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Role of magnetostatic interactions in assemblies of Fe nanoparticles
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It has recently become possible to synthesize a class of nanostructured materials by ion
implantation. The implanted ions aggregate into crystallographically oriented nanoscale inclusions
in the host material. We have performed simulations of the magnetization curves for such
assemblies of nanoscale Fe inclusions in a nonmagnetic host. We use random positions for the
magnetic particles~not a regular grid! and include magnetostatic interactions in detail. We find that
these materials are not adequately described by standard noninteracting theories—interactions have
a significant effect. In particular, interactions can mask the effects of crystallite orientation,
producing nearly isotropic hysteresis curves. The use of a noninteracting model could thus lead one
to conclude, incorrectly, that the inclusions are randomly oriented. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1363608#
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I. INTRODUCTION

Studying assemblies of magnetic nanoparticles has
come the daily bread of those concerned with the future
magnetic recording media. The theory of noninteracting
semblies is often used as a starting point for the interpr
tion of experimental data. It is particularly compelling for i
simplicity, and is formally valid when the anisotropy ener
of the particles is much larger than the magnetostatic in
particle interaction energy. Including magnetostatic effe
complicates the theory due to the long range nature of
dipole–dipole interaction. Bertram and Bhatia1 have used a
mean field approach to show that magnetostatic interact
lead to a reduction of the remanent magnetizationMr . Also
using mean field theory, Chantrell and Wohlfarth2 have dis-
cussed the temperature dependent magnetic properties o
semblies of monodomain particles. While clearly recogniz
to be important when temperature effects are consider3

interparticle interactions are often neglected in discussion
the quasi-static magnetic properties such asMH loops at
zero temperature.4 This is because, for samples with isotr
pically distributed anisotropy axes, the theory of nonintera
ing particles describes the qualitative aspects of theMH loop
rather well.

Recently, Hondaet al.5 have shown that nanocomposit
can be formed with magnetic particles that are crysta
graphically aligned. In this case the nanoparticles are sin
crystal Fe cubes with mean edge size of 14 nm that are

a!Electronic mail: schulthesstc@cornl.gov
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separated at a volume fraction of 10%. The particles
randomly distributed in the near surface region of a nonm
netic single crystalline host material~yttrium-stabilized zir-
conia!. Magnetically the samples can be considered as a
of randomly positioned but crystallographically aligne
single-domain nanoparticles. Interestingly, the magnetic h
teresis of these samples does not show the anisotropy
would expect from noninteracting oriented cubic particle
Since the particles are embedded in a matrix, it is not entir
clear whether the effective anisotropy of the particles is
ally aligned with the cube edges. In the present article
show in a model calculation, that as a consequence of m
netostatic interactions, the magnetization curves will lack
isotropy, even if we assume that the easy axes are perfe
aligned.

II. THE MODEL

Our present task is to model a layer of Fe cubes that
crystallographically oriented but randomly distributed
space with given average size and volume fraction. We fi
choose the box dimensionsLx , Ly , andLz ; initially only the
aspect ratio is important~we have used 10:10:1! because we
will later rescale all lengths. We then pick a set$r i% of N
points at random from the box, for particle centers. If w
simply picked particle sizes at random, we would risk ov
lap of the particles—we want the largest particles to go in
largest holes. We accomplish this by definingVv(r i) to be
the volume of a Voronoi polyhedron about pointr i , and
choosing the volume of the Fe cube centered atr i to beLi

3

4 © 2001 American Institute of Physics
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5fVv(r i) where f is the desired volume fraction. To dete
mine the overall length scale, we use our knowledge of
mean sizeL̄, rescaling lengths so that( iL i /N5L̄.

This construction leads to a normal distribution of t
particle sizes. The exact shape of distribution is not cru
for the calculations presented here.

Magnetically, the particles are considered to be po
dipoles with momentsmi5MsLi

3 , whereMs is the saturation
magnetization. The particles interact magnetostatically
have cubic anisotropy with easy axes aligned with the ed
of the bounding box. This leads to the following magne
energy:

E52(
i

H"mi1(
i

KLi
3~a ix

2 a iy
2 1a iy

2 a iz
2 1a iz

2 a ix
2 !

1
1

2 (
iÞ j

mimj23~mini j !~mjni j !

ur i2r j u3
,

whereH is the applied field,ai5mi /mi , andK is the an-
isotropy parameter,r i are the positions of the particles, an
n̂i j 5(r i2r j )/ur i2r j u.

In the present work we will model the low temperatu
~4 K! hysteresis loops5,11 by calculating quasistatic magnet
zation curves as follows. We start with a random configu
tion of particle moments~demagnetized state! and integrate6

the Landau Lifshitz~LL ! equation with no applied field an
an arbitrary damping parametera50.1,7 until the moment
directions stop changing. The applied field is then increa
in discrete steps. At each step the LL equation is integra
using the initial condition from the output of the previou
field step. When saturation is reached, a full hysteresis l
is then modeled using the same procedure with the fi
changing in small discrete steps.

III. RESULTS AND DISCUSSION

The Fe particles in the experimental sample5 have a
magnetization that is equal to the bulk value and an effec
anisotropy which is about 40% larger than the magnetoc
talline anisotropy of bulk Fe. We thus chooseMs

51745 emu/cm3 and K58.33105erg/cm3 in our calcula-
tions. We note, that the anisotropy parameter chosen he
considerably smaller than that observed by Chien3 in Fe in
SiO2 but comparable to the anisotropy measured by Bod
et al.8 for Fe particles on carbon support. For the pres
calculations we have used a sample ofN5100 particles in a
box with aspect ratiol x : l y : l z510:10:1 and open~nonperi-
odic! boundary condition. Calculations with larger numbe
of particles using different numerical techniques to evalu
the long range dipole sums are currently under way. Ho
ever, as we will see later, the relatively small sample s
used here is sufficient to explain the qualitative properties
the zero temperature magnetization curves.

The quasistatic magnetization curves at zero temp
tures calculated forf 51/8, f 51/64, andf 50 ~noninteract-
ing particles! are shown in Figs. 1~a!, 1~b!, and 1~c!, respec-
tively. The curves shown in Figs. 1~a! and 1~b! represent
ensemble-averages over ten samples.9 The noninteracting re-
sults in Fig. 1~c! are shown both as a test of the numeric
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procedure and as a reminder of what magnetic beha
should be expected when the particles do not interact. S
we have assumed a cubic anisotropy the loop is perfe
square with coercive fieldHc52K/Ms5951 Oe when the
field is applied along the~100! direction of the cube. When
the field is applied along the~110! direction, the remanence
has to beMr /Ms51/A2.

When we introduce interactions@Figs. 1~a! and 1~b!#,
three changes are conspicuous.~1! The discontinuity of the
hysteresis loop at the coercivity, where the noninteract
particles fall over an energy barrier, is rounded.~2! The out-
of-plane hysteresis loop narrows significantly, with lower r
manence and coercivity.~3! The in-plane anisotropy@the dif-
ference between the solid and dashed curves in Fig. 1~a!# is
much decreased. We will discuss these three changes la

~1! In understanding the rounding of the hysteresis lo
the concept of ‘‘frustration’’ may be useful. We can see th
random magnetostatic interactions can lead to frustration
considering a triangular configuration of particles, with t
magnetization vectors perpendicular to the plane of the
angle. In this geometry the magnetostatic interaction is eff
tively antiferromagnetic; this can be accommodated in a r
with an even number of members, but in the case of a
angle there is frustration. This is known in the theory of sp
glasses to lead to a very complex energy surface with m
local minima.10 During magnetization reversal the system
forced from one local minimum to the next, which leads to

FIG. 1. Magnetization curves for assemblies of interacting Fe particles w
volume fractions~a! f 51/8 and~b! f 51/64, as well as~c! for noninteracting
particles. The external field was applied along the~100! ~solid lines!, ~110!
~dashed lines!, and~001! ~dashed-dotted line! directions, respectively.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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gradual change of the magnetization as a function of
applied field and therefore to rounded loops.

~2! The narrowing of the out-of-plane loop can be u
derstood as an effect of the shape anisotropy of the boun
box, which makes this a hard axis.~Note, however, that this
shape anisotropy may be underestimated because of
small size of the system.!

~3! The decrease of in-plane anisotropy is more surp
ing, but agrees with the experimental results,5 in which co-
ercivity is the same for both in-plane directions and the cu
anisotropy of the particles produces only a small anisotr
in the remanence. Reducing the volume fraction, Fig. 1~b!,
clearly begins to restore to the hysteresis loop the cubic
isotropy possessed by the particles. The suppression o
plane anisotropy by interactions can be understood in te
of the relative size of these two effects, quantified by
ratio a[4pM s

2f /2K. For the parameters used in our calc
lationsa takes the respective values of 2.9 (f 51/8) and 0.36
( f 51/64). That is, forf 51/8 the magnetostatic interaction
dominate, while forf 51/64 the anisotropy energy is mor
important.

Two additional changes in the hysteresis result from
magnetostatic interactions. The saturation field is increa
significantly, while the coercivity is reduced from 951 Oe
the noninteracting case to 350 Oe in the case off 51/8. The
former effect can be understood because interactions
randomly placed neighbors force the particle moments to
noncollinear, so they are harder to align: the saturation fi
is higher. This is consistent with experiment,11 in which the
measured saturation field is much larger than what would
expected from the measured coercivity if the particles
assumed to be noninteracting. The reduction in coerci
may be understood in terms of demagnetization by effec
antiferromagnetic interactions.

Qualitatively, the changes in the hysteresis loop that
sult from the magnetostatic interactions seem similar to th
that result from random orientations of the anisotropy ax
In both cases the hysteresis loop appears isotropic and
remanence seems to be reduced. While this leads to
temptation to ignore magnetostatic interactions between
particles, the present calculations for crystallographically o
ented Fe cubes show that the magnetization reversal is q
tatively different when interactions become important. In t
noninteracting case the reversal is coherent and the hyste
losses are due the crossing of a single energy barrier. In
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interacting case, the reversal is inhomogeneous and the
teretic losses are due to a sequence of energy barriers
have to be crossed and thus give rise to a rounded mag
zation curve. This qualitative difference in reversal mech
nisms will affect the dynamics and leads to the conclus
that long range magnetostatic interactions must be inclu
when the dynamics of reversal is investigated at finite te
peratures.

IV. SUMMARY

We have simulated an array of crystallograpically o
ented iron particles, including magnetostatic interactions.
find that magnetostatic interactions cause qualitative chan
in the hysteresis curves, and hence, cannot be ignore
modeling these systems.

ACKNOWLEDGMENTS

Research sponsored by the Laboratory Directed
search and Development Program of Oak Ridge Natio
Laboratory~ORNL!, managed by UT-Battelle, LLC for the
U. S. Department of Energy under Contract No. DE-AC0
00OR22725 and by DOE Grant No. DE-FG02-98ER457
and NSF Grant No. DMR-9809423 to the University of Al
bama.

1H. Neal Bertram and Arun K. Bhatia, IEEE Trans. Magn.MAG –9, 127
~1973!.

2R. W. Chantrell and E. P. Wolfarth, J. Magn. Magn. Mater.40, 1 ~1983!.
3C. L. Chien, J. Appl. Phys.69, 5267~1991!.
4L. Maya, J. R. Thompson, K. J. Song, and R. J. Warmack, J. Appl. P
83, 905 ~1998!; C. Chen, O. Kitakami, and Y. Shimada,ibid. 84, 2184
~1998!.

5S. Honda, F. A. Modine, A. Meldrun, J. D. Budai, T. E. Haynes, L.
Boatner, and L. A. Gea, Mater. Res. Soc. Symp. Proc.540, 225 ~1999!.

6Throughout this work we use a fourth order Runge Kutta algorithm w
fifth order error estimates and adapt the time step during the integrat
such that the error is always less than 10214.

7Note that in the present calculations, the damped LL equation is me
used to find the local energy minimum.

8F. Bodker, S. Morup, and S. Linderoth, Phys. Rev. Lett.72, 282 ~1994!.
9The hysteresis curve for each of the ten samples looks much like
ensemble average, but is somewhat more noisy. The ensemble aver
a better approximation to a real nanocomposite with a much larger num
of particles.

10It should be noted that this argument is most valid for short rang
interactions—it is possible that the long range of dipolar interactions m
wash out the frustration effect.

11K. D. Sorgeet al. ~these proceedings!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp


