrounding small clusters
(V<3), thus large positive correlations are introduced in the
magnetic structure that lead to a severe reduction of the MR.

Regarding the shape of the curves in Fig. 13 we notice
that the data for the monodisperse noninteracting sample fit
on a straight line over the whole range of magnetization, but
this is not the case for the noninteracting polydisperse
sample. When a weak field is applied to a noninteracting
polydisperse sample, the larger clusters are aligned along the
field while the smaller ones are not due to thermal fluctua-
tions. This differentiation in the response of the various clus-
ters to the applied field leads to the deviations from the
straight line fit close to zero magnetization. When the dipolar
interactions are present, deviations from a parabolic depen-
dence occur, which are more severe for the polydisperse sys-
tem.

FIG. 12. Field dependence of anhysteretic magnetoresistance of Ferrariet al® have shown that the effect of size distribu-
a dipolar samplegsquares and a noninteracting sampleircles. tion on the MR values is best observed if the normalized
Parametersp=230% (CqCls,) and T=82K. Coalescence is al- magnetoresistance, defined as MRVMR/MR,,, is plotted
lowed in both samples. as a function of the sample magnetization. For a noninteract-
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20
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10T scribed the electronic structure of the granular alloy by a
TN tight binding Hamiltonian with a single spin-polarized band.
RN i We have calculated the concentration dependence of the
- . MR for a CqCu, _, alloy over the whole range of concen-
i - trations (O=x=<1) taking into account the effect of cluster
L} formation due to magnetic particle coalescence. We have
found an optimum MR value around the percolation thresh-
0.5 | w 1 old, in agreement with experiments. We have demonstrated
I - that close to the percolation threshold, the dipolar interac-
LY tions among the clusters cause the largest reduction of the
“w MR values and thus they seriously modify the optimum MR
- . ] value. We have attributed this behavior to the presence of a
R " 3 wide distribution of cluster sizes in the system and a corre-
oy sponding wide distribution of local fields. Multidomain for-
0.0 0.0 0.5 1.0 mation in large clusters, whose size exceeds the exchange
: ) 9 ' correlation length(typically a few hundreds Aoccurs in
(M/My) dense samples. This effect is expected to reduce the role of
, , , dipolar interactions between clusters and also modify the
FIG. 14. Normalized anhysteretic magnetoresistance Versus re;ncantration dependence of MR. The cases studied within
duced magnetization for a dipolar samgjuaresand for a non- - yresent model, namely, the case of well separated par-
?Eeézcﬁngcjgr:sézﬁgzlfjéli)%c:?ie;eéth_;o:{" l(eiqung;) and icles and that of fully saturated clusters, constitute the two
- : ples. extreme limits as regards the role of the dipolar interactions.
We expect a smooth transition between the results in these
fivo limiting cases as the saturation condition within the clus-
Fers is gradually relaxed and magnetic domains form.
Finally, we have investigated the combined effects of di-
polar interactions and cluster size distribution on the MR of
a granular CgCu, _, system below the percolation threshold.
: 5 L We obtained deviations from the MR vBI{Ms) parabola at
s s et ot o oG iy 9% Tl I agreementwih experiments on podisper
amples. Magnetostatic interactions and particle size disper-

B e O e QPO 1112 i have opposie ffecs on the MR vale of e ranuls
MR,, curve lies below the reference parabola This, resul qlo_y. _S|ze d|§per3|on alone causes enhgncement of the MR’
sugrg];ests that the plots of the MRs M/M provide infor- hile _mteractlons always have a degradmg gffect. M-OSt n-
mation on the relative importance of the ?nteraction effects terestingly, the effec'_[ of d_|po_lar Interactions 1s gmplmed "
‘the presence of a wide distribution of cluster sizes. By ex-
amination of the normalized MR curves, we found that size
IV. CONCLUSIONS distribution and interaction effects produce deviations from

We have developed a theoretical scheme appropriate e theoretical +-M? line in (_)pposite directions. We ther_e- .
study the giant magnetoresistance effect in granular met pre suggest that Fhe _normahzed MR curves provide an ingli-
films, that includes the effect of grain size distribution angcation of the relative importance of interaction effects.
magnetostatic interactions between the grains. The scheme
combines the Monte Carlo simulation, that provides a realis-
tic description of the micromagnetic structure and the Kubo We would like to thank Professor R. J. Elliott for many
formula for the conductivity, which is valid in the whole valuable discussions during the course of this work. This
concentration range. We have assumed spin-dependent scaferk was financially supported by the program Demoerevna
tering to be the cause of the GMR effect and we have de99 (Program No. 638

Normalised MR

ing monodisperse sample, under the assumption that the r
sistance is a quadratic function of the sample magnetiz
tion %2 and using the above definition of MfRef. 33 we
obtain the parabolic law MR=1—(M/M,)2. Ferrariet al,,
using the transport model of Zhang and Léégshowed that
when a size distribution exists in the sample, the MRrve
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