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Scaling behavior of the giant magnetoresistance of magnetic aggregates
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We study numerically the giant magnetoresistaf@®R) of magnetic nanoparticle aggregates formed on a
planar substrate by a diffusion process that is driven by the magnetostatic dipolar interactions between the
particles. The growth of aggregates is modeled by a diffusion limited cluster aggregation model and the GMR
of the assembly is expressed in terms of the short range spin correlation function. The latter is obtained by a
Monte Carlo simulation. We show that the spin correlation function of the aggregates can be described by a
scaling law that involves the fractal dimensionality of the structure. The formation of aggregates causes a large
reduction of the low-field GMR because the role of interparticle dipolar interactions is enhanced due to the
chainlike morphology of the aggregates.
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Giant magnetoresistanc€sMR) was first observed in array axis’ In addition, the field dependent GMR of a mag-
granular films consisting of Co grains dispersed in a Cunetic multilayer with layer thickness following a Fibonacci
matrix1? It was also demonstrated that in all samples thesequence was shown to exhibit a self-similar sequence of
GMR scales as the square of the global magnetizatich pIatea}tljs as a consequence of the quasiperiodic structural
Deviations from the parabolic dependence at low fiels ( Crder-~ These results indicate that in systems such as granu-
~0) were subsequently observed by various groups an?r films and magnetic multilayers where the GMR effect

. o o ) ccurs as a result of spin dependent scattering, the spatial
were attributed to the grain size distributfoand to dipolar arrangement of the magnetic regiotshether granules or

interactions among the graifitdumerical studies gave sup- layers has a strong impact on the GMR values, as it affects
port to the argument that dipolar interactions are mainly rethe micromagnetic configuration of the system.
sponsible for the flattening of the GMR ¥ parabola at low The influence of the spatial morphology of a granular film
fields*=" and it has recently been pointed out that dipolaron the GMR values has not been systematically addressed so
interactions cause a more dramatic flattening when the sygar. An approximation that is most commonly adopted with
tem exhibits a wide distribution of grain siz23hese results respect to the morphology of the granular films is that the
underline the essential role that interparticle interactions playnagnetic particles are dispersed randomly in the nonmag-
in the modification of the GMR effect. netic matrix, or, in other words, that their locations are un-
However, dipolar interactions among the magnetic par_correlated. This approximation describes satisfactorily the

ticles are also of great importance during the growth procesg]orphmc_) y of granL_JIar samples grown by an a””ea"f‘g
) : : . rocess.* However, in some cases, granular systems with
of the films. When magnetic particles diffuse on a substrat

h d relax thei . . h orrelated structures occur. This is, for example, the case of
they move and relax their magnetic moments In a way thafs . ofyigs where the aggregation process is dominated by

minimizes their mutual magnetostatic energy. The diffusionyagnetostatic dipolar interactions and leads to various fractal
process is not a Brownian motion, but it is instead driven byyorphologies, To the best of our knowledge, no GMR mea-
the energetics of the interactions between the particles. Whegy,rements on frozen ferrofluids have yet been reported. Dur-
they unite, the morphology of the resulting aggregates is sefng the growth of granular metals or insulators by the re-
sitive to the substrate temperature, the particle density angently developed technique of low-energy cluster beam
the strength of the interparticle interactions. At low partidedepositionl,z'l?’ codeposition of nonmagnetic atoms, and
concentration$2—-5 99, it has been shown that magnetostatic magnetic particles of a transition metal takes place. In this
forces between the particles lead to formation of aggregatesase, we would expect that energy-driven diffusion and ag-
with a self-similar morphology characterized by a fractalgregation occur up to some extent, especially in dilute
dimensionality (D). The magnetization of these aggregatessamples.
obeys a scaling law with respect to the size of the aggregate The aim of the present work is to establish a relation
(N) where the exponent is the fractal dimensiondiftythis ~ between the spatial morphology of a granular film containing
scaling law reflects the impact of the correlations in particleaggregates of magnetic particles and the GMR value. The
positions on the magnetic properties of the aggregate. aggregates are formed by a diffusion process that is driven
Recent numerical studies pointed out the importance oby magnetostatic dipolar interactions. We show that the
spatial correlations of the magnetic regions on the magneGMR of an assembly of self-similar magnetic aggregates
totransport properties of a composite system. In particular, ibbeys a scaling law with the exponent being the fractal di-
was suggested that a linear array of superparamagnetic panension of the aggregates and, furthermore, the formation of
ticles, coupled via dipolar forces, produces large GMR val-aggregates degrades substantially the GMR effect at low
ues when a magnetic field is applied perpendicular to thdields.
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Our model assumptions correspond to the growth olR,, R, are field independent, the effect of interparticle inter-
samples by a cluster beam deposition technidéthat pro-  actions enters through the values the correlation function
duces nearly monodisperse samples. For simplicity, we ne(H) only. If the high field parabolic asymptote of the MR
glect the thickness of the film, because the diffusion of parversus magnetization is subtracted from the MR values, one
ticles and the formation of aggregates is expected to takebtains the reduced magnetoresistahgajen as
place during the growth of a single layer, i.e., before the
particles are completely buried by the matrix material that MR;(H)=1—f(H) ©)

gbﬁgﬁgzj‘ tr?]g dr:féijiilzr;r?(r)o;?tsiiie\/sv%r:ngdelgr?aer as%gt])rset?:tttleog cQI/hich is obviously independent of the material parameters
P 9 P P y o, Ry and serves as a universal curve whose deviations

diffusion limited cluster aggregation process on a tnangulaq,rom a parabola indicate deviations from the superparamag-

lattice® i behavi
The nanoparticles are initially located at random on thene'[IC be avior. . .
For noninteracting particles, the magnetic moments are

sites of the triangular lattice and they are allowed to diffuse.

: ; . . , uncorrelated and thereforg(H)=M?, where M =(m;) is
The interaction energy between a pair of particles with mag- : L
i . . the normalized sample magnetization, and consequently the
netic momentsn; andm; separated by distangsg; is

observed parabolic dependence of M# the sample mag-
3 1) netization is obtained. Deviations from the MRs M pa-
o rabola are observed at low fieldsl¢0) and were attributed
whereu;; is the unit vector along;; , g=m?d3 is the dipo-  to dipolar interactions between the magnetic momé&its.
lar energy strengthm is the magnitude of the dipole mo- Equation(3) indicates that the dependence of the MR on the
ment, andd the diameter of the particles. The other relative micromagnetic configuration of the particle assembly enters
energy parameters used are the Zeeman erfergyH and  Vvia the short range moment correlation function. To calculate
the thermal energy=kgT. The energy unit in our simula- the correlation function we adopt the following model. We
tions is the dipolar energyg=1) and the unit of length is  consider a granular film containing well separated aggregates
the particle diameterd=1). Simulation? yielded a fractal ~of magnetic particles. Within each aggregate the particles are
dimensionalityD;=1.23+0.04 for the resulting aggregates. in contact and they interact strongly with each other, mainly
This value shows the tendency of the particles to form chainthrough dipolar forces. The effective exchange interaction is
like aggregates. The particle moments are aligned nose-tgroportional to the contact area of the spheres and it is there-
tail in the plane. fore expected to be weak. On the other hand, dipolar inter-
The GMR in granular films is attributed to spin dependentactions between particles belonging to different aggregates
scattering of the free electrons. Provided that the electrodre also very weak due to the spatial separation of the aggre-
mean free path is longer than the size of the individual pargates. By comparing intercluster and intracluster dipolar in-
ticles, each magnetic particle can be considered as a poitgractions, one can show that this is justifiedifhN3><1,
scatterer described by a local potential which is proportionaWheren is the number of particles in a cluster aNg is the
to the relative orientation between the local magnetizatiomumber of clusters per unit area. This condition holds in the
vector and the electron spin quantization afisVvithin the  case of a dilute system similar to the one we examine. There-
Born approximation for scattering, the resistivity of the fore, it is realistic to approximate the granular film by a
sample is then proportional to moment-moment correlatiorcollection of uncoupled aggregates with dipolar interactions

Eij=glm;- m;—3(m;-u;;)(m;-u;) I/

function between nearest neighbor moméhts between their constituent particles.
The moment correlation function of thieth aggregate
R(H)=Ro—R;f(H), (2)  containingN particles, is obtained as the thermal average of

the inner product of moments averaged over all pairs of

whereR, andR, are material dependent parameteid) neighboring particles within the same aggregate:

=(m;-m;), is the moment-moment correlation function and
\ is the electronic mean free path. Here, we assfithat the K _ /K. mK
! fu=(m; ml). (4)

electron mean free path is the relevant length scale for aver-
aging the magnetic correlations. For the dilute granular metdNext, the configuration average over the random shape of the
Cuy, _,Cao, at room temperature, the electronic mean free pattaggregates is performed
is of the same order as the average distance between adjacent
particles (=d).* Therefore, the moment correlation func- f _2 fk/ 2 1
tion between nearest neighbor particles is considered in Eq. NT 4 'N "
(2). In the opposite limit, namely, in the case that the condi-
tion A<d was fulfilled, an appropriate description of trans- Under the assumption that all shapes are equally probable.
port in the granular system would require a resistor networkAggregates of various sizes and shapes are obtained from the
approach?® rather than Eq(2). The magnetoresistance at aggregation model described previously. Finally, the mo-
field H is defined as MRfl)=[R(H) — R(0)]/R(0), where =~ ment correlatiqn fgnction of a film containing a distribution
H is the applied field. The material dependent parameter8f aggregates is given as
Ry, Ry enter the definition of MR and, in principle, they can
be obtained by fitting Eq(2) to the experimental results for _

: ) ; fEm/Zl ()
a particular system. Provided that the material parameters N N

®)
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joF T T the short range correlation shows stronger fluctuations than
' the long range correlatiotmagnetizatiojy due to the large
diversity of local environments of the sites in an aggregate.
For the straight line fit, 20 aggregates, on average, for each
of 11 different sizesN (+10%N) were used in a range of
sizes fromN=10 to 120 particles per aggregate. It is in this
size range that the value of the fractal dimensids 1.23
describes the morphology of the aggregates.

We discuss next the field dependence of the surfpae
rametersa) and bulk (parametersb) contributions to the
0.7 h=4 7] magnetization and correlation function as they are defined by
Eq. (7) and Eq.(8), respectively. In the zero field limith(
~0) bothb,, andb, approach zero, indicating the disappear-
06 - ance of finite size effects. In the same limit, the bulk mag-
| =al netization approaches zero while the bulk correlation func-
tion tends to a finite value.(0)~0.7 (see Fig. 2 These
0 bl v 1 v v v 1 results are interpreted as follows. In the zero external field

000 004 008 012 016 limit, the dipole momen_ts of the particles lie on the ;ubst(ate

1/D plane and they are aligned in a nose-to-tail configuration.

N Deviations from the nose-to-tail arrangement only occur

close to branching points of the aggregate. This is the mini-
mum energy configuration as has been found previdusig

0.9

0.8

M, f

FIG. 1. Dependence of magnetizati¢fll symbolg and short

range correlation functiofopen symbolson the linear size of the . . o - i
aggregate. Applied fieldh) is normal to the substrate. Squares: indicated here by the positive value of the correlation func

—4 and trianglesh=6. Parameters: temperature 10, dipolar tion .in thg zero field Iimit_. Qwing to this micromag.netic
strengthg=1. Solid lines are the linear fit to the data. conflguraltlo-n, the magnetization OT the a}ggrege}tes IS zero,
because it is measured along the field axis that is taken nor-
provided that a uniform distribution of aggregate sizes existénal to the substrate. Also, the relatively high value, (
in the sample. ~0.7) of the ferromagnetic correlation function, shows that
For an aggregate containing bf magnetic particles we the alignment of the dipole moments is very efficient at low
have shown in a previous wdfkthat the magnetization fol- temperaturest(g=0.001) and the demagnetizing field pro-
lows the scaling law duced by the boundaries of the aggregate does not play an
B . important role. This is expressed by the zero value of the
Mn=am+byN" "1, ) surface correlation functiorb). In the high field limit, the

The first term @,,) on the right hand side of Eq7) is inter- ~ Moments align themselves along the field axis and thus the
preted as the bulk contribution to the magnetization and th&ulk magnetization and the bulk correlation tend to unity,
second term lf,,N~P1) as the surface contribution. In Eq. while surface effects become immaterial as the applied mag-
(7), D; is the nonintegeffracta) dimensionality of the ag- netic field becomes strong enough to overwhelm the local
gregate. Since the bulk and the surface of a fractal object a@ipolar field at the surface of the aggregate.
not so clearly distinct, because the coordination number for a The local dipolar field lies on the substrate plane while the
random fractal fluctuates E7) is a convenient way to de- externally applied field is normal to the substrate. As the
scribe finite-size effects. Similarly, finite-size effects are ex-external field increases it forces the magnetic moments to
pected to be important for the short range correlation funcrotate and orient themselves off the substrate. The moments
tion of an aggregate. We therefore anticipate that theear the surface of the aggregate experience a weaker dipolar
correlation function follows the scaling law field, due to their reduced coordination, therefore, they are
_ - more susceptible to the external field. As a result of that,
fn=ac+t N, (8) moments near the surface of the aggregate align easier along
where the first and the second term in E&).have the mean- the field axis, thus making a positive contribution both to the
ing of the bulk and surface contributions to the correlationmagnetization l§,,>0) and the correlation functionb
function, respectively. The parameteaas, b, depend only >0). The importance of finite size effects is maximized at
on the temperature and the applied magnetic field. intermediate field values, when the competition between the
In Fig. 1 we show the dependence of the magnetizatiorexternal and the local dipolar field is the strongest. This re-
(full symbolsg and the correlation functiofopen symbols  gime is identified by the presence of a peak in the field de-
on the inverse linear sizd?g~N1’Df) of the aggregate for pendence of the surface parametegsandb, at a certain
certain values of the external field. The data in Fig. 1 ardield value (). The relative positions of the peaks I,
obtained at almost zero temperatutég-102) in order to  andb, in Fig. 2 indicate that maximum finite size effects in
maximize the ordering effects of the dipole moments and th¢he correlation function appear at higher fieldg{g~7)
magnetic field is applied normal to the substrate. Notice thathan in the magnetizationhf/g~5). In other words, the
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FIG. 2. Field dependence of scaling parameters. Full circles:

bulk magnetizationdy,), full squares: surface magnetizatidny), FIG. 4. Finite size effects in the reduced magnetoresistance.

open circles: bulk correlationa¢), and open squares: surface cor- Size of aggregates$i= 10 (triangles, N=100 (circles. Solid line:
relation (b.). Parameters: temperature 10”4, dipolar strengthy 1—(M/M,)? parabola
S .

=1.

) ) =100, in order to demonstrate the size effects on these mac-
in-plane long range order of the magnetic momentagne-  yoscopic quantities. Obviously, higher field values are re-
tization) is destroyed at weaker external fields than the Shor&]uired for the larger cluster in order to reach saturation. The
range Of}jef- . ] lack of surface effects in the zero field limit is also demon-
Knowing the field dependent scaling parameters of Edgirated in these curves. Notice also that for zero field one has
(7) and Eq.(8) one can compute the magnetization and ré4 (0)=0 and MR(0)=1—a.(0). Therefore the parameter
duced.magnetoresistance for an aggregatg of any size. Thiséﬁ(o) provides the maximum flattening of the MRs M
done in Fig. 3 for two aggregates of si2é=10 andN  paraholaFig. 4) which is caused by the dipolar interactions.
Finite size effects are rather suppressed in the MiRves,
because of the small values of the coefficibpt However,
these effects can be observed more clearly if we define the

0.5 T T T T T T T T T T T T T[4 3d e '
/,‘/:/' 4e g 1.0 normalized MR by MR=MR/MR,.y, and use the scaling
i ‘,*/.*_, . law, Eq.(8), to obtain
04 . .
e 108 N e (UINLN (VR .
i P . c nl )_1—ac(0) 1—a,(0) ' ©
DE: . ] 2
- 03 - o Ko ] 0.6 ﬁ In Eq. (9), the surface term is enhanced due to the denomi-
3 L ¥ 8 - b nator 1—a.(0), being smaller than unity. Notice also, as the
-8 ¢« 2 1 c strength of the dipolar interactions increases the value of the
o 02 r R e 104 &  zero field correlation functiom,(0) increases and the sec-
o L \‘i\c ] = ond term in Eq(9) that describes finite size effects increases.
— o . It is therefore anticipated that M\Rs the appropriate quan-
01 r : “ o 102 tity to plot in order to observe finite size effects. This is
3 g ] demonstrated in Fig. 5, where M plotted as a function of
I A o 4 the reduced magnetizatiovi/M¢. Notice that, due to dipo-
00 %Ll t 11yt LT Py 4 0.0 lar interactions, the MRvalues are always above those for
0.0 20 40 6.0 80 10.0 the superparamagnetic particlesolid line in Fig. 9. This
h behavior is due to the positive zero-field correlation function

for the dipolar particles which enters in the denominator

FIG. 3. Finite size effects in the field dependence of magnetizaMRmale—ac(O)- . - .
tion (full symbolg and reduced magnetoresistarfopen symbols In conclusion, we have studied the finite-size scaling of
Size of aggregatesd =10 (triangles, N=100 (circles. the giant magnetoresistance in a system containing self-
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wards the compact limitl);=2) and the flattening of the
MR, parabola is expected to be weaker. Thus, in monodis-
perse nanoparticle systems, where particle aggregation takes
place, the different flattening values are expected to reflect
the degree of particle aggregation.

In experiments on granular Gu,Co, samples formed by
a fast annealing process, similarly large reductions of the
zero field MR (Fig. 4) were measured by Alliat al. (Ref. 4
and attributed to solely to dipolar interaction effettslu-
merical simulation$taking into account the dipolar interac-
tions and the size distribution have predicted a similar flat-
tening of the MR curve. However, particle aggregation
during the heat treatment and the precipitation of Co par-
ticles cannot be excluded as a factor that contributes to the
MR degrade.

On the other hand, experiments with Co/Ag films grown
by cluster depositioh? have demonstrated a reduction of the
MR values from the theoretical predictions for separated and
noninteracting granules. A puzzling finding in those experi-
ments was that the degrade of the GMR effect became in-
creasingly important as the concentration of magnetic par-

. FIG. 5. Finite size effect.s in the normalizeq magnetqre§istancefic|es approached the extreme dilution lirit5 % at). It has
Size of aggregatesi =10 (triangle, N=100 (circleg. Solid line:  peen syggested that the reason for this behavior could be the
1=(M/M,)* parabola. breakdown of the self-averaging hypothe<ithat is made in
similar aggregates grown by an energy_dri\/en diffusion prolhe transport theory of random aIons. However, low concen-
cess on a substrate and we compare the scaling behavior Bation of particles is a prerequisite for the formation of ag-
the magnetoresistance to that of the magnetization of thgregates through a diffusion process driven by interparticle
same system. We have shown that the fractal dimensionalithagnetostatic interactions. Formation of aggregates with an
that characterizes the spatial morphology of the aggregates @maost linear structure, as the ones described in this work,
a suitable exponent to describe the finite size effects of botwould seriously reduce the GMR effect and could thus pro-
the magnetization and the giant magnetoresistance. We havae a possible explanation for the observed behavior. Fur-
found that strong ferromagnetic correlations exist in a systenther experiments concerning MR measurements on systems
containing chainlike aggregates of magnetic particles causzontaining magnetic aggregatds.g., frozen ferrofluids
ing a serious flattening in the zero field MR-70%). With ~ would be beneficial in order to compare directly with the
increasing particle density the resulting aggregates tend taalculations presented above.

Normalized MR

1E. Berkowitz, J. R. Mitchell, M. J. Carey, A. P. Young, S. Zhang,  (1995.
F. E. Spada, F. T. Parker, A. Hutten, and G. Thomas, Phys. ReV?K. N. Trohidou and D. Kechrakos, J. Phys.: Condens. Mdt@er

Lett. 68, 3745(1992. L255 (1998.
23, Q. Xiao, J. S. Jiang, and C. L. Chien, Phys. Rev. 168t3749 11c. C. Bezerra, J. M. de Argny C. Chesman, and E. L.
(1992. Albuquerque, Phys. Rev. B0, 9264(1999.
SE. F. Ferrari, F. C. S. da Silva, and M. Knobel, Phys. Re%68  '2F. Parent, J. Tuaillon, L. B. Stern, V. Dupuis, B. Prevel, A. Perez,
6086 (1997). P. Melinon, G. Guiraud, R. Morel, A. Barthelemy, and A. Fert,
4p. Allia, M. Knobel, P. Tiberto, and F. Vinai, Phys. Rev.32, Phys. Rev. B55, 3683(1997).
15 398(1995. 133, Rubin, M. Holdenried, and H. Micklitz, Eur. Phys. J.5B23
5D. Altbir, P. Vargas, J. d’Albuguerque e Castro, and U. Raff, (1998.
Phys. Rev. B57, 13 604(1998. 14p. M. Levy, Solid State Physicsedited by H. Ehrenreich
6M. EI'Hilo, R. W. Chantrell, and K. O’'Grady, J. Appl. Phy84, and D. Turnbull (Academic, New York, 1994 Vol. 47,
5114(1998. p. 367.
’D. Kechrakos and K. N. Trohidou, J. Appl. Phy87, 5179  '°J. I. Gittleman, Y. Goldstein, and S. Bozowski, Phys. Re\5,B
(2000. 3609(1972.
8D. Kechrakos and K. N. Trohidou Phys. Rev6B, 3941(2000.  '®X. Portier, E. Y. Tsymbal, A. K. Petford-Long, T. C. Anthony,
9K. N. Trohidou and J. A. Blackman, Phys. Rev.®, 11 521 and J. A. Brug, Phys. Rev. B8, 591(1998.

134422-5



