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Computational model of the magnetic and transport properties of interacting fine particles
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A computational model is applied to the study of the hysteresis properties of a system of interacting single
domain particles. The model is based on Monte Carlo techniques and takes into account both magnetostatic and
exchange interactions. The results presented concentrate on a detailed study of the behavior of Co particles,
with the interaction strength varied by variations in the packing density. It is found that the magnetic properties
are strongly dependent on the parameterb5KV/kT, with K the anisotropy constant andV the mean particle
volume. For smallb—i.e., close to superparamagnetic systems—the microstructure is dominated by a ten-
dency to flux closure. However, the interactions lead to an increase in the local energy barriers, resulting in an
increase inHc with packing densitye. For largeb the anisotropy and magnetostatic interaction fields become
comparable and the competition leads to a decrease in the coercivityHc with e. For intermediate values ofb
a maximum in the variation ofHc with e is predicted. The irreversible susceptibility is shown to have a
complex dependence on interactions, especially in small fields where frustration effects arising from the
competition between exchange and magnetostatic interactions are apparent. Exchange and magnetostatic in-
teractions give rise to local magnetic order which is strongly dependent on the relative strength of the exchange
interactions. The magnetic order has a strong bearing on the magnetic properties. A link is also made to the
transport properties of the system, which are dependent on a spin-spin correlation function. It is shown that
exchange interactions give rise to a significant deviation from the quadratic dependence of the giant magne-
toresistance onM2.

DOI: 10.1103/PhysRevB.65.174417 PACS number~s!: 75.40.Mg, 75.70.Pa, 75.60.Ej, 75.50.Tt
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I. INTRODUCTION

The magnetic properties of nanoscale magnetic parti
are unique in that, in this size range, energy considerat
restrict the magnetic state to a single domain in each part
The magnetization process must then involve rotation of
magnetic moment, a process which in energy terms is co
relative to domain wall motion, resulting in high coercivitie
This phenomenon was first investigated theoretically
Stoner and Wohlfarth~SW!.1 The SW model provides the
essential formalism for the understanding of the origin
hysteresis and for the effects of, for example, the orien
tional texture of the system requested by the degree of
entation of the easy axes. However, it is a static, ather
theory, the idealizations of which provide a severe limitatio
In reality magnetization reversal takes place by thermal
tivation over finite energy barriers, which leads to a tempe
ture and time dependence of magnetic behavior.

This effect was investigated by Ne´el2 who characterized
the reversal probability in terms of a relaxation time given
the Arrhenius-Ne´el law

t5 f 0 exp~2DE/kT!, ~1!

where DE is the energy barrier to rotation. The frequen
factor f 0 is normally taken to be;109 s21. By setting t
equal to the characteristic measurement timetm , Bean and
Livingston3 derived a criterion separating thermally stab
~TS! from thermal equilibrium or superparamagnetic~SPM!
behavior as
0163-1829/2002/65~17!/174417~10!/$20.00 65 1744
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DEc5kT ln~ tmf 0!. ~2!

Taking tm5100 s gives the usual criterion for SPM b
havior asDEc525kT.

The combination of the SW and Ne´el models provides a
strong framework for the interpretation of the time and te
perature dependence of the magnetic properties in terms
gradual evolution from TS to SPM behavior governed by
Bean-Livingston criterion. This gives rise to a semianalytic
formalism in terms of the energy barrier distribution, whic
provides an important framework for the understanding a
interpretation of experimental data. However, a major con
bution to the energy barriers—namely, the effect of interp
ticle interactions—cannot easily be implicitly included, e
cept as a mean-field approximation. Interparticle interacti
have an important, occasionally dominant, effect on the m
netic properties of a fine-particle system. By the nature of
systems a magnetostatic~dipolar! interaction between par
ticles is inevitable. Because this is a long-range interact
its effects cannot be neglected except at the lowest dens
In addition, there exists the possibility of exchange inter
tions between the particles. Dormannet al.4 have reviewed
the effects of interparticle magnetostatic interactions on
general magnetic properties, but most especially the lo
field susceptibility. The results are interpreted in terms of
analytical theory which predicts an increase in the local
ergy barrier due to interaction effects.5 However, there is
considerable evidence that interactions can lead to collec
magnetic behavior, with consequences which cannot be
©2002 The American Physical Society17-1
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plained in terms of simple increase of the energy barrier.
example, Morup6 finds evidence for the existence of a ‘‘su
perferromagnetic’’ state arising from magnetostatic inter
tions. The ordered state depends on the physical micros
ture of the system, which introduces the necessity
distinguish between two material types. The first of these
system prepared by the solidification of a colloidal disp
sion, either by freezing or polymerization. Here the loc
order has a form which arises from magnetostatic inter
tions and varies from flux closure structures for systems
lidified in zero field7 to large-scale chain formation in field
solidified samples.8 Tronc et al.9,10 have shown
experimentally, for a system of frozen ferrotypes, that
existence of the collective state depends on the numbe
nearest neighbors and, hence, on the preparation condit
The second type of system is a granular magnetic soli
heterogeneous alloy which can be prepared for example
sputtering11 and which consists of isolated grains of the ma
netic phase dispersed in a nonmagnetic background. S
systems exhibit interesting magnetic and transport prope
including a giant magnetoresistance~GMR!.12,13 Recent
computational studies14 have concluded that the randomne
in the physical microstructure of a heterogeneous alloy
sults in a transition to a state with short-ranged order, wh
effect on the energy barrier distribution is quite complex.

Magnetostatic intergranular interactions can be expec
to be of importance in granular magnetic solids~GMS’s!. In
the case of systems with grains dispersed within a meta
background there also exists the possibility of exchange c
pling. Because of the oscillatory nature of the exchange c
pling, this is a complex problem. It is known that the natu
of the coupling in multilayer systems can change as
thickness of the interlayer is increased. In contrast, the c
pling between spherical grains has not been extensively s
ied. However, it is known from experiment that the coupli
tends to be ferromagnetic in nature. In two-dimensional~2D!
sputtered films this is demonstrated from magnetic meas
ments and simulations.15,16 In GMS’s the recent work of
Francoet al.17 has demonstrated the presence of ferrom
netic exchange interactions and highlighted the importa
of the interplay between magnetostatic interactions and
change. The existence of a stripe domain structure in gra
lar alloys with a perpendicular anisotropy18 also indicates the
existence of a ferromagnetic intergranular exchange c
pling. Consequently, we have developed a model taking
account the intergranular exchange as a ferromagnetic t

In this paper we present a study of the magnetic and tra
port properties of a GMS with a random microstructure. T
problem has recently been studied by Kechrakos
Trohidou19 using a Monte Carlo~MC! model. These author
demonstrate that the magnetostatic interactions can intro
hysteresis effects. In this paper we study the relations
between the hysteresis and induced magnetic correlati
This provides a link to the magnetotransport properti
which are themselves sensitive to local correlations of
magnetization. We also study the effects of exchange c
pling between grains, which is a feature of a GMS with
conducting nonmagnetic background. We study the effect
interactions on the energy-barrier dispersions via the swi
17441
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ing field distribution ~SFD!. The competition between th
flux closure structures favored by the magnetostatic inte
tions and the ‘‘pseudodomains’’ favored by the exchan
coupling leads to frustration effects which are evident in
SFD.

II. DESCRIPTION OF THE MODEL

The model used takes into account the behavior of b
the thermally stable and superparamagnetic particles an
described in Ref. 20. Interactions between the particles
included via the calculation of the local field. Importantl
these interactions are responsible for coupling the SPM
thermally stable fractions. The model consists of a cubic c
of interacting single-domain particles. The microstructure
created by randomly positioning the particles within the ce
rejecting any assignments leading to particle overlap. T
particle sizes and the anisotropy fields are generated acc
ing to a log-normal distribution function. The anisotrop
easy axes have a random three-dimensional distributio
make the system comparable to granular systems.

The magnetic field that acts on each particle is the vec
sum of the applied fieldHW app and the interaction fieldHW int ,
the latter having two componentsHW dip andHW ex, the dipolar
field and the exchange coupling field produced by the nei
boring particles. The interaction field produced by thej th
particle on thei th particle is

HW i j 5
3~mW j•rW i j !

r i j
5 2

mW j

r i j
3 1Ci j HKmW j , ~3!

where Ci j represents the exchange coupling between
grains. Since the exchange coupling is not exactly kno
Ci j is an empirical parameter. In order to model the sho
ranged nature of the exchange coupling we introduce a cu
distancer exch such that ford.r exch, Ci j 50; otherwise,Ci j
5C* , whereC* is an empirical exchange field scaled wi
respect toHk . We note that the model used here has ra
domly positioned grains, and as a result, even at low de
ties there exists the possibility of statistical clustering, wh
gives rise to some degree of exchange coupling. In all
computations given here, the cutoff radius was taken as 1
of the median grain diameter.

The total local field acting on an individual particle is

HW i5(
iÞ j

HW i j 1HW app, ~4!

where the summation is carried out over all particles withi
ranger ,r max. The contribution from particles outside th
range is calculated using a mean-field approximation.

For every thermally stable particle@i.e., with KV
. ln(tf0)#, the equilibrium position of the moment in the loc
field is calculated using the Stoner-Wohlfarth1 model. How-
ever, if the SW model gives two equilibrium positions, th
moment is allowed to jump between the two positions with
probability that depends on the temperatureT, volume V,
and anisotropy constantK of the particle. The probability is
calculated using the Arrhenius-Ne´el law,2 in which the en-
7-2
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COMPUTATIONAL MODEL OF THE MAGNETIC AND . . . PHYSICAL REVIEW B65 174417
ergy barrier is calculated using a numerical approximat
due to Pfeiffer.21 If the transition is allowed, the moment i
assigned to either minimum with a probability

p5e2Ei/~e2E11e2E2!, ~5!

with i 51, 2 labeling the minima. Physically, this proce
allows thermal equilibrium to be established.

This process applies when there is a well-defined tw
state system, i.e., when the energy barrier is large eno
that the moment is constrained to lie close to one or othe
the energy minima. For smaller energy barriers (KV,3kT)
we use a standard Metropolis22 algorithm: the angles of the
magnetic moment,u andf, are modified randomly and th
differenceDE between the new energy state and the previ
one is calculated and the moment is allowed to remain in
new position with the probabilityp5min(1,e2DE/kBT).

It should also be noted that standard MC moves are
plied to the thermally stable particles~after determining the
relevant minimum! in order to model the thermal equilibrium
distribution about the energy minimum.

It is the intention of this paper to consider in detail t
bulk magnetic and transport properties of a model gran
solid. The essential link between the phenomena is a m
netic correlation length which is shown to be central to b
the magnetic and transport properties. It has been shown11,23

that the phenomena of GMR is related to the correlat
^mW 1•mW 2& between the magnetic moments of the grains. T
phenomenon results from the spin-dependent scatte
probability of electrons passing from a nonmagnetic to
ferromagnetic region~interface scattering! and also within
the ferromagnetic regions. The model considers that
probability exponentially decreases with the distance c
ered by the electrons,p5exp(2r/r0), wherer 0 , thespin dif-
fusion length, is the distance after which the probability o
the electron maintaining its initial polarization decreases b
factor of 1/e. Considering this expression for probability, th
correlation function related to the GMR becomes

^mW 1•mW 2&5

(
i 51,n

(
j 51,ni

mW i•mW ni
e2r /r 0

(
i 51,n

(
j 51,ni

m i•mni

, ~6!

wheren is the total number of particles in the system andni
is the number of neighbors considered for thei th particle.

The paper presents a series of calculations of the b
magnetic properties, with the aim of investigating the effe
of both dipolar and exchange interactions.

It is inferred from these data that correlated areas of m
netization develop, especially under the influence of
change interactions. Transport properties are describe
Sec. III D using the simple model outlined above. It is sho
that the deviation from the parabolic dependence of GMR
M is predominantly due to interparticle exchange coupli
This leads to local ferromagnetically ordered areas lar
than the spin diffusion length.
17441
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III. RESULTS AND DISCUSSION

All the calculations were made using a primary cell co
taining 5000 particles. The easy axes of the particles
randomly distributed. The particle diameters and size dis
bution ~assumed lognormal! were usually kept constant with
a median diameter ofDm5150 Å, a standard deviation o
ln(D)50.1, andMs51400 emu/cm3, corresponding to bulk
Co. We examined the effects of both dipolar and excha
interactions on the magnetization process as well as the
fect of the anisotropy constant. Dipolar interactions were
cluded in all the calculations, and when required, excha
coupling between grains was introduced by means of an
change constantC* 50.3, which corresponds to a strong
exchange coupled system. In order to vary the interac
strength the packing density of the system was varied.
packing density of the systeme is the volume fraction of
magnetic material in the cell.

A. Magnetization and remanence curves

Figure 1 introduces the effect of different anisotropy.
the presence of exchange interactions and for a higher
isotropy constantK543106 emu/cm3 the remanence in-
creases with concentration due to the increase in the en
barrier. For lower values of the anisotropy constant th
calculations show an initial decrease of the remanence
low concentrations (e50.001,0.1,0.2), followed by an in
crease in the remanence value for high packing fracti
when exchange interactions are effective. For low Co c
centrations, the particles are not close enough to experie
exchange interactions, allowing the longer-range magn
static interactions to dominate; at higher concentrations,
exchange interaction acts to keep the magnetic moment
the particles aligned to reduce the exchange energy.

For the case of zero-exchange coupling, the remane
decreases monotonically withe for all values ofK. This is in
contrast to 2D simulations, as Ref. 24, and indicates the p
ence of strong demagnetizing fields. It might be expec
that the presence of competing dipolar and exchange in
actions would have some effects of frustration on the m

FIG. 1. Normalized remanence for different concentrations a
function of anisotropy constantK and exchange parameterC* .
7-3
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VERDES, RUIZ-DIAZ, THOMPSON, CHANTRELL, AND STANCU PHYSICAL REVIEW B65 174417
netic properties. This is apparent in the minimum in the
manence predicted in Fig. 1 forK523106 emu/cm3: at
low density the average particle separation is too large
relation to the cutoff of the exchange field to have an app
ciable effect: hence, the low-density behavior is domina
by the dipolar interactions. At higher densities the excha
begins to dominate, leading to a predicted increase in re
nence. At larger values ofK the minimum vanishes and
monotonic increase ofMr with e is seen. This is because
first, the large anisotropy mitigates against the formation
closed loop structures, leading to a relatively slow decre
in remanence. Second, it should be noted that in the calc
tions here the magnitude of the exchange field scales
Hk ; thus, the magnitude of the exchange field relative to
dipolar interactions is larger for largeK.

Figure 2 shows the decrease of the coercivity with
packing fraction. For the case of dipolar interactions on
this decrease arises because the dipolar interactions favo
demagnetized state.19 When we add exchange, we see a mo
rapid decline in the coercivity with concentration, due to t
onset of collective magnetization reversal.16 In 2D simula-
tions such as those given in Ref. 16, exchange results
large degree of correlation. In our case the correlation fu
tion lengths are relatively small, due to the low packing de
sity and the spatial disorder. However, there remains a str
tendency for the formation of flux closure configurations u
der the influence of the magnetostatic interactions, leadin
a short-ranged order. The exchange interactions give an
hancement of the remanence. However, the predicted hy
esis loops are significantly less square than the 2D case
similar parameters, suggesting that collective reversal is
important. We ascribe this to the spatial disorder which w
naturally limit the correlation length, as will be discuss
later.

The effects of interactions on superparamagnetic syst
are somewhat complex in their dependence one andK. Fig-
ure 3 shows the remanence of a system of particles wi
lower median diameterDm530 Å to illustrate the effects o
the superparamagnetic particles in the system. It is impor

FIG. 2. Coercivity for different concentrations as a function
anisotropy constantK and exchange parameterC* .
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to note that, although the SPM fraction is treated separa
it is linked to the ferromagnetically stable fraction via th
dipolar and exchange coupling. For these systems un
those in Fig. 2, the remanence increases for both case
dipolar only and dipolar and exchange interactions. For
case of dipolar interactions only, for small concentrations
particles do not experience any interactions and the re
nence is equal to zero, as expected for behavior of S
particles. When we increase the concentration, the parti
start to experience the magnetic interactions of the surrou
ing particles. A study by Dormannet al.4 shows the addi-
tional energy barrier due to dipolar interactions. Because
this, some of the SPM particles become blocked, leading
an increase in remanence, and consequently our predic
are in this sense supportive of the model of Dormannet al.

B. Switching field distributions

The effects of interactions on the energy barrier distrib
tion are evident in the switching field distribution, which is
measure of irreversible magnetization changes. Here the
is calculated as the differential with respect toH of the dc
demagnetization remanence curve. This is obtained by ap
ing a negative field to a system initially in the saturat
remanent state, following which the field is removed. T
resulting remanenceI d(H) is conventionally plotted as a
function of H. An important related quantity is the rema
nence coercivityHr , which is the field for whichI d50.

Figure 4 shows the SFD, considering only dipolar int
actions for a low-anisotropy constant ofK52
3106 emu/cm3. For the noninteracting case, we can see t
almost all the particles start to rotate at the same field wit
small distribution due to the distribution of particle size
The smaller particles rotate earlier due to the lower-ene
barrier, which is proportional toKV. As the Co concentration
is increased, the dipolar interactions spread out the SFD
the shape of the curve becomes more asymmetric. F
comparing Figs. 1 and 4 we observe that the dipolar inter
tions favor the demagnetized state, but make the rotatio
the particles towards negative saturation more difficult. T
is consistent with the formation of flux closure structure
The model of Dormannet al.4 gives rise to a net increase i

FIG. 3. Remanence for smaller values ofKV/kT showing an
increase in irreversible behavior with concentration.
7-4
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COMPUTATIONAL MODEL OF THE MAGNETIC AND . . . PHYSICAL REVIEW B65 174417
the mean energy barrier evidenced by the shift in the pea
larger negative fields. Clearly, the change in width of t
energy-barrier distribution implied by the increased width
the SFD is also an important factor and is not predicted
the model of Dormannet al. Essentially, the model of Dor
mann et al. uses an averaging technique to determine
change of mean energy barrier and ignores the fluctuation
the local environment of each particle. The increase in wi
of the SFD arises from the local fluctuations, which a
clearly an important aspect of the physical description of
problem.

We are also interested in the study of the effect of
anisotropy on the switching field distribution. We have n
ticed significant variations in the SFD when we increase
anisotropy constant value. Figure 5 shows the SFD for
case with no exchange interactions for a value ofK54
3106 emu/cm3. The high-anisotropy constant resists the f
mation of flux closure loops, preventing the rapid demag
tizing seen in Fig. 4 for the case without exchange inter
tions. This results in a more symmetric and broader S
whose peak position is shifted to higher fields due to

FIG. 4. Normalized switching field distribution as a function
concentration for a system with magnetostatic coupling only. In
vidual curves refer to different packing densities, as given in
legend.

FIG. 5. Normalized switching field distribution as a function
concentration for a system with magnetostatic coupling only
systems with large anisotropy. Individual curves refer to differ
packing densities, as given in the legend.
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higher anisotropy. It is interesting to note that the SFD h
become very broad and flat in this case. This is indicative
a very wide dispersion of energy barriers, perhaps resul
from the appearance of a large number of shallow lo
minima resulting from the competition between the anis
ropy and the magnetostatic energy. The magnetization re
sal then proceeds via a number of intermediate states de
by these minima. These results are consistent with prev
work on the initial susceptibility of interacting fine particl
systems14 which showed that at high density the variation
susceptibility with temperature becomes very flat, again
dicative of a very wide energy barrier distribution. We ha
also carried out some initial calculations of the time dep
dence of the magnetization~to be published separately!
which are also consistent with the existence of an ene
surface with many small local minima.

For the case of low anisotropy, in the presence of
change as shown in Fig. 6 there is remanence enhance
due to exchange. However, the SFD in small negative fie
is not significantly different from the case of magnetosta
coupling only. This is not consistent with the expected eff
of exchange being to stabilize the magnetized state. The
anisotropy cannot stabilize the remanent state and the
dency to flux closure due to the magnetostatic interaction
the most significant factor as the field is made more negat
We note that the low-anisotropy case exhibits less coop
tive reversal as evidenced by the long tail in the SFD in la
fields. This suggests that coupling has a dramatic effect
the dynamic behavior of the system, the frustration aris
from competition between the dipolar and exchange inter
tions. This same competition results in the dip observed
the remanence as a function of packing fraction for the sa
value of anisotropy constant shown in Fig. 1.

Figure 7 shows the same system with strong excha
coupling, but this time with the higher-anisotropy constant
K543106 emu/cm3. Once again, for small concentration
the dipolar interactions dominate, but when we increase
concentration the cooperative effects due to the excha
interaction become significant and the remanence coerc
decreases. In negative fields, particles of smaller size
anisotropy start to rotate first, with strong coupling to oth
particles producing cooperative demagnetization. The ef

i-
e

r
t

FIG. 6. Normalized switching field distribution as a function
concentration for a strongly exchange-coupled system. Individ
curves refer to different packing densities, as given in the legen
7-5
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VERDES, RUIZ-DIAZ, THOMPSON, CHANTRELL, AND STANCU PHYSICAL REVIEW B65 174417
is more pronounced for the case of strong dipolar and
change interactions. We can also observe that initially
SFD becomes wider, due to the dispersion in the local fi
when we increase the concentration. As the concentratio
increased, the exchange becomes more important, and t
after the increase of SFD in small fields is less pronounc
The exchange energy tends to maintain the alignment of
moments; this leads to a large gradient of the SFD in la
fields, as once the field overcomes the energy barrier, co
erative rotation occurs.

C. Dependence of coercivity onKVÕkT

To see the effects of the temperature in a system w
dipolar interactions only, we have plotted the coercivity a
function of concentration for different temperatures in Fig.
For low temperatures the coercivity decreases with the c
centration. Even when the particles are very small, if
temperature is low enough, almost all the particles
blocked. In this case we expect behavior similar to that
Fig. 2 in which the coercivity decreases with concentrati
If we increase the temperature to 100 K, all the partic
become SPM and the coercivity increases with packing fr

FIG. 7. Normalized switching field distribution as a function
concentration for a system with magnetostatic and exchange
pling for systems with large anisotropy. Individual curves refer
different packing densities, as given in the legend.

FIG. 8. Coercivity as a function of packing fraction showin
three regimes of behavior dependent onKV/kT.
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tion. Mørup demonstrates that in samples of fine partic
the dipolar energy becomes comparable to the thermal
ergy and therefore the particles start to block.25 For small
concentrations, the particles do not interact and the beha
is purely superparamagnetic with zero coercivity. As the p
ticles become closer, the dipolar interactions start to be
portant and block the moments, generating a coercivity.
an intermediate temperature of 10 K the coercivity is co
stant with packing fraction.

The variation of the coercivity for different concentration
is plotted in Fig. 9 for small particles and a small value of t
anisotropy constant. These data exhibit a maximum wh
we ascribe to the competition of two different processes.
low concentrations the particles are superparamagnetic, b
we increase the concentration and thereby the dipolar in
action, then the particle moments begin to block. If we ke
increasing the concentration, the interactions become m
important, and leading to longer-range correlations, spe
cally, the magnetostatic interaction produces flux clos
loops which decrease the coercivity as can be seen for
case of blocked particles. Clearly, the effects of interactio
on the properties of granular systems are highly comp
The model of Dormannet al.4 predicts a monotonic increas
of energy barrier with interaction strength. However, Figs
and 9 indicate that the model of Dormannet al. cannot be
applied under all circumstances, since it would be expec
to lead to an increase ofHc with interaction strength. It can
be seen that an increase inHc with interaction strength is
only reserved for weakly interacting systems having sm
values ofKV/kT, in which the energy barriers arise princ
pally from interactions. The maximum observed in Fig.
suggests that the transitions to an ordered state, leading
erally to a reduced coercivity, cannot be neglected in pr
tice. We also note that Kechrakos and Trohidou19 have ob-
served a similar peak in the coercivity as a function
concentration for a system withK50. Here we have demon
strated that the important factor isKV/kT. In order to ob-
serve the peak experimentally it is necessary to study a
tem with KV/kT small enough to be predominantl
superparamagnetic, but of sufficiently large moment so t
the magnetostatic interactions are strong at high densitie

u-
FIG. 9. Coercivity as a function of packing fraction for a syste

with small KV/kT. The peak reflects a slow transition to a syste
with local magnetic order.
7-6
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Evidence for the existence of correlations can be obtai
by investigating a correlation function of the form

j5^mW 1•mW 2&. ~7!

j is clearly dependent on the position relative to the part
under consideration. Here we determinej in a coordinate
system based on the magnetization direction of the par
under consideration. By this meansj becomes sensitive to
local anisotropies in the magnetic microstructure such
closed loop configurations which would be averaged ou
the global coordinate system.

Figure 10 gives the radial and angular dependence of
correlation function for a system with magnetostatic inter
tions only, forK523106 erg cm23, T54 K, ande50.4. It
can be seen that the system is strongly correlated wit
correlation length of a few particle diameters. Equally imp
tant is the form of the correlation function, which is cons
tent with the existence of flux closure configurations. S
cifically, we note the strong angular dependence ofj for
small separations. The strong correlations occur along
local magnetization direction, with smaller, negative, valu
at an orientation perpendicular to this direction, as would
expected for magnetostatically induced clusters. The corr
tion function for a system with the same parameters, but n
including strong exchange coupling, does not show the
isotropy evident in Fig. 10. This is a result of the exchan
coupling which leads to short-ranged ferromagnetic ord
The difference in the form of local order between the tw
cases is demonstrated in Fig. 11, which shows the ra
dependence of the correlation function for orientations p
allel (u50) and perpendicular (u5p/2) to the local magne-
tization. In the case of the magnetostatically coupled sys
the angular dependence is dramatic, with strong positive
relation parallel to the magnetization direction and a wea
negative value perpendicular, which is to be expected gi
the form of the dipolar magnetostatic interaction. The beh
ior of the exchange-coupled system shows stronger corr
tions and the~isotropic! form of the correlation function is
again consistent with the form of the exchange interacti

FIG. 10. Radial and angular dependence of the correlation fu
tion for a system with magnetostatic interactions only.
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The magnetostatically coupled system shows a rapid
crease inj with distance foru50, which indicates that the
order in this case is either in the form of correlated parti
pairs or that the flux closure structures have a small rad
The variation foru5p/2 is less pronounced and indicate
negative correlations out to several particle diameters, wh
is consistent with the formation of clusters or, in the case
particle pair formation, is indicative that the pairs order a
tiparallel under the influence of the magnetostatic inter
tion. As mentioned previously, the correlation length,
around two particle diameters, is rather small, which presu
ably reflects the disordered physical microstructure. Th
results are consistent with the experimental data of Fra
et al.17 Here measurements of the parameterDM (H), de-
rived from a comparison of the principal remanence curv
demonstrate a change from predominantly magnetostatic
teractions to~ferromagnetic! exchange interactions with en
hanced remanence as the exchange between grains i
creased by annealing.

Clearly, there is strong evidence for short-ranged corre
tions in the system, whose form depends on the strength
form of the intergranular interactions. These correlatio
have a direct bearing on the magnetic properties. In addit
the transport properties of the system themselves are de
dent on local correlations, and so we conclude this stu
with an investigation of the effects of correlations on t
GMR.

D. Transport properties

The spin-dependent transport properties are studied
the spin-spin correlation function@Eq. ~6!# according to the
theory of Gittlemanet al.26 This has been evaluated by ca
culating the average spin-spin correlation function for t
magnetization at a given field. We calculated the correlati
within a cutoff distance corresponding to twice the spin d
fusion length which in this case was 1.5Dm . Clearly, the
GMR is a macroscopic reflection of the micromagnetic c

c- FIG. 11. Radial dependence of the correlation function for o
entations parallel (u50) and perpendicular (u5p/2) to the local
magnetization. The data refer to systems with magnetostatic
pling only and with both magnetostatic coupling and exchange
7-7
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relations considered at the end of the previous section. H
ever, we stress the difference between the correlation fu
tions described by Eqs.~6! and ~7! in that the former is
restricted in range by the spin diffusion length, which is
factor which must be considered in relating the GMR to m
cromagnetic correlations. The calculated MR curves at
ferent concentrations for the dipolar-only and dipolar a
exchange cases show a form similar to that observed ex
mentally. The experimental data given in Ref. 11 for Co-
films show dramatically different behavior for films wit
packing densities ofe50.3 and 0.5. The lower packing den
sity shows a GMR which is close to quadratic inM, whereas
the higher packing density shows strong deviations fr
quadratic behavior. This change is accompanied by a cha
in character of the magnetic behavior from essentially sup
paramagnetic to ferromagnetic behavior at the higher den
dominated by the properties of quasidomains formed by
intergranular exchange coupling. This behavior~including a
reduction in the absolute magnitude of the GMR! is perfectly
consistent with our model calculations and the conclus
that the GMR is reduced in strongly ferromagnetically c
related systems.

Here we characterize the form of the GMR curves us
the maximum height of the GMR curve and a ‘‘linewidth
given by the field width at half the maximum height of th
GMR curve. The GMR can be used as a measure of
degree of local correlation in the system. For dipolar int
actions only, the maximum value of the magnetoresistanc
near the coercivity value in agreement with experime
There is a small increase in the GMR when we increase
concentration. This is due to two reasons: first becau
when we increase the concentration, the grains are close
more scattering events can occur. Second, the dipolar in
actions encourage the formation of flux closure loops, wh
increases the magnetic disorder of the system. On the o
hand, we observe an increase in the linewidth, which me
that we have more disorder at higher fields. This local dis
der increases the spin-dependent scattering and increase
resistance. The effect of the exchange interactions is to
rise to a decrease in the magnetoresistance with conce
tion. This supports the theory of cooperative effects betw
neighboring grains which experience exchange coupl
The local alignment of the grains is detrimental to mag
toresistance because it reduces the magnetic disorder an
spin-dependent scattering of the electrons.

In order to quantify this behavior we consider first t
variation of the magnetoresistance ‘‘linewidth’’ with conce
tration for different anisotropy constants and coupling
shown in Fig. 12. For the case of dipolar interactions only
observe an increase of the linewidth with concentration. T
ing into account that the GMR is a measure of the misali
ment of the grains in the cell this means that spin-depend
scattering starts at lower fields. For the case of exchange
GMR linewidth decreases with concentration because
moments of the particles are aligned. The peak height of
GMR can be seen in Fig. 13 where the GMR can be see
decrease when increasing the anisotropy. A system wi
large value of anisotropy is less mobile, which means t
there is less disorder on the local scale defined by the
17441
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diffusion length. We can also observe that the GMR hei
increases for the dipolar interactions when we increase
concentration. For the case of exchange interactions we
observe a decrease in the height of the peak when we
crease the concentration due to the correlation in the sys
between the magnetic moments of the particles. Finally, F
14 shows the GMR peak height versus the reduced ma
tization, which is given byM /Ms . The exchange interac
tions result in a reduction of the GMR and a deviation fro
the theoretically predicted parabola. If the moments withi
radius drawn out by the spin diffusion length are correla
due to exchange, then there will be little or no spi
dependent scattering and hence no GMR. This is evide
for cooperative reversal.

IV. CONCLUSIONS

In this article we have studied the effect of both dipo
and exchange interactions on the remanence, coerci
switching field distribution, and giant magnetoresistance
different concentrations and anisotropy constant. The mo
system consists of randomly situated fine particles of
with uniaxial anisotropy.

FIG. 12. GMR linewidth as a function of anisotropy constan

FIG. 13. Maximum GMR as a function of concentration f
different anisotropy valuesK and exchange constantC* .
7-8
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The results suggest that in the absence of exchange i
actions, the system is dominated by the formation of clos
vortex structures due to magnetostatic interactions. The
sure structures generally favor the demagnetized state
increase the magnetic disorder. As the packing fraction—
hence the magnetostatic interactions—is increased, the re
nence and coercivity therefore decrease and the GMR
creases. The SFD reveals a rapid demagnetizing proces
lowed by a slower approach to negative saturati
producing an asymmetric curve. The presence of local in
actions also has the effect of broadening the SFD and G
curves.

A strong particle anisotropy mitigates against the form
tion of these closure loop structures, thus adding extra ine
to the reversal process. An increase in the anisotropy c
stant therefore results in a higher remanence and coerc
and lower GMR. As the rapid demagnetizing is mitigate
the SFD becomes broader with increasedK and more sym-
metrical.

For superparamagnetic particles with zero remanenc
the noninteracting case, the increase in packing fraction
the onset of interaction effects represent an increase in
energy barrier, which results in an increase in remane
This interdependence of the effect of interactions with
value of KV/kT was demonstrated by investigating th

FIG. 14. GMR vs reduced magnetization as a function of c
centration for an exchange coupled system withC* 50.3.
Se
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variation of coercivity with packing fraction for three differ
ent temperatures representing three different values
KV/kT. For the superparamagnetic case the coercivity
creases with dipolar interactions; for the blocked case
coercivity decreases, and an intermediate temperature ca
found where the coercivity remains constant with increas
packing fraction. Similarly, a system with low anisotrop
which is superparamagnetic at room temperature with z
coercivity will become increasingly blocked as the packi
fraction is increased due to the increase in energy bar
caused by the increasing interactions. However, as the p
ing fraction is increased still further, flux closure structur
are able to form which have a demagnetizing effect, even
ally depressing the coercivity.

The introduction of short-range exchange interactio
typically results in alignment of the particle moments a
encourages cooperative reversal. This also tends to incr
the size of the vortex structures. The tendency for lo
alignment results in an increased remanence and the c
erative reversal in a decrease in the coercivity. Both featu
result in a reduction in the GMR and its linewidth. As th
exchange interaction is a much shorter range force than
magnetostatic interactions, there is some competition
tween these effects as the packing fraction is increased a
system that was dominated by dipolar interactions beco
increasingly influenced by the exchange field. This can
seen in the dip of the remanence as a function of pack
fraction curve and in the SFD. In particular, the remanen
decreases relatively rapidly in small fields, which is not co
sistent with the expected effect of exchange coupling in s
bilizing the magnetization. This indicates the importance
the competition between magnetostatic and exchange
pling which leads to a decrease in local energy barriers
the effects of frustration. The computations indicate that e
in the relatively disordered systems studied here there
significant correlations at the micromagnetic level whi
must be considered in interpreting the magnetic and trans
properties of the systems.
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