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Role of magnetostatic interactions in assemblies of Fe nanopatrticles

T. C. Schulthess®
Computer Science and Mathematics Division, Oak Ridge National Laboratory, Oak Ridge,
Tennessee 37831-6114

M. Benakli
Quantum Corporation, 888 South Street, Shrewsbury, Massachusetts 01545

P. B. Visscher
University of Alabama, Department of Physics and MINT Center, Tuscaloosa, Alabama 35487-0324

K. D. Sorge, J. R. Thompson, F. A. Modine, T. E. Haynes,
and L. A. Boatner
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6061

G. M. Stocks and W. H. Butler
Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6114

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 particlegnot a regular grifland 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 oriented2001 American Institute of
Physics. [DOI: 10.1063/1.1363608

I. INTRODUCTION separated at a volume fraction of 10%. The particles are

. ) . ) randomly distributed in the near surface region of a nonmag-
Studying assemblies of magnetic nanoparticles has beseic single crystalline host materigfttrium-stabilized zir-

come the daily bread of those concerned with the future ofgnig). Magnetically the samples can be considered as a film
magnetic recording media. The theory of noninteracting asgyy randomly positioned but crystallographically aligned
semblies is often used as a starting point for the interpretasingle-domain nanoparticles. Interestingly, the magnetic hys-
tion of experimental data. It is particularly compelling for its tgresis of these samples does not show the anisotropy one
simplicity, and is formally valid when the anisotropy energy would expect from noninteracting oriented cubic particles.
of the particles is much larger than the magnetostatic intersince the particles are embedded in a matrix, it is not entirely
particle interaction energy. Including magnetostatic effectgjear whether the effective anisotropy of the particles is re-
complicates the theory due to the long range nature of thgy aligned with the cube edges. In the present article we
dipole—dipole interaction. Bertram and Bhatizve used a show in a model calculation, that as a consequence of mag-
mean field approach to show that magnetostatic interactiongetostatic interactions, the magnetization curves will lack an-

lead to a reduction of the remanent magnetizabn Also  jsotropy, even if we assume that the easy axes are perfectly
using mean field theory, Chantrell and Wohlfrttave dis- aligned.

cussed the temperature dependent magnetic properties of as-
semblies of monodomain particles. While clearly recognized

to be important when temperature effects are considered!!- THE MODEL
interparticle interactions are often neglected in discussions of

the quasi-static rémagm?tic properties suchMsl 100ps at  ¢rystallographically oriented but randomly distributed in
zero temperatureThis is because, for samples with isotro- gp506 with given average size and volume fraction. We first
pically distributed anisotropy axes, the theory of noninteract.,,ose the box dimensiohs, L, andL,: initially only the

. . . . . 1 y 1 Z

ing particles describes the qualitative aspects oMt loop aspect ratio is importaritve have used 10:10; because we

rather well. s _will later rescale all lengths. We then pick a def} of N
Recently, Hondat al” have shown that nanocomposites yints at random from the box, for particle centers. If we

can be formed with magnetic particles that are crystallogimply picked particle sizes at random, we would risk over-
graphically aligned. In this case the nanoparticles are smglq-ap of the particles—we want the largest particles to go in the

Our present task is to model a layer of Fe cubes that are

crystal Fe cubes with mean edge size of 14 nm that are We'!argest holes. We accomplish this by definivig(r;) to be

the volume of a Voronoi polyhedron about point, and
3E|ectronic mail: schulthesstc@cornl.gov choosing the volume of the Fe cube centered; db be Li3
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=fV,(r;) wheref is the desired volume fraction. To deter-
mine the overall length scale, we use our knowledge of the
mean size, rescaling lengths so thatL; /N=L.

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

Magnetically, the particles are considered to be point
dipoles with momenta; =M SL? , WhereM is the saturation
magnetization. The particles interact magnetostatically and
have cubic anisotropy with easy axes aligned with the edges
of the bounding box. This leads to the following magnetic
energy:

E=- Z H-m;+ EI KLiS(aizxaizy+ aizyai22+ aizzaizx)

m; —3(m;n;;)(m;n;;)

1 m;
+35 > — S ,

1#] | ri— I‘J| ©
whereH is the applied fieldg;=m;/m;, andK is the an-
isotropy parameterr,; are the positions of the particles, and
n|]:(ri_rj)/|ri_rj|'

In the present work we will model the low temperature ‘
(4 K) hysteresis loops by calculating quasistatic magneti- L
zation curves as follows. We start with a random configura- -4000-3000-2000-1000 0 1000 2000 3000 4000
tion of particlg m(_)mentsdema_gneti;ed sta)tanc_j intt_agrat% H (Oe)
the Landau LifshitzLL) equation with no applied field and
an arbitrary damping parameter= 0.1’7 until the moment FIG. 1. Magnetization curves for assemblies of interacting Fe particles with

. . . . ’ . . lume fractionga) f =1/8 and(b) f =1/64, as well ac) for noninteracting
directions stop Changmg' The applled field is then mcrease%&grticles. The external field was applied along the0) (solid lines, (110

in discrete steps. At each step the LL equation is integrategjashed lines and(001) (dashed-dotted linedirections, respectively.
using the initial condition from the output of the previous

field step. When saturation is reached, a full hysteresis loop

'S ther_1 m_odeled using the same procedure with the f'EI%rocedure and as a reminder of what magnetic behavior
changing in small discrete steps.

should be expected when the particles do not interact. Since
we have assumed a cubic anisotropy the loop is perfectly
square with coercive fieltH ,=2K/M¢=951 Oe when the
The Fe particles in the experimental samplave a field is applied along th€100) direction of the cube. When
magnetization that is equal to the bulk value and an effective¢he field is applied along th€l10) direction, the remanence
anisotropy which is about 40% larger than the magnetocryshas to beM, /M= 1/1/2.
talline anisotropy of bulk Fe. We thus chooskl When we introduce interactiori$migs. 1a and 1b)],
=1745 emu/cr and K=8.3x 1C0Perg/cnt in our calcula- three changes are conspicuo(®. The discontinuity of the
tions. We note, that the anisotropy parameter chosen here lg/steresis loop at the coercivity, where the noninteracting
considerably smaller than that observed by ChienFe in  particles fall over an energy barrier, is roundé. The out-
SiO, but comparable to the anisotropy measured by Bodkeof-plane hysteresis loop narrows significantly, with lower re-
et al® for Fe particles on carbon support. For the presentnanence and coercivity3) The in-plane anisotropfthe dif-
calculations we have used a sampleNsf 100 particles in a  ference between the solid and dashed curves in Fay] s
box with aspect ratid,:l,:1,=10:10:1 and opetinonperi- ~much decreased. We will discuss these three changes later.
odic) boundary condition. Calculations with larger numbers (1) In understanding the rounding of the hysteresis loop,
of particles using different numerical techniques to evaluatehe concept of “frustration” may be useful. We can see that
the long range dipole sums are currently under way. Howfandom magnetostatic interactions can lead to frustration by
ever, as we will see later, the relatively small sample sizeconsidering a triangular configuration of particles, with the
used here is sufficient to explain the qualitative properties ofnagnetization vectors perpendicular to the plane of the tri-
the zero temperature magnetization curves. angle. In this geometry the magnetostatic interaction is effec-
The quasistatic magnetization curves at zero temperdively antiferromagnetic; this can be accommodated in a ring
tures calculated fof =1/8, f=1/64, andf =0 (noninteract- with an even number of members, but in the case of a tri-
ing particle$ are shown in Figs. (&), 1(b), and Xc), respec- angle there is frustration. This is known in the theory of spin
tively. The curves shown in Figs.(d and 1b) represent glasses to lead to a very complex energy surface with many
ensemble-averages over ten sampl€ke noninteracting re- local minimal® During magnetization reversal the system is
sults in Fig. 1c) are shown both as a test of the numericalforced from one local minimum to the next, which leads to a

M/Ms

Ill. RESULTS AND DISCUSSION
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gradual change of the magnetization as a function of thénteracting case, the reversal is inhomogeneous and the hys-

applied field and therefore to rounded loops. teretic losses are due to a sequence of energy barriers that
(2) The narrowing of the out-of-plane loop can be un-have to be crossed and thus give rise to a rounded magneti-

derstood as an effect of the shape anisotropy of the boundirzation curve. This qualitative difference in reversal mecha-

box, which makes this a hard axi®\ote, however, that this nisms will affect the dynamics and leads to the conclusion

shape anisotropy may be underestimated because of thieat long range magnetostatic interactions must be included

small size of the system. when the dynamics of reversal is investigated at finite tem-
(3) The decrease of in-plane anisotropy is more surprisperatures.

ing, but agrees with the experimental resdlts, which co-

ercivity is the same for both in-plane directions and the cubiqy, SUMMARY

anisotropy of the particles produces only a small anisotropy . ) )

in the remanence. Reducing the volume fraction, Fi),1 We have simulated an array of crystallograpically ori-

clearly begins to restore to the hysteresis loop the cubic arEnted iron particles, including magnetostatic interactions. We

isotropy possessed by the particles. The suppression of ifind that magnetostatic interactions cause qualitative changes

plane anisotropy by interactions can be understood in term& the hysteresis curves, and hence, cannot be ignored in

of the relative size of these two effects, quantified by theM0deling these systems.

ratio a=47M?2f/2K. For the parameters used in our calcu-

lations « takes the respective values of 2{91/8) and 0.36 ACKNOWLEDGMENTS

(f=1/64). That is, forf =1/8 the magnetostatic interactions Research sponsored by the Laboratory Directed Re-

dominate, while forf=1/64 the anisotropy energy is more gearch and Development Program of Oak Ridge National

important. _ . Laboratory(ORNL), managed by UT-Battelle, LLC for the
Two additional changes in the hysteresis result from thg; g Department of Energy under Contract No. DE-ACO05-

magnetostatic interactions. The saturation field is increaseggor22725 and by DOE Grant No. DE-FG02-98ER45714

significantly, while the coercivity is reduced from 951 Oe in 3nq NSE Grant No. DMR-9809423 to the University of Ala-
the noninteracting case to 350 Oe in the casé-ol/8. The  p5ma.

former effect can be understood because interactions with

randomly placed neighbors force the particle moments to be .
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Qualitatively, the changes in the hysteresis loop that re- '_rhroughout this wo_rk we use a fourth ord_er Runge Ku_tta algo'rlthm wyth
L. . L. fifth order error estimates and adapt the time step during the integrations
sult from the magnetostatic interactions seem similar to those sch that the error is always less thar 10
that result from random orientations of the anisotropy axes.’Note that in the present calculations, the damped LL equation is merely
In both cases the hysteresis loop appears isotropic and thselsed to find the local energy minimum.
remanence seems to be reduced. While this leads to thg? Bodker, S. Morup, and S. Linderoth, Phys. Rev. Leg,.282(1994.

. . . . he hysteresis curve for each of the ten samples looks much like the
temPtat'O” to ignore magnEtQStat'C Interactions be_tween '_:eensemble average, but is somewhat more noisy. The ensemble average is
particles, the present calculations for crystallographically ori- a better approximation to a real nanocomposite with a much larger number
ented Fe cubes show that the magnetization reversal is qualjof particles. _ ' _
tatively different when interactions become important. In the 't Should be noted that this argument is most valid for short ranged

. . . . interactions—it is possible that the long range of dipolar interactions may
noninteracting case the reversal is coherent and the hysteretiGash out the frustration effect.

losses are due the crossing of a single energy barrier. In théK. D. Sorgeet al. (these proceedings
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