APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 24 9 DECEMBER 2002

Magnetic properties of self-assembled interacting nanoparticles
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The temperature-dependent magnetization and the hysteresis profrertiasence and coercivjty

of magnetic nanoparticle arrays are studied by Monte Carlo simulations. An oscillatory variation of
the remanence with layer coverage and accompanying peaks in the coercive field are predicted at
low temperatures, due to dipolar interparticle interactions. The blocking temperature of the arrays
decreases with the inverse cube of the interparticle spacigg-d ) and it remains almost
unchanged with film thickness above one monolayer. Our results are compared with recent
experiments on self-assembled Co nanoparticle arrays20@2 American Institute of Physics.
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Ordered arrays of magnetic nanoparti¢iésand pat-  of interacting nanoparticle arrays with structural defects at
terned magnetic mediare currently the most promising ma- the mesoscopic scale.
terials for exploitation in high-density~1 Tb/ir?) magnetic We consider identical spherical particles with diam&er
storage media, due to the sharp distribution of their magnetiforming a two-dimensional triangular lattice in tlg-plane,
properties and their high reproducibility. Nanoparticle arraysand lattice constani=D. We construct a nanoparticle-
(or superlattices are prepared by colloidal synthesis fol- assembled film with finite thicknesd—4 ML) by placing
lowed by size-selective precipitation that produces a veryarticles in the upper layer above alternate interstices in the
narrow particle size distributiona(<5%). Thelatter is a  lower one®* Structural defects are considered only in the
prerequisite for self-assembling of the nanoparticles disperppermost ML, and they arise in one of two wayg:ran-
sions on a substrate and ultimate formation of the superladlom occupation of the uppermost layer sites(ior forma-
tice. In addition to their technological applications, nanopar-ion of terraces with finite widtffw) and orientation along a
ticles superlattices are the ideal system for studying théymmetry axis of the triangular lattice. The particles are
magnetization reversal mechanism in the presence of intesingle-domain, they possess uniaxial anisotropy in a random
particle interactions, due to the precise knowledge and cordirection, and they interact via dipolar forces. The total en-
trol of the particle size and interparticle distances. Recenergy of the system reads:
studies of self-assembled arrays of magnetic nanoparticles A A A A
have provided clear evidence that interactions between the ~_ D (Si'sj)_S(Si'Rij)(SJ'Rij)_kE S .52

. . . . E g 3 - (Si e|)

nanoparticles are present and manifest themselves in various ] Ri] .
aspects of their magnetic behavior. In particular, anisotropy
between the in-plane and normal-to-plane remanence -hY (5-A), (1)
magnetizatiorf, distribution of energy barriers with a larger i
width than the corresponding particle volume distribution
and flat f'eld'C(?Oled magnetization cqr@dm\(e beeq ob- i, & is the easy axis directiorR;; is the center-to-center
served and attrlbyted to interparticle dipolar mterqctlons: distance between particlésand j, measured in units of the

The p_repara_1t|on O_f sel_f-assembled nanoparticles f'lmsfattice constantl, and hats indicate unit vectors. The energy
from colloidal dispersions mtlroduces uncqntrollable Struc'parameters entering Eql) are the dipolar energyg
tural defec'gs at the mesoscopic so@!aperlat'gce geome_t}y = 12/d3, whereu=M_V is the particle momenk=K,V is
Electron microscopy has prowded_ cI%asr evidence for incomszp, o anisotropy energy, art= wH is the Zeeman energy due
plete monolayer(ML) coverage(xglds "~ and the presence , the applied fielcH. For Co nanoparticles with hep or fcc
of an unfinished uppermost ML The morphology of the  yomic Jattice structure, typical valufeare K,~10° erg/cc

uppermost ML is characterized by random occupation of theandMs~ 10° emulcc that givey/k~0.52(D/d)°, while e-Co

underlying hexagonal lattice sites and, under certain Circ“mhanoparticles are sdttand a ratiog/k>(D/d)? is consid-

stances, by formation of terraces along a symmetry axis Ofyeq The magnetic configuration under an applied fi¢ld

the superlatticé. Provided that the highly reproducible be- and finite temperaturd was obtained by a Monte Carlo
havior of self-assembled systems is the cornerstone for theif;, ,1ation using the standard Metropolis algoritHit a
potential applications, it is of crucial importance to under-given temperature and applied field, the system was allowed
stand the modifications of their magnetic behavior due to thg, rajax towards equilibrium for the first 1aVionte Carlo
presence of uncontrollably.gener_ated structural defects. He.rﬁeps per spin, and thermal averages were calculated over the
we present a computer simulation study of the hySteres'éubsequent fosteps. Simulations were performed or_a
characteristics and the temperature-dependent magnetization L, cell with L=15d and d,<L,<4d,, where d,
=d273 is the interlayer distance. We used periodic bound-
dElectronic mail: dkehrakos@ims.demokritos.gr aries in thexy-plane and free boundaries in tkexis. The

' whereS is the magnetic moment directigapin) of particle
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FIG. 1. Dependence of ZFC/FC magnetization on layer coverage for harélG. 2. Dependence of ZFC magnetization on interparticle distance for hard
Co nanoparticles d/k=0.25). Top layer is randomly occupied. In-plane Co nanoparticlesg/k=0.25). Uppermost layer is randomly occupied. In-
applied fieldh/k=0.1. Inset shows the dependence of blocking temperatureplane applied fielch/k=0.1. Inset shows the scaling behavior of blocking
on monolayer coverage. temperature with interparticle distance.

dipolar interactions were treated without truncation using th&lipolar interactions produce a ferromagnetic ground state
Ewald summation method for a quasi-two-dimensionalWith the magnetization lying along one of the three symme-
system'! try axes of the triangular lattic®.Successive monolayers are

In Fig. 1 we show the zero-field-coolé@FC) magneti- coupled ferromagnetically, and therefore the remanence is
zation curves for various coverage values and parameters always close to unity when the system consists of an integer
corresponding to hard Co nanoparticles. The maximum ofumber of monolayergFigs. 3a), 3(b)]. The remanence
the ZFC curve appears at the blocking temperatdig of  féaches a minimum every time the uppermost layer is ap-
the systent? An obvious increase of the blocking tempera- Proximately half covered. Upon examination of the layer-
ture with layer coverage is seen, that almost reaches saturfesolved magnetizatiofmot shown hergas successive layers
tion as soon as the first complete ML is formen<1). The &€ covered, the following picture arises: at low coverage of
increase ofT,, with coverage, below 1 ML, is due to the the top layer ¢,,~0-0.2), small clusters of neighboring
anisotropic and ferromagnetic character of dipolar interach@noparticles exist for which the intralayer coupling domi-
tions that introduce an additional barrier to the magnetizatioftaes over the coupling to the monolayers below. This 2D
reversal of the particles. The increase Taf with particle random dipolar system is frustrated, thus reducing the overall
concentration has also been observed in granular fffié. magnetization. At~50% coverage, the percolation limit for
IncreasedT,, values relative to the dilute limit have been the triangular lattice is reached, and above this coverage the
recently measured in self-assembled Co nanoparticle arrajgromagnetic ground state of the triangular lattice develops.
prepared from colloidal dispersichand in self-organized This procedure is repeated for every new monolayer added to
lattices of Co clusters in AD; matrix® However, in the the stacking sequence. The amplitude of the magnetization
latter experiments the saturationBf values was found after oscillations decays with film thickness because the upper-
5—7 layers, while in close-packed hexagonal arrays we denfnost layer, which is responsible for the oscillations, consti-
onstrate that saturation occurs already after two layers. Thus,
we conclude that in hexagonal closepacked spherical Co par 44
ticles, the collective behavior is predominantly determined
by the intralayer dipolar interactions, while interlayer inter- 0.8
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actions play only a secondary role. - ] s
A strong dependence of tHg, on the interparticle dis- =2 06 02 x
tance(d) is shown in Fig. 2. Our data indicate that for hard £ 0.0 £
magnetic nanoparticlesg(k<1) the blocking temperature 8 1.0 T g
. . . . . © T 06 @

scales with the inverse cube of the interparticle distance,g ] r
Ty~ (D/d)3. Bearing in mind that the dipolar strengthds § osl 1oa 2
~(D/d)3, we obtainT,~g, which means that in hexagonal ! ] §

arrays of magnetically hard nanopatrticles, the dipolar inter- g 0.2
actions provide an additional energy barrier for magnetiza- :
tion reversa! that.is proportional to the dipqlar cqupling 0 1 2 3 40 1 2 3 4
strength. To investigate further, the effects of dipolar interac-
tions on the saturation remanenck®l,) and the coercive
field (H.) for strongly dipolar nanoparticle arrays at very FIG. 3. Dependence of saturation remanence and coercive field on mono-
low temperature are shown in Fig. 3. The most pronounce yer coverage for soft Co nanoparticleg k= 10) at very low temperature.

. . o he in-plane applied field lies along a symmetry axis of the lattigeand
feature in these data is the oscillatory dependendd oénd (b) Hexagonal close-packed nanoparticles with a random top lég)eand

H. on the layer coverage. In an ideal hexagonal monolayerd) Hexagonal close-packed nanoparticles with a terrace on the top layer.
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tutes a decreasing fraction of the total volume. Peaks in thenaximum values at full monolayer coverage, indicating a
coercive field accompany the maximum values of the remaeollective behavior. Our results are in qualitative agreement
nence. In other words, the nanoparticle array is magneticallyith recent measurements of ZFC/FC cur¥é3jndicating
harder when it consists of ideal monolayers, and a substantiah increase of, relative to the dilute limit. More measure-
softening is observed even with a féw10%) voids in the  ments in samples with different surfactants, which allow the
top monolayer. The maximum of the coercive field for interparticle distance to be adjustédwould help to verify
=0.5 ML is attributed to the maximum anisotropy that thethe scaling behavior of,. Control of the layer coverage
system develops around the percolation thresfbNotice,  could presently be accomplished by variation of the colloidal
finally, that the coercive field decreases continuously withdispersion concentratichOur results could motivate more
film thickness and the peaks are suppressed after a femeasurements in samples with controlled layer coverage,
monolayers thickness, indicating a transition from a 2D to avhich will further elucidate the role of dipolar interparticle
3D magnetization reversal mode. interactions in nanoparticles assemblies. Finally, the oscilla-
The growth mode of the uppermost monolayer modifiesory behavior demonstrated here for the remanence and co-
only quantitatively the oscillatory behavior. Thus, if the ercive field at low temperature is the combined outcome of
growth proceeds with formation of terracesimilar oscilla-  dipolar interactions and the morphology of the samples at a
tions are observed in the remanence and corresponding peak&soscopic scale. It is therefore anticipated that similar os-
in the coercive fieldFigs. 3c), 3(d)]. In this case, we model cillations could occur in superlattices of magnetic anti-dots,
the monolayer growth by considering a stripe of nanoparwhere magnetostatic interactions exist between the magnetic
ticles on the uppermost layer. The widf) of the stripe  dipoles formed by the free poles formed at each anti-dot.
grows by addition of extra rows of nanoparticles, one at a ) )
time, until the surface of the film is covered. As in the case of ~ 1his work has been supported by the GROWTH project
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