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Magnetic properties of dipolar interacting single-domain particles
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The remanence and coercivity of an assembly of single-domain ferromagnetic particles are studied using the
Monte Carlo simulation technique. The particles have random locations, possess random uniaxial anisotropy,
and are coupled through dipolar interactions. The dependence of the magnetic properties on the packing
density, the size of the particles, and the temperature are examined systematically. The role of the packing
geometry(sc, fcg and the sample boundaries are discussed. Dipolar interactions are shown to reduce the
coercivity with respect to values for the noninteracting assembly in all cases except for strongly dipolar
systems below the percolation threshold. An enhancement of the remanence is found in weakly dipolar systems
and is attributed to the macroscopic Lorentz field. The fcc packing of the particles leads to more pronounced
ferromagnetic behavior than the sc packing. The sample free boundaries and the corresponding demagnetizing
field have a strong effect on the remanence of the assembly while they produce a minor reduction to the
coercivity. The results from the simulations are compared with magnetic measurements on frozen ferrofluids
and granular metal solid§S0163-1828)03241-X

l. INTRODUCTION teractions increasingly importaht, as they modify signifi-
cantly the magnetic properties of the assembly. These inter-
The magnetic properties of small ferromagnetic particlesactions can have a dipolar, Ruderman-Kittel-Kasuya-Yosida
with diameters typically about 10 nm are governed by two(RKKY), or a superexchange character, depending on the
characteristic features. Namely, the single-domain magnetimagnetic character of the matrix. For an insulating matrix,
structure and the enhanced coercivity. The former occurs behe dipolar interactions are the dominant ones. Major theo-
cause the size of the system is smaller than the exchangetical and experimental effort has been focused recently on
correlation length and the latter is a consequence of the rehe understanding of the role of the dipolar interactions in
duced crystal symmetry near the surface originating from théine particle systems.In addition to granular metal solids,
finite size and possible existence of surface disotdesfirst  frozen ferrofluids have been used to investigate the role of
pointed out by Nel in 1949, single-domain ferromagnetic dipolar interactions. In these systems, the magnetic particles
particles exhibit the phenomenon of superparamagnetisniusually FgO,, y-Fe&,0;) are held fixed in a frozen insulat-
Namely, the reversal of their magnetization through a thering liquid. The degree of dilution in the liquid solvent con-
mally activated process over the anisotropy barrier, even itrols the average particle distance and therefore the strength
the absence of an externally applied field. In other wordsof the interaction§-*2
above a certain temperaturéblocking temperatureTg) The magnetic behavior of an assembly of noninteracting
the ensemble of single-domain particles behaves as gas fifie particles with uniaxial anisotropy is understood on the
paramagnetic molecules with giant magnetic momenbasis of Nel's argumentS that led to the concept of
(m~1Cug). The exploitation of this phenomenon in the superparamagnetistfi.For such an assembly, the coercive
determination of the particle size distribution has been thdield decays with the square root of the temperature and for
subject of intensive experimental and theoretical work oveffixed temperature it depends on the particle size through
the last few year$? D32 whereD is the particle diametef. However, in a
Assemblies of small magnetic particles are formed by nadense system the interparticle interactions are expected to
ture in many biological and geological systerflluman  modify the magnetic behavior of the assembly. The strength
blood, soils, rocksor are prepared artificially. A strong mo- of the dipolar interactions can, in principle, be controlled by
tive for developing these systems is the basic understandingarying the particle volumes and their concentration.
of their magnetic propertiefinite size effects as well as In recent experiments an increase of the blocking tem-
their unique technological applicatiofis. perature with particle density has been reported and attrib-
Among the most common artificially prepared systemsuted to dipolar interactions between the partiéi@S.In con-
containing fine magnetic particles are granular metatrast to these findings, Mop and Tront' observed a
solids’— that consist of fine magnetic particlégpically Fe,  decrease of the blocking temperature with particle density.
Ni, Co) embedded in a nonmagnetic matttypically SiO,, Furthermore, the remanence of fine particle assemblies is
BN, Al,Os, Cu, etc). The technological importance of these usually found to decrease due to dipolar interactiofis?
systems arise from the fact that the preparation method aiwhile increasing values with particle concentration have
lows tailoring of the magnetic properties of the systembeen reported Finally, hysteresis measurements showed a
through a controlled variation of the average particle size andecrease of the coercivity with particle density and again this
the metal volume fractionx). Technological requirements behavior was attributed to dipolar effects.
for high packing densities make the role of interparticle in- In granular metal solids, the increase of metal volume
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fraction leads to the formation of larger particles, whichconditions in order to examine intrinsic properties of the sys-
eventually become multidomain. The coercivity as a functiontem but also, results for free boundary conditions are pre-
of the metal volume fraction in these systems has a peagented in order to demonstrate the role of the sample surface.
structure around the percolation threshdldowever, as the In this work we focus on the study of the remanence and
average interparticle separation decreases, the dipolar integoercivity and their dependence on the growth parameters
actions play an increasingly important role and the final(Particle size ?nd concentratipand the temperature. In a
shape of theH, versusx, curve is expected to be modified. Previous work® we have studied the coercivity of an assem-
Thus, the common attribution of the peak of thig(x,) bly ywth varlat_)le concentration of interacting fgrrome}gnetlc
curve solely to particle-size effects needs reconsideration. Particles. In this work we extend our previous simulations by

The above-mentioned experimental observations indica’[§tUdyIng systems with increasing particle volume. Also the

that many open questions remain concerning the way thEemanence is studied in addition to the coercivity and the

interparticle dipolar interactions modify the magnetic prop-'©/€ Of packing geometry and sample boundaries are inves-

erties of an assembly of ferromagnetic particles and in part-'gated'

ticular the remanence, coercivity, and blocking temperature.
It is our purpose in this paper to investigate these problems !l. THE MODEL AND THE SIMULATION METHOD

using Monte Carlo simulations. In previous theoretical The main information obtained from various preparation

14,11,16,17 _fi ; ; i - . .
studies . the_ mean-field app_roxma_tlon was 'mp"? methods and magnetic measurements reported in the
mented to investigate the role of dipolar interactions in fing

) . u , literaturé 12 can be summarized as follows.
particle systems. In particular, Dormaenal.” predicted an

dditional enerav barrier for the reversal of th rticle m (a) Typical blocking temperatures are well below the Cu-
adartional energy barrier 1or the reversal ot the particle mo-;, temperature and therefore the magnetization density (
ment due to the dipolar interactions, while /Mg and

Tronc?t predicted within their model a decrease of the aver of each particle is approximately constant for temperafures

age barrier height. Bertram and Bhatiahowed that dipolar up to the blocking temperatufeTypical values of magneti-

effects cause in all cases an increase of the remanent m zqtion density lie in the rangél,—500-1500 emu/crh
o i ; - 18 8Phermal fluctuations of the assembly magnetization are well
netization which can reach the saturation value. Feta.

. . . described by a coherent rotation of the magnetic moments of
studied the hysteresis loop at zero temperature for dilute 306 particles
semblies of interacting fine particles by a numerical solution (t?) Each .particle possesses uniaxial anisotropy with an

of the Landau-Lifshitz-Gilbert equations. Single-particle be- asv axis oriented in a random direction. The anisotro
havior was obtained when the anisotropy energy was mucﬁ Y : . L Py
ensity K;) is an effective value including surface,

in excess of the dipolar energy and dipolar interactions alone . I .
i - . magnetocrystalline and shape contributions. Typical values
were shown to induce an anisotropy into the system. In pre- . ) .
. . . of anisotropy constants lie in the rangeK;
vious Monte Carlo studies, the reduction of remanence due
= 10°—-1C erg/cnd.

to dipolar interactions was found using a linear chain of Ising

sinsand he dependence of th coercy was shown g9 T1 PIcle have (0 8 v, good sbaroxiter o
vary linearly with the metal volume fraction for a weakly b be. b y

dipolar system consisting of a periodic array of dipGs. fitted to a logarithmic-normal function with standard devia-

e A E_1 E3512Thic dictril AN
Our simulations are more realistic than previous Monte!'°" & 05-1.5. This distribution is very narrow so the

Carlo studie®!® in the following aspects: first, three- SYSIEM IS approximately monodisperse.

dimensional classical spins are used, second, the randomness%fjg ;heeeta{;]znggglvimegf g::ilrrr?;et;I?esz?r%(:(inrtasn\?viﬂ]rﬁo del
in particle positions is taken into account, and third, the P q

whole range of energy parameters is investigated in order tBhe p_artlcle _assembly with a collection of t_hree-dlmens!onal
classical spins located at random on the sites of a cubic lat-

understand the different behaviors arising from the competifice Two choices for the lattice geomettyc and feg are
tion between the anisotropy and dipolar interaction energy, sed The magnetostatic interacti%n between two particles is
The description of the particle positions as random is a verdescribed via a dipolar field. The total energy fd-marticle

good approximation in granular solidsin ferrofluids the stem with contributions from uniaxial anisotropy ener
particles are allowed to move before freezing the system ang’ ' . Py 9y,
ipolar energy, and external field energy is

they tend to form agglomerates with a complicated
morphology?! The magnetic behavior of the system is sen-
sitive to the microstructure of the agglomerat@SHowever, E=S
agglomeration can be prevented by coating the particles with i
a nonmagnetic layer and in this way random structures can
be obtained® Therefore, in both kinds of systems the ap-
proximation about the random location of particles is justi-
fied. It is well known that dipolar forces have directional . A
dependence and consequently their action should be sensitivdhere S is the spin of particlg, €; is the direction of the

to the detailed geometrical arrangement of the particles. Ieasy axis of particle, andR;; is the distance between par-
particular, spatial randomness is responsible for modificaticles i and j, measured in units of the lattice constamnt
tions of the magnetic properties of the system due tdCircumflexes indicate unit vectors. The parameters indicat-
“frozen-in” local field fluctuations?? Another important fea- ing the value of the various energy contributions e
ture in systems with dipolar interactions is the crucial role=(m?/a%), the dipolar interaction energy, where is the
played by sample boundari&We use periodic boundary particle magnetic momenk=K,V, the anisotropic energy

ASi‘ASj_3(ASi'§ij)(ASj'§ij)
R3
i

>

—k(S-8)2-h(S-H), 1)
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of a particle with volumeV, h=mH, the Zeeman energy If AE>0, the transition to the new state and the acceptance
due to an externally applied field andt=kgT, the thermal of the configuration are made with probability equal to

energy. All energy parametetk,g,h,) are measured below exp(—AE/kgT). The step of change of the spin direction is

in arbitrary units. Notice that botly and h depend on the adjusted so that approximately 50% of the attempted moves
particle volume through the definition of the magnetic mo-are successful. Finally, thermal averages are obtained from
mentm= MV whereM; is the particle magnetization den- Simple arithmetic averages over the accepted configurations.
sity. To obtain the remanence of the assembly we start the

Experimentally, the composition of a sample Contammgsimulation with the system initially in the positive saturation

small magnetic particles in a nonmagnetic binder is destate, i.e., all spins along the positizexis, which is chosen

scribed by the metal volume fractidH defined as the ratio [OF convenience along one of the cubic axes. The relaxation
of the volume of the magnetic material to the total volume is performed in zero a_pphed field. The system is assumed to
‘have reached equilibrium after 10 Monte Carlo steps per

VWOI|tS£QOfL:;232r?\;taSrIapplng sphere model we define the meta£pin (MC;S'S. The average value of the magnetizati.on along
the z axis is the required remanenc#i{). To obtain the
coercivity the relaxation from the initial positive saturation
X :p(ﬂ state along the axis is performed under an applied field
v 6 along the negative axis. The coercivity ;) is defined as
the applied field at which the magnetization of the sample
whereD is the particle diametery is a geometrical factor along thez axis vanishes, within the “time” of the simula-
taking the values<=1,4 for the sc and fcc lattice, respec- tion, typically ~10* MCSS. Further increase of the number
tively, andp is the occupation probability of a lattice site by of MCSS up to an order of magnitude-@.0°) has not sub-
a particle. In a fine-particle system there are two factors destantially changed our results. This behavior is related to the
termining the importance of dipolar interactions, namely, the2Pproximately logarithmic dependence of the magnetization

average distance between the particles and their size. OGP the observation time that is measured in systems of this

26 . . . . . .
intention here is to study independently these two factors anyP&:" The determination of the coercive field is achieved by

so we consider two different types of systems. a successive bisection method using the interruption criterion

(a) Systems with particles of fixed site.this model, the |MIZ|$T'\<‘II\S/I, W'tz ;NO'OSC" Iior a gl(\j/en (rjantdon:j s_arhmple Ithe
number of particles in a certain volume increases withou alues orvi, andH, are determineéd and stored. 1nhe caicu-

any change in the particle diameter, ix, increases propor- ation is repeated keeping all the parameteystem size,

tionally top andD/a is kept fixed, in Eq(2). The strength of occupation probability, particle volume, anisotropy, mag-

. . . NG netic moment, and temperaturéixed and changing the
the dipolar interactions changes within this model, solely du%onfiguration of the particles. The final values of tfle and
to changes in the average interparticle distance. Experime

; X M. are obtained from an average over a certain number
tally, this model corresponds to frozen ferrofluids where th N.~10-30) of random configurations.

amount of solvent that sustains magnetic particles can be The system we use for the simulatifionte Carlo(MC)
varied>'®™In granular metal solids, it was shoithat the  cell]is a cube of size & (L=5,6,7) cut from an infinite sc or
grain size can be varied independently of the metal volume fcc lattice. The particles occupy at random the sites within
fraction through control of the substrate temperature, but tehis cube with probability. This procedure produces assem-
our knowledge this dependence has not been used so far ffies composed of 30—350 spins, on average. The MC cell is
produce systems of fixed grain size and variable concentraepeated periodically and the Ewald summation technique is
tion of particles. Alternatively, application of high pressure implemented to calculate the long range part of the dipolar
on powder samples has been used to vary the average intamergy?’ Satisfactory convergence with the Ewald technique
particle distance. is obtained usingn=2 repetitions of the central Monte Carlo
(b) Systems with particles of growing size.this model, cell along each of the three Cartesian axes and a Gaussian
the particle diameter increases with the metal volume fracparametee=0.3a"". As a test of convergence of the Ewald
tion. We assume for simplicity that when we add more mag-Series we calculated the value of the local field at a site of a
netic material into a sample of fixed volume, the volume offully aligned ferromagnetic state of a crystalling<1) as-

each particle increases without formation of new particlessembly. The theoretical valublo=(47/3)Ms was repro-
i.e., X, increases proportionally toD(a)? and p is kept duced with accuracy 10 Considerable computation time is

fixed, in Eq. (2). Within this model, the variation of the saved if the local fields are stofédduring the simulation

dipolar strength is solely due to particle size effects, becaus@Stead of the interaction matriX.However, only relatively

the particles are not allowed to move or coalesce during théMall systemsup to ~350 spin$ can be studied with rea-
growth procedure. This approximation is justified only for sonable computation eff_ort, becaus;a the dlpolar interactions
small values of the metal volume fractidh? but it preserves have a long range. Typically, for a”&ystem withp=0.8

the important aspect of the interplay between size effects an 275 spin the determination of the average coercive field,
. P spect piay within a tolerance ofr=0.05, using 16 MCSS and 10 ran-
dipolar interactions in a granular system.

The equilibrium configuration of the system is obtainedi?&:;%gg?uratlons' required abioB h CPU time in a DEC

from minimization of the total energy of the system using the

3

: )

D

a

Monte Carlo technique and the Metropolis algoritfic- I1. NUMERICAL RESULTS AND DISCUSSION
cording to this algorithm a particle is chosen at random, a _ _ _ _

move of its spin is considered and the change in the energy A. Systems with particles of fixed size

of the system AE) is calculated. IIAE<O, the transition to We consider spherical particles of fixed diamedeoccu-

the new state is made and the new configuration is acceptegying at random the sites of a simple cubic lattice with lattice
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FIG. 1. Remanence as a function of the metal volume fraction FIG. 2. Remanence as a function of the dipolar interaction
for fixed particle size. Random sc packing and periodic boundargtrength for an ordered sc array of particles wkth4.0,t=0.001.
conditions. Squaresk=0, g=1.0, t=0.001. Triangles:k=1.0, Triangles: free boundary conditions. Circles: periodic boundary
g=1.0, t=0.001. Circles:k=4.0, g=1.0, t=0.001. Diamonds; conditions. Solid lines are guides to the eye. Error bars are of the
k=4.0,9=1.0,t=0.001, and free boundary conditions. Not indi- S'2€ of the marks.

cated error bars are of the size of the marks. ferromagnetic particles with random anisotropy aXeBor

increasing density of particles, the remanence decreases, in-
dicating that dipolar interactions have on average a demag-
netizing effect. Notice that this decrease is highly nonlinear
&nd is more abrupt close to the limit of an ordered array of
spheres.

constanta=D. In Fig. 1 we plot the remanence of the as-
sembly as a function of the metal volume fraction or, equiva
lently, of the particle density. Three different sets of data ar
shown that correspond to a weak dipolar sys{gr 1.0, k

=4.0), a moderate dipolar systefg=1.0, k=1.0), and a Finally, for a weakly interacting systey= 1.0, k=4.0)
system with dipolar interactions onlfg=1.0, k=0). The 3 qualitatively different behavior is seen. In particular, the
data shown in Fig. 1 are results for very low temperaturegsemanence increases with particle concentration. This behav-
(t=10"%). We notice that the system exhibits very differentjor is not observed if free boundary conditions are used in-
dependence on the density of particles, depending on thstead of periodic ones. In a sample with free boundaries a
competition between uniaxial anisotropy and dipolar interaccontinuous reduction of the remanence occurs, as shown also
tion effects. In particular, in a purely dipolar system in Fig. 1. This reduction oM, is attributed’ to the demag-
(9=1.0,k=0) the remanence shows a maximum for a cer-netizing field arising from the free magnetic poles forming at
tain particle density. This behavior can be qualitatively un-the surface of the sample. However, the absence of a demag-
derstood as follows: As the concentration of particles in-netizing field, as for example in a periodically repeated sys-
creases the system develops an increasing anisotropy th@im, does not necessarily imply that the dipolar interactions
originates from the anisotropic character of the dipolar intercause an increase of the magnetization. It is only within a
actions. This interaction-induced anisotropy is very sensitive&certain range of the interaction strength that an increase is
to the spatial arrangements of the dipoles and it is maximizedbtained, as Fig. 1 indicates. To estimate this range, we show
around the percolation threshold of the system, which for @n Fig. 2 results for the low-temperature<10~ %) magneti-
sc latticé® is x.=p(m/6)~0.157. This behavior is ex- zation of a periodic array of dipoles with and without free
pected, inasmuch as around the percolation threshold a pesurfaces. We can be deduce from Fig. 2 that the interactions
colating cluster forms that has a fractal morphology consisteause a magnetization enhancement in the range up to
ing of many chainlike branches. This spatial arrangement ofj/k~ 0.5, while stronger interactions lead to a serious reduc-
dipoles leads to a nose-to-tail ordering of their magnetiaion of the magnetization. A similar effect of the sample
moment€® and hence to an enhanced magnetization. Arboundaries on the remanence is also expected if the dipole
analogous enhancement of the dielectric properties close fgositions are random instead of periodic, but in this case the
the percolation threshold has been reported previtilya  effect will be weaker because the average interparticle dis-
random assembly of electric dipoles. Increasing the concenance is bigger in the randomly diluted system. This behavior
tration of particles beyong,, a three-dimensional system is indeed observed for the weakly dipolar system in Fig. 1.
develops that fills up the space and the fractal morphology Bertram and Bhat& predicted within a mean field calcu-
disappears gradually. In the limit of a fully periodic system,lation for an infinite random system, that increasing dipolar
X, = (/6), the remanence vanishes, in accordance with thinteractions result in a continuous increase of the remanence
theoretical predictions of Luttinger and TisZathat the up to the saturation value. Our simulations indicate that the
ground state of a sc array of dipoles is antiferromagnetic. We&aturation value cannot be reached for an infinite sample, but
examined the equilibrium spin configuration in this limit and instead a maximum remanence of abouth0,6occurs for
we indeed found a columnar antiferromagnetic structlre. weak dipolar strength, followed by a drop of the values. This
Consider next the system with moderate dipolar interacgualitative difference occurs because in the mean field ap-
tions (g=1.0, k=1.0) in Fig. 1. For a very dilute system proximation the near field of each dipole is not considered.
(x,~0) the remanence tends to the theoretical valueThe latter is responsible for the drop of the magnetization for
M,/M¢=0.5 predicted for an assembly of noninteractingstrong couplings.
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Luo et all® performed magnetization measurements on 40 T T T T T T
frozen ferrofluids containing K@, particles. The authors es- LI
timated that in their samples the dipolar strength?/(D?) 30 S
was slightly larger than the anisotropy energy;¥) and 2.0
they found a remanendd, /M ~0.2 at very low tempera- e
tures. To compare with these experiments, we define within E
our modela=D and choosg/k~1.0. For this energy ratio Y A
(g/k~1) our simulations produce a similar reduction of the =
remanence at low temperaturéSg. 1) in agreement with
these measurements./Mip et alX? reported an increase of
the remanence with increasing particle interactions for a fro-
zen ferrofluid containing R©; particles. The parameters re-
ported for these particles correspond to a rafiti~0.34. 0.0 02 0.4 06
The authors reported an increase of the remanence under the Xy
application of external pressure to the sample. Since applica- . i :
tion of pressure is equivalent to an increase of the particI%XGZ'i;’t'iciogrzcé‘”ga?dﬁ;uZztg’gciif;gea: delear\ilglj??t?c;z?\fjt;; ‘;Oorn_
density we find that for this value aj/k the observed in- diions. Squares-k=0, g=1.0, t=0.001. Triangles: k=1.0,

Ezlztia;;elo;;cgezremanence is predicted within our smulanonazllo,tzo_om' Circlesk=4.0, g=1.0, t= 0.001. Error bars are

. S . . of the size of the marks.
To gain a better physical insight into the way the dipolar

interactions affect the magnetization, we consider a dipolewith d=Nym?/V,. Equation(4) implies that the surrounding

pair model. Let the spins be located on thexis and assume  medium reduces the strength of the first term in &y.that

single-particle uniaxial anisotropy along the random ags favors antiferromagnetic ordering of the spins, or equiva-

ande,. The energy of the pair is lently, the ferromagnetic character of the coupling is en-
hanced. Consequently, an increase of the magnetization
above the noninteracting value is achieved. When the dipolar

R [ENEEE FEER|

E= g[§1~ éz— 3(%1- ﬁa)(éz. IEZ)] strengthg is large, the antiferromagnetic character of the first
S A term in Eq.(4) is restored —d>0) and a decrease of the
—Kk[(S;-€1)"+(S;-€,)7], (3 magnetization occurs.

. Next we consider the coercivity of the assembly. In Fig. 3
whereR=X is the bond direction. Let the pair be initially We plot the coercivity for the same parameters as in Fig. 1.
saturated in the positive direction and the applied field be For a system composed of isotropic dipolgs-1.0, k=0),
gradually switched off. If the spins are not couplap=0), the coercivity shows the characteristic peak around the per-

the system is known to have a remaneNte Ms=0.53If, colation threshold. The system, in this region is strongly an-
now, the Spins are Coup|ed, the first term in Eﬁ, name|y, isotropic due to the chainlike structure of the backbone of

gSi-S,, has an isotropic antiferromagnetic character, whilgParticles. For a weakly dipolar systef@=1.0, k=4.0) the

the second one— 39(814;2)(”82_@) an anisotropic charac- coercivity decreases following s prediction, namely, a
: ' e ) . linear decrease of the coercivity with the particle concentra-
ter favoring ferromagnetic alignment along the bond aXIS'tion H.(p)= H (0)(1- p) % Hov)\:ever the Eoercivit of the
Therefore, a weak finite couplinggt0) causes a decrease c(P c _P). g y
of the remanence, because both dipolar terms in(8gact fully ord_er.ed sample is not zero, as this fqrmula s:uggests, but
against the ferron;agnetic order along thaxis. For an as- has a finite value. In other words the interactions do not
sembly ofN dipoles this argument can be used to explain theco_mpletely cancel_the bloqkmg effects due to the un|§1X|aI
continuous decrease of magnetization with dipolar strength"?m;.SOtrOp)ﬁ 1Inotr|1<e_|2tgrmed|ate casbe ' tm(:qTrgte dipolar fu:’;]er-
Alternatively, the same behavior is explained on macro2¢ |or!s(tg—b 't devi f) cafuse a}\;f‘ I_f,an Ial ectreatlste(cj) e
scopic grounds, using the concept of the demagnetizing ﬁe|d:_o|erC|v\lNy, Iu fewadl(mst ':ﬁmd S mearf aws .ar.t 0 'tﬁ-th
To understand the observed increase of magnetization for aff'op. Yve aiso Tound that the decrease of coercivity with the
infinite system, we consider a dipole pair with periodic strength of interactions is a common feature of both infinite

boundary conditions. The magnetization of each paiMis and finite samplgidata for the "?“Fer case are not shown
=(m/2Vt)(é1+§2), whereV, is the total volume per par- here and that finite samples exhibit always slightly smaller

~ 0, ~ 1
ticle. Due to the periodic condition$] is also the magneti- i(nfii](i)tg)(;r?gg/k 1) values ofHc, than the corresponding

zation of the medium su_rroundin_g the central pair. The en- If we compare the behavior of the coercivity with this of
ergy . Of_ the central dipole-pair hqs an  extra EN€r%¥he remanence for various particle densities, it is interesting
contribution due to the Lorentz fielde,=—Nym(S, (g notice that for strongg/k>1) and moderateg/k~ 1.0)
+S;)-M, whereNy is an appropriate demagnetizing factor dipolar strengths these magnetic properties show a similar
depending on the assumed shape of the central dipole. If Wgependence on the particle density. Only in infinite systems
exclude self-interaction terms, the dipolar energy of the cengyith weak dipolar interactiongy=1.0,k=4.0) is a decrease
tral pair can be written as of the coercivity accompanied by an increase of the rema-
nence. Referring back to E¢}), we believe that this behav-
o A ior stems from the fact that the presence of an infinite sur-
Eaip=(9—d)(S:-S;) —39(S-R)(S;-R), (4) rounding medium does not directly affect the anisotropic part
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FIG. 4. Remanence as a function of the metal volume fraction F|G, 6. Temperature dependence of remanence. Random sc
for fixed particle size. Random fcc packing and periodic boundaryyacking and periodic boundary conditions. Squakes1.0, g=0.
conditions. Squaresk=0, g=1.0, t=0.001. Triangles:k=1.0, Circles: k=1.0, g=1.0, andx,=0.157 (p=0.3). Stars:k=1.0,
g=1.0,t=0.001. Circles:k=4.0, g=1.0,t=0.001. Not indicated g=1.0 andXU:0.314 ([):06) Solid lines are guides to the eye.
error bars are of the size of the marks. Error bars are of the size of the marks.

of the dipolar energy, which contributes to the hysteresidel to the faces of the cubic cell. The second point to mention
behavior of the system. Therefore, the boundary conditionds that the fcc packing leads to slightly higher magnetization
or in other words the macroscopic demagnetizing field, havend coercivity than the sc. This effect is more pronounced in
a stronger effect on the magnetization of the assembly thathe dense limit X,>0.3) and in systems with moderate and
on the coercivity. strong @=Kk) dipolar interactions. We attribute this behavior
In order to investigate the role of the packing geometry ofto the increasingly important role of the dipolar interactions
the particle assembly we show in Figs. 4 and 5 the remathat favor a ferromagnetic alignment for dipoles on an fcc
nence and coercivity, respectively, for particles occupying atattice.
random sites of an fcc lattice. The values of parameters char- The superparamagnetic relaxation time for an assembly of
acterizing the particlesM,K;,V) and the temperature are noninteracting particles follows the predictions of theeNe
the same with the corresponding cases in Figs. 1 and Brown theory*? namely, 7= r, expK,V/KT), wherer, is a
There is an overall similarity between the results for an fcccharacteristic time of the system. As the temperature raises
and sc lattice. There are two points to mention, though. Firsthe relaxation over the anisotropy barriegf,{/) becomes
notice that a periodic systenp£1) composed of isotropic faster. The blocking temperatur@éf’)) is defined as the tem-
dipoles(g=1.0, k=0) has zero remanence and coercivity, perature above which the particle has enough time, within
while it is known that the ground state of an fcc array ofthe observation time, to reverse its magnetization. Clearly,
dipoles is ferromagnetit This situation occurs because of T(BO) is dependent on the method used to observe the relax-
domain formation in the Monte Carlo cell which is finite. An ation and is given by kTO=K,V/\, where X
examination of the equilibrium spin configuration for. the or- _ IN(7ops/ 7o) @Nd Tops is the observation time. For noninter-
dered sample showed a formation of closure domains paraliciing particles the dependence of remanence on the tem-
perature is shown in Fig. 6. Also, the coercivity for a nonin-
R e e L teracting assembly with random anisotropy follows the well-
known relatior®

3.0 . o
i [
20 " Ho(T)=0.48H[1—(T/Tp)"], (5)
E osr . ] whereH,=2K, /M. This temperature dependence of the
20 06 A, ] coercivity for a noninteracting assembly is reproduced with
., ] the Monte Carlo simulation in Fig. 7. When the dipolar in-
0.4 . A, . teractions ¢/k=1) are switched on an interesting behavior
. - Loa ] is seen. At temperatures much lower than the blocking tem-
02 .. ] peratureT(BO), both the magnetization and the coercivity are
00 Lot 0, Y omg substantially reduced relative to the noninteracting case. As
0.0 02 0.4 0.6 the temperature rises, a much slower decay of both the re-
Xy

manence and the coercivity is seen, relative to the noninter-
FIG. 5. Coercivity as a function of the metal volume fraction for aqtlng system. Most m_‘nportantly, the dipolar assembly re-

fixed particle size. Random fcc packing and periodic boundary con'ga_lIns the fe(rg)omagnetlc character at. temperatures much

ditions. Squares:k=0, g=1.0, t=0.001. Triangles:k=1.0, higher thanTg”. From the data shown in Figs. 7 and 8 an

g=1.0,t=0.001. Circlesk=4.0,g=1.0,t=0.001. Error bars are approximate increase dfz~2TY" is estimated for a system

of the size of the marks. with moderate interactiongg(k~1). Luo et al,'° who per-
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the same authotsto support their experimental findings is
concerned, we believe that it misses the important aspect of
the temporal fluctuations of the local field. We have tested
this idea by using a static random local field in our simula-
tions instead of the true dipolar field and the outcome was
indeed a decrease of the blocking temperature with the
strength of the interactions.

H,/Hg

B. Systems with particles of growing size

We consider next systems where the particle volume in-
creases linearly with the metal volume fraction. For an as-
0.00 005 010 o5 sembly of ide_ntical noninteracting ferromagneti_c_particles
' T kgT/2KyV Eq. (5) also gives the dependence of the coercivity on the
particle volume for a fixed temperature
FIG. 7. Temperature dependence of coercivity. Random sc
packing and periodic boundary conditions. Squakes1.0,g=0. 1
Circles: k=1.0, g=1.0, andx,=0.157 (p=0.3). Stars:k=1.0, Hc(x,)=0.48Hk[1-b(T)x, ™I, (6)
g=1.0, andx,=0.314 (p=0.6). Solid lines are guides to the eye.
Error bars are of the size of the marks.

with b(T)=(AkgTpx/K;a%)¥2 Thus, at a finite tempera-
ture, there is a minimum value of the metal volume fraction
formed experiments on frozen ferrofluids and Dormannbelow which the coercivity of the assembly vanishes and the

et al,* who used a granular system Fe/@4, reached simi- system becomes superparamagnetic. Above this threshold

lar conclusions about the increase of the blocking temperat—he coercivity of the sample increases and makes a plateau

ture due to dipolar interactions. Our results shown in Figs. f"ppfoa‘:h'”g the V?"“e O.HE . . In orde_zr to allow for th_e_
and 8, forT> T support the mean field model presented bypartlcle volume to increase without violating the condition
these'authoré iBn order to explain the high-temperatufis for nonoverlapping spheres that our geometrical model as-
L - B i 6
perparamagneticbehavior of the granular system. In the sumes, the energy parameters are writteryago(D/a)®,

_NM2.-2,3 — 3
high-temperature regime the dipolar interactions introducé’_vr:fre 39/%_1'}?]577 ?_ /S(/S am_j k_—;?(D/a) ’ 1thert$] Ko
an additional energy barrier for the reversal of the particle 17at/o. 1he ratiob/a varies in the rangéO, ) for the sc

cking and0, 1//2) for the fcc packing. It is therefore clear

moments, as the authors of Ref. 4 assumed, that gives rise ; ; .
J that as the particle diameter grows, both parameageisin-

nonzero values of the coercivity. However, o< T this . .
model cannot explain the demagnetizing role played by th crease, but the dipolar energy grows faster than the anisot-
?opy energy. We study a system with moderate dipolar

e b e 0P o v, 50 we choogy—ko—1.0.
r [ . i i
to the above measurements,/ip et al** observed a de- In Fig. 8 we show the dependence of the coercivity on

. . the metal volume fraction at a very low temperature
c.rease.of the blocklng temperature in (_jense sample§. Ol({z 10" 3). For noninteracting particles E¢) is reproduced
S|mulgt|ons indicate ﬁhat dlpolar Interactions among Slngle'With the characteristic plateau. When interparticle interac-
domain ferromagnetic particles cannot account for such 3 y

decrease. As far as the random field model implemented buens are introduced, a competition between size effects that
' P Broduce an increase of the coercivity and the dipolar inter-

actions that act in the opposite way, leads to a peaked struc-
ture for theH.(x,) curve and a serious reduction of the
i ] plateau value. The drop in the plateau value is larger in more
04 ¢ ] dense systems. For example, for=0.16 (p=0.3 andD
i =a) a 40% reduction is foundnot shown herg while a
y ] reduction of 60% is seen in Fig. 8 far,=0.32(p=0.6 and
T i 1 D=a). We also compare in Fig. 8 the coercivities of two
= 02 [ 1 cubic samples of the same siZe;&;=L,a,) containing an
: equal number of particles characterized by the same param-
o1 b ] eters M¢,K,D), but having different packing geometries.
rr ] The packing geometry seems to modify the result in a minor
l ] way (~10%) and once again fcc packing leads to an en-
A hanced coercivity relative to sc.
0.0 0.1 02 03 At higher temperaturest£0.04), the H.(x,) curves
v (Fig. 9 lie below the corresponding ones for low tempera-
FIG. 8. Coercivity as a function of the metal volume fraction for ture (Fig. 8 and the interactions cause a smaller50%)
a system with growing particle volume at very low temperaturef€duction of the maximum coercivity. Also, the peak in the
t=0.001. Squares: sc packinki=(D/a)3, g=0. Circles: sc with ~ COercivity of the interacting assembly observed at very low
periodic boundary condition§PBC’s), k=(D/a;)3, g=(D/a,)®. temperaturdFig. 8) is absent now, because thermal fluctua-
Stars: fcc with PBC’s,k=(y2D/a,)%, g=(/2)3(D/a,)®. Solid tions act against the delicate competition between anisotropy
lines are guides to the eye. Error bars are of the size of the markand dipolar interactions which produced that peak. Notice
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05 T netization decrease with particle density.
C 1 (c) In weakly dipolar systemsg{k<1) at low tempera-
04 [ ] tures, an increase of the remanence is accompanied by a drop
C of the coercivity with particle density. The increase of the
03 [ ] magnetization is a mean-field effect of the dipolar interac-
= ] tions caused by the macroscopic Lorentz field. This field has
2 o2 ] only a minor effect on the coercivity of the system, because

it modifies only the isotropic part of the dipolar near field.

(d) Dipolar interactions ¢/k~ 1) cause a slower decay of
the remanence and coercivity with temperature.

(e) At high temperaturesT>T{), dipolar interactions
preserve the magnetic character of the assembly and lead to
an increase of the blocking temperature of the system.

(f) Within the assumption of linear growtfie., the par-

FIG. 9. Coercivity as a function of the metal volume fraction for ticle volume increases proportionally to the metal volume
a system with growing particle volume at higher temperaturefraction) the maximum value of the coercivity appears sub-
t=0.04. Squares: sc packing=(D/a)°, g=0. Circles: sc with  gtantially reduced~50-60 % forg/k~1) relative to the
PBC’s, k=(D/a)?, gz(D/a)G. Solid lines are guides to the eye. predictions for noninteracting particles.

Error bars are of the size of the marks. (g) The packing geometry of the particles has a small

effect on the magnetization and coercivity at very low tem-
eratures. fcc packing produces up to 10% higher values

fthan the sc packing for systems with moderate interactions

01 F

00 F
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0.0 0.1 0.2 0.3
X
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also that the interactions shift the critical volume down-
wards, below which superparamagnetism is observed. This
indicated by the crossing of the two curves in Fig. 9. In othe
words, particles with small volumesg(<0.1) are superpara- (9/k~1). .
magnetic H,~0) if they are noninteracting while they have () The presence of sample free boundaries reduces the
a nonzero coercivity if they interact via dipolar forces. A COBTCivity and the magnetization of the interacting assembly
similar conclusion was drawn by an examination of the temJ€lative to the corresponding values for the infinite sample.
perature dependence of the coercivity in Fig. 7. ExperimenThis effect is much more pronounced in the magnetization
tally, larger coercivities are obtained in granular solids bythan in the coercivity.
increasing the metal volume fractibthat leads to formation The work in this paper has focused on monodisperse sys-
of larger particles. The maximurd . value is obtained be- tems. This is a reasonable approximation for a number of
fore multidomain formation starts within each particle. Theexperimental studie¥. With a broader size distribution the
conclusion drawn from Figs. 8 and 9 is that the maximumbehavior in the case of noninteracting particles can be ob-
coercivity measured experimentally is substantially reducedained by a convolution with the size distribution function. If
(30—60 % relative to the predictions of the single particle interactions are present it is necessary to introduce the size
theory due to dipolar interactions among the grains. Thisdistribution in the simulation cell. It is likely that a simple
result raises a flag of caution about the interpretation of th%onv0|utions would overestimate the broadening effects.
experimental findings by means of the theory for noninter- | order to discuss experimental findings, the state of
acting particles. nanosized magnetic particles is often described, at low tem-
peratures, as blocked or collective and, at high temperatures,
IV. CONCLUSIONS as superparamagnetic. Within our approach, there is no ne-

We have studied the remanendd (M) and the coer- cessity for makinga priori assumptions about the particles
r S.

civity (H,) of a monodisperse assembly of randomly locatecState: Hoyvever, it is lllkely that the low concentration and

uniaxial ferromagnetic particles interacting with dipolar Sirong anisotropy regime relates to the blocked state and the

forces. The magnetic properties of the system are determingddh cgncentrauson and weak anisotropy regime relates to the

by the interplay of the single-particle anisotropy enetgly collect!ve statée” _ A _mamfestano_n of the Iow-tem_perature

and the dipolar interaction energy. The latter is a function ofcollective behavior is the peak in the concentration depen-

the particle density or metal volume fractior,] and the dence of the remanence and coercivity around the percola-

dipolar energy strengtkg). The main features of the mag- tion threshold(e.g._, Flg..l. Alth.ough FhIS behawqr is maxi- -

netic properties are summarized below. mized for magnetically |sotrop|c particles, a'remlnlscent of it
(a In purely dipolar systemg¢g#0, k=0) at low tem- Was shown to occur up to anisotropy energies comparable to

peratures, both the remanence and coercivity approach zeH3e dipolar strength.

in the limit of extreme dilution and in the limit of a fully

periodic array of(nonoverlapping spherical particles. Both

magnetic properties are maximized close to the percolation ACKNOWLEDGMENTS

threshold, due to the fractal morphology of the assembly
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