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MAGNETISM AND ANISOTROPY IN CORE-SHELL NANOPARTICLES

O. Crisan®”, M. Angdakeris’, N. K. Flevaris®, G. Filoti®

®Nationd Institute for Materials Physics, MG-7, 76900 Bucharest, Romania
® Department of Physics, Aristotle University of Thessaloniki, 54124 Thessa oniki, Greece

The subject of magnetic anisotropy in nanostructured materials is of considerable interest
from both experimental and theoretical points of view. Systems that consist of either isolated
or interacting nanoparticles are shown to exhibit different magnetic properties of the
nanoparticle surface than those of the bulk. This atering of magnetic behavior is mainly
related to surface spins structure correlated with finite size effects, providing that the
nanoparticles are sufficiently small so that the surface-to-volume atomic ratio would be high
enough. This work reports on both the simulation and experimental approach on the magnetic
behavior of ferromagnetic nanoparticles. We investigate the competition between surface and
bulk magnetocrystalline anisotropy in small magnetic particles. The experimentally obtained
magnetic data for ferromagnetic core-shell-type AgCo nanoparticles are interpreted
consistently with the results of Monte Carlo simulaion of the magnetic behavior of single
domain nanoparticles.
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1. Introduction

Increased interest have been devoted recently to the experimental and theoretical study of
magnetic nanoparticles due to their outstanding properties arising from the nanometric scale that gives
rise to high surface-to-volume atomic ratio and strongly modified magnetic properties comparing to
the bulk. Both fundamental and applicative milestones can be achieved using such mesoscopic
systems [1]. It should be noticed that magnetic nanoparticles are presently active component of
ferrofluids, recording tape and flexible disk recording media. Increased range of applications has been
devedoped dso in the fidd of biomedica materials and catalysts. This dtering of the magnetic
properties may be related to the occurrence of new phenomena that are of interest for technological
applications. Moreover, the magnetic nanostructures can be used as model systems for studying
fundamentd aspects arising from nanoscopic scaling of different magnetic features. Both surface and
finite size effects have been previously hold responsible for the anomalous magnetic behavior of
nanomaterials. In the case of Fe nanoparticles [2], surface spins are shown to be noncollinear and
ferromagnetically coupled to the core. The magnetic behavior of ferrites and metallic oxides
nanoparticles has been explained in terms of finite s ze effects and surface spin disorder [3-5] and the
influence of surface spins on the overall magnetic behavior has been modeed [6] considering
enhanced surface anisotropy due to broken exchange bonds at the surface.

The paper is mainly structured in two parts. Magnetic data of core-shell bimetallic AgCo
nanoparticles are presented and discussed in the first part. The second is devoted to a Monte Carlo
simulation study of low temperature spin ordering with emphasis on the influence of surface
anisotropy on the overal magnetic behavior of isolated nanoparticles.
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2. Experimental

The AgCo nanoparticles have been prepared using a colloidal chemistry technique, details
about preparation being given dsewhere [7]. The fina product consists of a colloidal solution of
bimetallic AgCo nanopartides in toluene as carrier. Moreover, up to 30 drops of the solution
contai ning the AgCo nanoparticles are dried onto a Si substrate. The nanoparticles sd f-organize onto
the substrate by forming quasi-regular arrays of nanoparticles with narrow size distribution as proven
by X-ray diffraction (XRD), scanning dectron microscopy (SEM) and transmission € ectron
microscopy (TEM). The exact composition has been proven by energy eectron loss spectroscopy
(EELS) to be AgCoro and their structure is shown to be fcc for Ag and hep for Co with a peculiar
morphology, the Co forming incomplete shells around the Ag core. The magnetic behavior has been
investigated using a vibrating sample magnetometer (VSM) with an applied fidd up to 1.5 T. The
Monte Carlo simulation of low temperature spin ordering has been done using a pardld
computational facility, considering a system of spins corresponding to a ferromagnetic isolated
nanoparticle with aradius of R = 6a (a being the interatomic distance) and a number N = 905 spinsin
a cubic symmetry. The spins are interacting with each other (in a first-nearest-ne ghborhood
approximation) following a Heisenberg-type hamiltonian including exchange coupling and anisotropy
tems. The surface anisotropy is considered radialy oriented on the surface while the bulk
magnetocrystaline anisotropy is considered uniaxial on Oy axis. The spin configuration energy is
then minimized following a Metropolis algorithm. Macroscopic quantities such as specific hest,
susceptibility or magnetization for the whole system can be deived and corrdated with
experimentally obtai ned data.

3. Experimental results and discussion
The mgjor hysteresis loops and aso fied dependence of magnetization M(H) recorded at
room temperature (RT) in applied fidd up to 1 T and parall€l to the sample plane, are shownin Fig. 1.

204 o Experimental data
Langevin fitting

[
(9]
1

M (emu/g)
! M(H) loop

o
(9]
1

00
H (T)

0.0 0.2 0.4 0.6 0.8 1.0
H (T)

Fig. 1. Initial magnetization vs. applied field for AgsCoro nanoparticles. Inset: the hysteresis
loop a RT.

The measurements show that the AgCo nanoparticles exhibit very weak coercivity
(Hc = 145 Oe€) and remanence (M, = 0.048 emu/g) at RT (Inset of Fig. 1). The magnetization vs.
applied fidd curve (full squares in Fig. 1) exhibits no saturation up to 1 Tesla This anomalous
magnetic behavior is similar to previously reported investigations on CoRh nanoparticles [8] and
could be attributed both to the unusual multiphase pol ycrystalline structure of nanoparticles favouring
noncollinear arrangements of magneti c moments and to the highly disordered magnetic surface layers.
If the sampleis regarded as an assembly of superparamagnetic nanoparticles, the fidd dependence of
magneti zati on obeys a Langevin-type law:
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M(B) =M, L:i—_? +M75 )
where L(x)=cth(x) 1/x is the Langevin function, M(B) is the magnetization vs. fidd, M the
extrapolated saturation magnetization and M%,, corresponds to the volume fraction of nanoparticles
which are already magnetically saturated at very small applied fidd. The magnetization vs. applied
fidd was successfully fitted to eq.(1) (linein Fig. 1) and one may conclude that the AgCo sampl es act
a RT as assemblies of superparamagnetic (SPM) nanoparticles and this behavior can be related to
finite size effects and surface spin disorder.

4. Monte Carlo simulation

Thetheoreticd isolated ferromagnetic nanoparticle we investigate is made of spinswithS=1
and exchange coupling between them J= 1000 (in arbitrary units).
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Fig. 2. The equilibrium “throttled” spin Fig. 3. The saturation magnetization of R = 6a
configuration of the central planeof R=6a nanoparticle for different surface anisotropy
nanoparticle. constants Ks. The vaues shows two

configurational transitions.

Magnetocrystalline anisotropy is Ky = 20 while the surface anisotropy was ranged between
Ks = 0.2 + 2000. After minimization of the energy the spin configuration is shown to be strongly
dependent upon the surface anisotropy, giving rise to a so-called throttled spin configuration (Fig. 2)
which arises as aresult of competition between uniaxia bulk anisotropy and radia surface anisotropy.
This particular spin configuration is responsible for the non-saturation of the magnetization of
nanoparticles even at high applied fieds [7,8]. As the surface anisotropy is increasing, the spin system
undergoes two configurational transitions: collinear-to-throttled and throttled-to-hedgehog (a spin
state which gives no net magnetization). These transitions are visible while plotting the saturation
magneti zation vs. surface anisotropy constant Ks (Fig. 3).

5. Conclusions

The magnetic AgCo nanoparticles obtained as ferrofluids, shows peculiar magnetic behavior,
i.e lack of saturation even at high applied fid ds. This may be dueto surface spin disorder imposed by
broken symmetry at the surface and also reduced coordination. Finite size effects may aso be
responsible. In order to prove these assumptions, a theoretica system of spins, approximating the
quasi-isolated nanoparticles, has been considered and their equilibrium magnetic configuration has
been obtained via Monte Carlo simulation and shown to be sensitive to the surface anisotropy. For
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given intermediate Ks values the so-obtained throttled spin configuration looks as the state
responsibl e for the experimentally observed lack of saturation in the case of AgCo nanoparticles.

Acknowledgements

The help provided by J. M. Greneche, Y. Labaye and L. Berger for Monte Carlo simulation,
performed on a 95 processors paralle computationa facility is gratefully acknowledged. The hep
provided by the EU via research training nework HPRN - CT-1999-00150 is aso gratefully
acknowl edged.

References

[1] R. H. Kodama, J. Magn. Magn. Mater. 200, 359 (1999) and references therein.

[2] F. Bodker, S. Morup, S. Linderoth, Phys. Rev. B 72, 282 (1994).

[3] R. H. Kodama, A. E. Berkowitz, E. J. McNiff, Jr., S. Foner, Phys. Rev. Lett. 77, 394 (1996).

[4] R. H. Kodama, S. A. Makhlouf, A. E. Berkowitz, Phys. Rev. Lett. 79, 1393 (1997)

[5] A. F. Bakuzis, P. C. Morais, F. Pdegrini, J. Appl. Phys. 85, 7480 (1999).

[6] R. H. Kodama, A. E. Berkowitz, Phys. Rev. B 59, 6321 (1999).

[7] O. Crisan, M. Angdakeris, Th. Kehagias, Ph. Komninou, J. M. Greneche, Y. Labaye, N. Sobal,
M. Giersig, E. Pgpaioannou, N. K. Flevaris, Phys. Rev. B, submitted, 2003.

[8] D. Zitoun, M. Respaud. M. C. Fromen, M. J. Casanove, P. Lecante, C. Amiens, B. Chaudret,
Phys. Rev. Lett. 89, 037203-1 (2002).



