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Dipolar interaction and magnetic ordering in granular metallic materials
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The coupling between magnetic clusters in granular metals is investigated assuming a classical dipolar
interaction to couple the clusters. It is shown that in general the dipolar interaction energy is well described by
replacing the clusters by an effective magnetic moment located at the center of mass of the cluster. The
magnetization and reduced magnetoresistance of these systems are described as a function of an external
magnetic field for a variety of cluster distributions. An experimental design that yields a system with high
reduced magnetoresistance is sugge$®d163-18208)00521-9

I. INTRODUCTION tent with experimental data, the dipolar interaction is the
dominant oné.

Magnetic coupling between low-dimensional systems has In this work we use a simple model to study the coupling
been a subject of interest in recent years, due to the intereddetween magnetic clusters. We demonstrate that, to a very
ing basic properties they exhibit. In particular, the couplinggood approximation, we can replace each cluster by an ef-
of ferromagnetic clusters embedded in a metallic matrix hagective magnetic moment, when dipolar interactions are con-
generated considerable interest because these clusters gigered to couple the clusters. Within this approximation, we
easy to obtain in ribbon form and are characterized by affvestigate the magnetic field dependence of the magnetiza-

isotropic giant magnetoresistané&MR) effect! even at tion an(_j magnetoresistance of granular materia_ls. Our ap-
room temperature. proach is based on a Monte Carlo simulation, which enables

For these systems, the field dependence of the resistivityS t© determine the dipole-dipole correlation as a function of
is interpreted by means of a spin-dependent scattering 6i" externally applied magnetic field. Finally, we study the
conduction electrons? In such a model. the resistance is 'educed magnetoresistance and magnetization of a possible
higher when the magnetic moments of neighbor clusters argXPerimental setup, where a large GMR effect can be ob-
not aligned, and the effect of the magnetic field, which alignd@ined, providing a good candidate for the design of elec-

the magnetic moments, increases the magnetic orderin§©nic devices.

hence decreasing the resistance of the sy$t&mother ex-

planation fo_r the GMR effect i'n granular_systems was pro- Il. MODEL AND CALCULATIONS

posed by Kimet al.®> who considered the interplay between

the interfacial potential barrier and the dipole-dipole scatter- We consider a single domain clusterdfmagnetic atoms

ing, without requiring a spin-dependent scattering. embedded in a nonmagnetic metallic matrix. The magnetic
All existing theories, which do not consider any magneticatoms are supposed to carry the same localized magnetic

interaction between the clusters, assume a dependence of ti‘mmentn?i = m and are coupled, via a dipolar interaction,

fractional magnetoresistanc&R/R as a function of the with a single magnetic momen],, located outside the clus-

. - 6 .
square of the reduced magnetizatibiiM,” whereMs is o1 byt also within the nonmagnetic metallic matrix. This
the saturated magnetization. However, experimental resultsiaraction is simply given by

show clear deviations from this predicted behavior at any

field strengths, providing evidence for magnetic correlations N e - e

among the clusters’® These magnetic correlations arise m; - m;—3(m;-n;)(m;-n;)

from a long-range interaction among moments and two Edipzzl 3 ' @
mechanisms have been proposed to account for this cou- '

pling: Ruderman-Kittel-Kasuya-Yosid&®KKY ) and dipolar . . _ .
interactions. However, we have recently demonstrated tha¥herer; is the distance between the magnetic montent
for clusters whose sizes and spatial distributions are consistnd the magnetic momenbf the clusterm; , andn; denotes
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a unit vector along the direction that connects the magnetic 0.6

momentsrﬁ, and rﬁi . The sum is carried out over all mag-
netic atoms in the cluster.
Considering that the cluster is far enough from the mag-

netic momenﬁn , We can make a second order expansion in
Sri, wherer;=R+ 6r;, R is a vector that connects the mag-

netic momenim, with the center of mass of the cluster, and %
5Fi connects the center of mass of the cluster with the mag- ém
netic momentn; = m. The sums involving first order terms WS
in 5Fi /R are zero, because they involve precisely the defini-
tion of the center of mass of a system themselves. Then,
considering only second order terms éﬁi/R, we can ap-
proximate Eq(1) by
Egip=N il -3m| —3N (m|-n)(3m,-n) 24 2|6 2|8 30
R R R(A)
3 N e e s o (rﬁ, . rﬁi)giz FIG. 1. Dipolar interaction energy as a function of distance be-
_gizl [(ml “€)(M;- &)+ T} tween the centers of mass for two spherical clusters of 446 atoms

each. The continuous line shows the exact results, whereas the dot-

15 N ted line shows the approximate result obtained by evaluating Eq.
= {(ﬁ' &) (M -N)(My- &)+ (- &) (M- ) (3). The inset is a schematic view of the considered system.
R3=1 . . . .
' dipole interaction, whereas the RKKY one is lower by a
(mMy-m)(R- )2 (rﬁ,ﬂ)(rﬁ--ﬁ)? factor of 10. In this analysis we considered Co-Cu granular
(M=) + — : ! ' systems coupled by a dipolar interaction, neglecting the
(m;-n) 5 5 ystem: pl y p _ g9 g
RKKY interaction. Because the spatial arrangement of the
105 clusters in ordinary granular materials is distorted, we have
__52 (- R (M- A)(R-€)2 ) randomly displaced the positions of the atoms with respect to
2R5i ! ! v the lattice sites according to a Gaussian probability distribu-

. . . tion, with zero average and @& of standard deviation, in

Here we use the notation=R/R ande; = or; /R. Inspecting  each spatial direction, whemg, is the lattice constant.
Eq. (2), we notice that it includes factors that depend on the
geometry of the cluster itself, in the form of the sum of the lIl. RESULTS AND DISCUSSION
squared distances of the individual magnetic moments to the
center of mass of the cluster. These second order contrib
tions can be neglected for distandegreater than the size of
the cluster. In this case, it is possible to replace the cluster by
an effective magnetic moment located at its center of mass,
and whose magnitude is equalkom,, whereN is equal to
the number of atoms of the cluster.

It is straightforward to generalize the above situation if
we consider two interacting clusters, where each one is
replaced by an effective magnetic moment at its center of

Figures 1 and 2 illustrate results obtained for the dipolar
Lé'nergy interaction between two clustésggle magnetic do-

" : ; : >
mass. Moreover, for conditions consistent with experiments 2
concerning geometry of clusters and relative distances g
between thenl,second order terms, as given by E#), can Q® -1,
be neglected. Then, it is possible to aproximate the dipolar
interaction between two clusters by replacing each one by an
effective magnetic momed; , located at its center of mass,
with magnitude equal td\;m;, wherei=1,2, represents
cluster 1 and 2, respectively, ah{ is the number of atoms
in clusteri. This yields ' | T | T

28 32 36 40
e _[MaMp=3(MyR) (M, ) - RA)
die RS ' FIG. 2. Dipolar interaction energy as a function of the distance

between the center of mass for two cubic clusters of 647 atoms
Earlier we demonstrated for nearly spherical single mageach. The continuous line shows the exact results, whereas the dot-
netic domain clusters that N is chosen approximately as a ted line shows the approximate result obtained by evaluating Eq.
thousand atom$,the dominant interaction is the dipole- (3). The inset is a schematic view of the considered system.
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maing when we replace both by an effective moment locateda better quantitative fitting to experimental results. However,
at the center of mass of each cluster, compared with the exait this work our attention was focused on the effect of the
results obtained evaluating E@l). In both cases we used dipolar interaction between grains on the magnetic response
m;=1ug, assuming that the magnetization of every atom ofof granular systems, and we will show that it is possible to
Cois 1.Qug, as stated by Duc and Oathand we fixed the obtain a very reasonable fitting considering only single mag-

moments of the left cluster to lie in tRd10) direction. The netic domain clusters. Following our model, we will replace
magnetic moment of the right cluster it found by minimizing €ach cluster by an effective magnetic momgntocated at

the interaction energy. Figure 1 corresponds to results od!S respective center of mass. For simplicity, though it's not

tained for two spherical clusters, 446 atoms each, in a fcecessary, we consider all the clusters with the same number
structure with a lattice parameter of 3.6 R.is the distance of atoms. o .
between the centers of the spheres, and increases along t The reduced magnetization (average magnetization per
X . P UM : 9 Q?e) of the system is defined as
line that joins these centers, ti§&00) direction. Figure 2
illustrates results of the interaction of two cubical clusters, |=m|
each one of 647 atomR is the distance between the centers = %
of mass of both clusters and increases along 1i€) direc- -
tion. This quantity varies froom=0, when all the effective mo-
It is worth pointing out that recent experimental resultsments are randomly oriented, to=1, when all dipole mo-
for melt spun granular Gu,Ca, alloys' indicate that Co ments are perfectly aligned. The latter occurs when a strong
clusters with 16— 10> atoms have approximately spherical external magnetic field is applied to the system.
shape, diameters ranging from 2.5 to 7.5 nm, and are 50 The resistance of the system, as a transport property, de-
—150 A apart from each other. Therefore, we can conclud¢gends on the mean free pathof the electrons in the mate-
from these figures that replacing the clusters by these effedial, which defines the extension of the correlation between
tive moments is a good approximation if we perform simu-regions in our systerit. Considering the spin dependent tun-
lations for similar systems of different shapes. The approxifneling probability and ignoring scattering within the grains, a
mation given by Eq(3) is very useful and allows us to study simple expression for the reduced magnetoresistancan
many interacting single magnetic domains. be obtained:
Aiming to elucidate if it is possible to enhance the GMR
effect, we studied magnetic granular systems composed by a
numberN, greater than 100, of single domain clusters. Here,

we are concerned with the magnetic field dependence of the

resistance, within a simple model, where only the relative 1€7€:¢i  iS the angle betweep; andp; , and the average of

orientation between the magnetic moments of the clusters €S iS taken over all clusters that are within a distarice

: : ; : P ; ; h other.
considered, ignoring scattering within the grains. It is clear®' €ach C _ _ _ . .
that a microscopic theory of transport would necessarily con- The dipole-dipole correlation and its behavior for differ-
sider the spin-dependent scattering mechanism, and then, §iit values of\ were investigated by Varga al,™ consid-

addition, the particle size distribution and shape anisotrop§'ing No other sources for blocking than the dipolar interac-
of the grains would have to be included. It is well known thatton itself. The reduced magnetoresistance was studied as a

it is difficult to estimate the real distribution of grain sizes. function of the electronic mean free pathin 2D and 3D
However, recent reports on the manufacturing of Co-A syste.ms. We demonstrated_ that th_e flattening of the magne-
granular films prepared by low energy cluster beamtoresistance curve at _Iow fields arises from _the short range
deposition! show that the grain size distributions can be férromagnetic correlation among the magnetic grains.

very narrow (1 nm) around the mean grain diameter In our present_model, we considered 2D and 3D cqmpact
(=3 nm). Also for Co-Cu systems obtained by planar flow &Tays of magnetic clusters, each comppsed of approxmately
casting on a Cuzr wheel, the diameter of the grains is estit000 atoms, represented by an effective magnetic moment
mated to vary between 2.5 and 7.5 hArklence, the size wi. The positions of the moments in the following two sys-
dispertion is in general no greater than 100% around th&ms under consideration have been determined according to
mean grain diameter. For such grain size distribution wehe following prescription. The effective magnetic moments
have made calculatiolfsthat reveal that, within our model, Were initially located on the sites of either a squéb case

the main effect of considering a broad distribution in theor cubic (3D casg lattice, with a lattice parameter equal to
grain size of a disorder system is a small broadening of th@0 A, which corresponds to the average distance between
reduced magnetoresistance as a function of the external mafgrromagnetic Co clusters embedded in a Cu mattiaw-

netic field. The effect of the particle size distribution on theever, in order to simulate real systems, we have randomly
magnetoresistance, without considering dipolar interactiongisplaced the positions of the effective moments with respect
among the grains and based upon the theory of Zhantp the lattice distribution, as described above. The results
and Levy? has been extensively studied by Ferrarial’®  illustrated in Figs. 3 and 4 were obtained with=280 A,
However, they included a very broad logarithmic size distri-according to experimental evidente.

bution to notice some effect. Also there is some evidence of Given the position of the clusters in space, the energy of
spin disorder in the surface of the graiisThis effect, and the system can be written as

also spin anisotropy, would give rise to higher saturation N

fields than Fhe ones_obtained within our model, and woulld E{rﬁl- ) 'rﬁN,é}ZE Eij_z rﬁ,—-é,

have to be included in further calculations in order to obtain %] i=1

AR
?) =1—(cog6ij)), - (4)

r
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1.0 Figure 3 shows results for a 3D system of 437 magnetic
oy clusters when an external magnetic field is applied in the
B S (100 direction. The upper panel illustrates results for the
AR reduced magnetoresistance, and the lower one depicts the
(?) 05— % hysteresis loop. We can see a small coercive fielg~0.17
r P ‘3;;. KOe) and also very small residual magnetizatidh, ¢ 6%).
’ "3.;:&. The inset of the lower figure illustrates the usual definitions
M"’ M of the coercive fieldH., and residual magnetizatioh, .
?-8 . . . . f . . The system described correponds approximately to a
' g,./""’m Cuy/Co; alloy, with a saturated magnetization of Zg9Qper
3 cluster and then, equal to 2 emu/g, a value that is reached for
& an external field of approximately 7 KOe. These values are
f very close to the results illustrated by Xiaval.” in Fig. 1,
o for Cug,Coy alloys, and also to the results illustrated by
Allia et all in Fig. 2, for CusCos systems. This fact indi-
e cates that, in our model, the magnitude and distances among
1.0 . M : : : : dipoles are adeguate for studying .real .syst.ems. According to
10 5 0 s 10 Gitelemanet al.,” the alloy resistivityp is given byp=pq
H (kOe) —K{ cos%), wherepy and k are constants that depend on
the material and temperature. ForddDio,o alloys atT=4 K,

FIG. 3. Reduced magnetoresistaritz half and reduced mag- the values commonly acepted Hre¢o=11 xQ cm and«
netization(bottom halj as a function of applied external field, fora =3 w{) cm. Also, from the definition of the reduced mag-
3D system of 437 single magnetic domains. The inset in the bottonmetization AR/R),, we have that
half shows the definition of residual magnetizatn and coercive
field H. k[ (AR/R);(H)—(AR/R),(0)]

AR/R )
where E;; is the classical dipolar pair interaction between pot x(AR/R)(0)—1

clustersi and j. Thus, using a standard Monte Carlo
proceduré® (10’ thermalization steps and 1@teps for en-

semble averaggswe were able to find the equilibrium con-

figuration of the various systems, and calculate their reduce}ﬂalue o_f the re_duced_magnetoresstance when an external
magnetoresistance and magnetization, as a function of ar;qag_netlc fieldH is appllgd. Then, from our results illustrated
externally applied magnetic field. The reduced magnetore- 'an'_g' 3 and thfe rAnS?thlor::ed vr:]:llues b Iand ﬁ wedcar_l
sistance was calculated evaluating E4). for different val-  OPtain a curve for. - For these results, the reduction

ues of the magnetic field. Our calculations have been perPtained forAR/R is close to 22%. This reduction is bigger

formed for temperatures =6 K, wherekgT is small as than the result obtained by )_(ian.al.7 for Cug,Coy samples.
compared to the interaction energy of the system However, we have to keep in mind that a grain size distribu-
' tion will decrease the maximum of the reduced magnetore-

1.0 - sistance, and hence will diminish the reduction of the mag-
L netoresistance. Also other factors, such as spin anisotropy
- e and surface spin disorder, could contribute to this difference.
l‘ ) .».& Figure 4 depicts results obtained for a 2D system of 441
(Aj) 0.5 T clusters. Here the external magnetic field was applied in the
R o0 (10) direction. In contrast with Fig. 3, this 2D system has a
B b, bigger magnetic susceptibility, i.e., the coercive field is as
W . small as before.~ 0.17 KOg and the residual magneti-
: i zation increasesM,~ 25%).
T ogp————— As in normal ferromagnets, the systems studied above
’ show typical hysteresis loops, indicating that dipole-dipole
. interactions among clusters producgesromagnetic short
K range order as shown by Vargaset al!® As we compared
the hysteresis loops for 2D and 3D systems, we could ob-
serve that for the 2D system the magnetization reaches satu-
o ration for a weaker external applied field than in the 3D case,
10 — a]thpugh the number of clusters in both situations is quite
' ' ' ' ' ' ' similar. This effect is a consequence of the greater number of
-10 -5 3 10 neighboring dipoles in the 3D system, averaging six nearest
neighbors in the 3D case and four nearest neighbors in the
FIG. 4. Reduced magnetoresistaritm half and reduced mag- 2D case. This fact produces a larger internal field acting on
netization(bottom halj as a function of applied external field, for a every cluster in the 3D system, hence the external field
2D system of 441 single magnetic domains. The arrows indicat®eeded to align them has to be stronger, as compared with
magnetization history. the 2D case.

where AR/R is the usual magnetoresistance defined by
AR/R=R(H)—R(H=0)/R(H=0) and AR/R),(H) is the

'{z
1 3
H

0
H (kOe)
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FIG. 5. Reduced magnetoresistaritmp halff and reduced mag- FIG. 6. Reduced magnetoresistaritp half and reduced mag-

netization(bottom half as a function of applied external field, for Netization(bottom halj as a function of applied external field, for

two parallel chains of 20 magnetic domains each. The magnetifV0 parallel chains of 20 magnetic domains each. The magnetic
field is applied perpendicular to the chains. field is applied parallel to the chains. Arrows indicate magnetization

history.

The following two figures illustrate a 2D arrangement of coercive field, the magnetoresistance shows a dramatic effect
magnetic clusters along two parallel lines. Each chain has 2Because the sample magnetization jumps from zeraxi-
clusters, in which the clusters are 70 A apart, and the dismum reduced magnetoresistand® its saturation value
tance between the chains is 85 A. For these calculations wegninimum reduced magnetoresistancehese particular
usedA =135 A. In Fig. 5, the external magnetic field was two-dimensional distributions of dipoles may be useful for
applied perpendicular to the chains. We observe no hystetechnological applications, because of the enhancement ob-
esis loop, as in the case of an ideal superparamagnettained for the reduced magnetoresistance, particularly for the
sample. As compared with the previous 2D sample, this sysease illustrated in Fig. 6. With techniques such as x-ray pho-
tem has a smaller susceptibility. Consequently, the reduceglithography, it will be possible, very soon, to pattern on a
magnetoresistance curve is broader as compared to that pfetallic subtrate any particular array of single domain mag-
Fig. 4. netic clusters of nanometer sizes. This will allow experimen-

Figure 6 illustrates results for the same system describetdlists to test designs similar to the one presented here.
in Fig. 5, but with the external field applied parallel to the
dipole chains. Here we find a hysteresis loop, while the co- IV. CONCLUSIONS
ercive field was higher£ 0.41 KOg as compared with the
previous results, and corresponds to the field needed to fIiBe

completely one chain of 20 dipoles. Consequently, the re- havior of magnetic granular systems when an external

sidual magnetization reaches a maximum value. Near thglagnetic field is applied. We have demon_strated that, 1_‘or
) ystems comparable to those that are experimentally studied,

coercive field, the reduced magnetoresistance shows a dr s valid to replace a cluster by an effective maanetic mo-
matic effect, because the magnetization jumps from zero t& P y g

the saturation value. Magnetic recording materials normall;yn

have high remanence and coercivity to prevent unwanteawagnetlzatlon and reduced magnetoresistance curves in

demagnetization, therefore magnetic materials used in rec—Iose agreement with experimental results, strongly suggest-

cording will commonly have hysteresis loops of squaremg that the magnetic dipolar interaction is the dominant in-

shape like the one shown in Fig. 6. The coercive field can bégractlon in granular systems like the ones used in our analy-

. . . . .~ Sis. We also suggest an experimental design by which the
adjusted by varying the number of single magnetic domain est GMR ratios could be obtained. Such experiments are

By means of a simple model, we have investigated the

in the chains. expected to be useful for technological applications
Whether the external field is applied parallel or perpen- P 9 PP :
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