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Role of interactions in layered nanorings

Juan Escrig, Pedro Landeros and Dora Altbir

Departamento de Fisica,

Universidad de Santiago de Chile,

USACH, Av. Ecuador 3493, Santiago, Chile

Fax: +56 02 7769596 E-mail: jescrig@usach.cl

E-mail: plandero@usach.cl E-mail: daltbir@usach.cl

Monica Bahiana
and José D’Albuquerque e Castro*

Instituto de Fisica,

Universidade Federal do Rio de Janeiro,

Cx. Postal 68.528, 21941-972, RJ, Brazil

Fax: + 5521 25627368  E-mail: monica@if.uftj.br
E-mail: jeastro@if.uftj.br

*Corresponding author

Abstract: The magnetic properties of nanorings consisting of alternate layers
of magnetic and non-magnetic materials are studied. The relative stability of
the different magnetic configurations is examined as a function of the ring
geometry. The interactions between the magnetic layers play an important role
which is evidenced in the phase diagrams presented.

Keywords: nanomagnetism; magnetic rings; layered structures; magnetic
phase diagrams.

Reference to this paper should be made as follows: Escrig, J., Landeros, P.,
Altbir, D., Bahiana, M. and D’Albuquerque e Castro, J. (2007) ‘Role of
interactions in layered nanorings’, Int. J. Nanotechnol., Vol. 4, No. 5,
pp.531-540.

Biographical notes: Juan Escrig is a PhD student at Universidad de Santiago
de Chile. His main field of research is the theoretical study of the magnetic
interactions between nanoparticles.

Pedro Landeros is a PhD student at Universidad de Santiago de Chile. His work
concerns the theoretical study of magnetic nanostructures.

Dora Altbir is a Full Professor at Universidad de Santiago de Chile, where she
leads a research group working on the magnetic properties of nanostructured
materials. She received her PhD Degree in Physics in 1993 from the Pontificia
Universidad Catolica de Chile working on magnetic coupling in metallic
multilayers.

Monica Bahiana received her PhD Degree from the University of Illinois
at Urbana-Champaign in 1990, with a work on pattern formation in
block-copolymer systems. She holds a permanent position as Associated
Professor at the Physics Institute of the Federal University of Rio de Janeiro,

Copyright © 2007 Inderscience Enterprises Ltd.



532 J. Escrig et al.

Brazil. Her current research interests include nanomagnetism and pattern
formation in systems far from equilibrium.

José D’Albuquerque e Castro is a Professor of Physics at the Universidade
Federal do Rio de Janeiro. He obtained his PhD in Physics at the Imperial
College, University of London, in 1981. He is a senior research fellow
of the Brazilian Research Council, CNPq, and his current research interest
includes magnetic properties of nanostructured materials, electronic transport in
nanostructures and spintronics. He has authored more than 60 published journal
papers, and has supervised the research project of five PhD students. He is a
Coordinator of the Brazil-Argentina Center for Nanotechnology, Deputy
Coordinator of the Virtual Institute of Nanoscience and Nanotechnology of
Rio de Janeiro, and member of the Scientific Committee of the Millennium
Institute of Nanotechnology, of the Brazilian Ministry of Science and
Technology. He has acted as Scientific Consultant for several Agencies in
Brazil and abroad.

1 Introduction

Over the last decade, considerable effort has been directed to the investigation of
magnetic properties of nanoparticles. Different geometries have been considered,
including magnetic wires, tubes, rings and dots. In particular, multilayer stacks of
ring-shaped elements have been considered as potential building blocks for
magnetoresistive random access memory [1,2]. Interest has been focused on the
determination of the magnetic configuration of such layered nanorings as a function of
their geometry, having in mind their great potential for applications.

Geometrically, ring-shaped particles are characterised by their external and internal
radii, R and a, respectively, and height, H. Magnetic measurements as well as
micromagnetic simulations on such systems have identified three characteristic ideal
internal magnetic configurations, namely the out-of-plane ferromagnetic (¢ =1), the
onion (¢ =2), and the vortex (¢ =3) [3-7]. In the first one, the magnetic moments are
parallel to the ring axis, whereas in the other two they lay parallel to the ring basis.
The onion state is accessible from saturation and is characterised by the presence of two
opposite head to head walls [8,9]. On the other hand, in the vortex configuration the
magnetic moments circulate the ring axis. We remark that in the ¢=1 and ¢=2
configurations, in which the ring magnetisation is nonzero, the resulting demagnetising
field leads to deviations in the direction of the magnetic moments close to the particle
borders, [6,10,11] giving rise to edge domains. Thus, the magnetic behaviour of the ring
turns out to be sensitive to shape fluctuations and surface roughness, resulting in
complicated switching processes. However, in the vortex configuration most of the
magnetic flux is confined within the particle, and its magnetic behaviour is almost
insensitive to surface imperfections. In addition, the absence of the highly energetic core
region in rings stabilises the vortex state, leading to simpler and reproducible switching
processes. As a consequence, the determination of occurrence of the vortex state in
nanorings has been regarded as a key issue for the production of new magnetic devices.

In this work we investigate the magnetic properties of stacks of two magnetic
nanorings separated by a non-magnetic one, as depicted in Figure 1. The geometry of
such structures is characterised by the heights A; and H, of the lower and upper magnetic
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layers, respectively, the thickness d of the non-magnetic spacer, and the external R and
internal a radii. We are interested in determining the range of values of these parameters
for which the magnetic nanorings in such layered structure exhibit one of the three
characteristic configurations. In other words, we investigate the relative stability of the
magnetic configurations of the whole structure, which can be identified by two indices
[c1, c2], where ¢y, c; =1, 2 or 3 denote the internal configurations of the lower and upper
magnetic nanorings, respectively. In what follows, we evaluate and compare the total
energy EL“? of the various configurations as a function of ring’s geometric parameters.

tot

Figure 1 Three characteristic magnetic conﬁgurations of layered nanorings
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2 Model

We adopt a simplified description of the system, in which the discrete distribution of
magnetic moments is replaced with a continuous one characterised by the magnetisation

M (7). We recall that E'“2] is generally given by the sum of three terms corresponding

to the magnetostatic (E a-2)) exchange (EL"“'), and anisotropy contributions. In the

case of soft or polycrystalline magnetic materials, which we consider here, the latter can
be safely neglected.
In any case, the dipolar term can be written as

Ec[,f';‘z]=%L]\7[(7).VU(F)dv, (1)
where U(¥) is the magnetostatic potential associated with the total magnetisation
M(7)[12]. We remark that M(¥)=M,(¥)+M,(F), where M,(¥) and M,(F)
are the magnetisation densities of the lower and upper nanorings, respectively.
Thus, the magnetostatic potential splits up into two components, U,(¥) and U, (F),
associated with the magnetisation of each individual nanoring. It follows that
Elvel = Elal(y 4+ Elel(2) + El%1 ) where

dip dip dip int

[H()_'uOJ‘M()VU(r)dv i=12 2

dip

is the dipolar contribution to the self-energy of the ferromagnetic nanoring i, and
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int

Elel = gy j M\(F)- VU, (F)dv €

is the dipolar interaction between the lower and upper ferromagnetic nanorings.
On deriving equation (3) we have used the reciprocity theorem [12].

In the case of rings in the configurations under consideration, the magnetisation can
be regarded as varying slowly on the scale of the lattice parameter. In addition, we focus
on systems in which the thickness d of the intermediate layer is sufficiently large so as to
make negligible the indirect exchange interaction between the two magnetic rings across
the non-magnetic one. Such a condition is generally achieved when d > L, with L., the

exchange length of the magnetic material given by L, =+/24/u,M;. Here, 4 is the

stiffness constant of the magnetic material and M, is the saturation magnetisation. In such
a condition, the ferromagnetic rings interact just magnetostatically. Hence, the exchange
contribution to the total energy reduces to E) = El9)(1) + E121(2), where

Eliy=4 j [(Vm,) +(Vm,)* +(Vm,.) 1dv 4)

is the exchange contribution to the self-energy of nanoring i [12].
Here, m, =(m,,m,,m_)= M,/M, is the reduced magnetisation. In equation (4) a
constant and configuration-independent term has been left out [12].

On the basis of the above results, the total energy can be written as
Egel = B9l + Elgl )+ Elg !, where ELl(i) = Eji'(i)+ EL (i) is the self-energy of
nanoring i.

We now proceed to the calculation of the various terms in the expression for the total
energy. Results are given in units of g,M L, thatis to say E = E/u,M_L, . We start
by looking at the self-energy terms. For the out of plane magnetisation (¢ = 1) M (¥) can
be approximated by Mz, where Z is the unit vector parallel to the nanoring axis.
It follows that the only non-zero contribution to the ring self-energy comes from the
dipolar interaction. Thus, after some manipulations, we obtain
R’
L

B =" ], S 4= 0) - B, B0 s)
where = a/R, %= H/R, and J|(z) are Bessel functions.

Regarding the onion configuration (¢ = 2), Landeros et al. [13] have shown that in
such a case the magnetisation density is well described by a simple analytical model
depending on a variational parameter n, whose value is determined so as to minimise the
ring total energy. In their model, the reduced magnetisation is written as the sum of a
radial (m, = M,/M,) and an azimuthal (m,= M /M,) component satisfying the relations

f(@), O0<p<m/2
| f(Z—-9), m/2<¢<m
m.(9)= —f(p-m), m<¢<3m/2 ©)

fQRr-9¢), 3n/2<¢<2r,



Role of interactions in layered nanorings 535

and
—m, O<p<m/2
—m, w/2<p<rw
O T Pem, r<p<ini2 ?
JI-fQr—¢), 3rm/2<¢<2nm,
with f given by
f(n@)=cos’(9), n=l. ®)

In such model, n=1 corresponds to an in-plane ferromagnetic configuration.
Landeros et al. [13] have considered rings with different geometries and found that,
whenever the onion configuration is the stable one, n turns out to be very close to 1.
This is in agreement with the work of Beleggia et al. [14] in which the authors have
argued that, as far as the magnetic phase diagram of nanorings is concerned, replacing the
more correct quasi-uniform states with simple ideal uniform magnetisation should lead to
errors in the position of the phase boundaries not exceeding 10%. In view of that, we set
n=1 and find

EGi()= (e +qy, ~DIJ\ (@)= BJ, (BT (€))

7R’ J'w dg
2L, ¢
We remark that also in this case, the only non-zero contribution to the ring self-energy
comes from the dipolar interaction.

Finally, in configuration ¢ =3 the magnetisation can be approximated by Moé.
The contribution from the dipolar energy to the self-energy results equal to zero, and
E§ () =~(zH,n P/ L.

With regard to the interaction between the magnetic nanorings, the only non-zero
terms are those corresponding to the cases in which both rings are in the same
configuration, either ¢ =1 or ¢ =2. Due to the condition of perfect flux closure in the
vortex state (¢ = 3), one magnetic nanoring in such configuration does not interact with
the other, independent of the magnetic configuration of the second one. In addition, one
can easily show that the dipolar interaction between two nanorings in both the [1, 2] and
[2, 1] configurations is zero. Thus, we are left with just two interaction terms, namely

| :j—?[.fl (@)~ BI(Bg)F e F(l—e )1 - ") (10)

and E27 = EM /2 The minus sign in the superscript of E>7 indicates that the
alignment of the magnetisations of the lower and upper nanorings is antiparallel.
We remark that the total energy of the [2, 2] configuration is always larger than that of

the [2, —2] one.
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3 Results and discussion

Having evaluated all contributions to the total energy in the cases of interest, we are in
position to investigate the relative stability of the various configurations [ci, ¢;].

Let us consider firstly systems with H, = H, = H. Figure 2 shows the phase diagrams
giving the regions in the RH-plane within which one of the [c;, c;]-configurations is of
lowest energy. Results are presented for d/L., = 1 (dotted lines), d/L.x = 10 (dashed lines),
and d/L., > 1 (solid lines), and for two values of = a/R, namely = 0.3 (a) and £=0.9
(b). The case in which d/L > 1 corresponds to non-interacting rings. We notice that the
diagrams show three regions, corresponding to configurations [1, 1], [2, 2] and [3, 3], as
in the case of a single nanoring [13]. It is worth mentioning that in our model the
configurations [3, —3], (vortex, anti-vortex) and [3, 3] (vortex, vortex) have equal energy,
since in both cases the magnetic nanorings do not interact. In what follows we shall refer
to both as [3, 3]-configurations. The boundary lines between the different configurations
in Figure 2, as well as the position of the triple point in the diagram, change with f.
An interesting result is the significant reduction in the size of the [2, —2] stability region
as the ring walls are made thinner (as f approaches 1). In addition, the reduction in the
value of d favours the stability of the [1, 1] and [2, 2] by increasing the interaction
between the magnetic rings in the ferromagnetic configurations.

Figure 2 Phase diagrams for layered nanoring with H, = H, = H giving the regions in the
RH-plane within which one of the characteristic magnetic configurations is of lowest
energy, for (a) f=a/R= 0.3 and (b) S=a/R = 0.9. Results are presented for d/L. = 1
(dotted lines), d/L., = 10 (dashed lines), and d/L., > 1 (solid lines) which corresponds

to a single ring
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We now turn our attention to the case in which H; and H, are different. Figure 3 shows
phase diagrams in the RH,-plane for f= 0.3 and Hy/L., = 2, and two different thicknesses
of the non-magnetic ring, namely d/L.,=10 (a) and d/L,=1 (b). We notice the
occurrence of regions within which additional configurations such as [1,2], [2,3] and
[3,1] are of lowest energy. It is therefore clear that asymmetric layered structures exhibit
a more complex magnetic behaviour, which might be of interest from the point of view of
applications.

Figure 3 Phase diagrams for layered nanoring with Hy/L., =2 and = 0.3, for (a) d/L. = 10
and (b) d/L =1
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The phase diagrams in Figures 4 and 5 illustrate the possibility of controlling the
magnetic behaviour of such layered structures by choosing appropriate values for the
geometric parameters. In both cases, H)/L. is set equal to 6 and results are presented
for two different thicknesses of the spacer ring, namely d/L., = 10 (a) and d/L.x =1 (b).
The data in Figure 4 are for thick walled rings (= 0.3), whereas those in Figure 5 are for
thin walled rings (4= 0.9). Besides the changes in size of the different stability regions as
the geometric parameters are modified, a result which may be of relevance to the
construction of devices based on such structures is the possibility of suppressing some
specific phases or configurations by an appropriate choice of the geometric parameters.
In both Figures 4 and 5 the lower ring is never found in configuration 2, contrary to
what we have in Figures 2 and 3. It is also noticeable the significant reduction in size
of the [1,2] stability region as the thickness of the ring wall is reduced, as shown
in Figure 5.



538 J. Escrig et al.

Figure 4 Phase diagrams for layered nanoring with H,/L., = 6 and f= 0.3, for (a) d/L., = 10
and (b) d/L =1
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Figure 5 Phase diagrams for layered nanoring with H,/L., = 6 and = 0.9, for (a) d/Le, = 10
and (b) d/L =1
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4 Conclusions

In conclusion, we have investigated the relative stability of specific magnetic
configurations of layered nanorings as a function of their geometry. Results are
summarised in phase diagrams for different sets of geometrical parameters, which clearly
indicate that magnetic behaviour of such structures can be tailored to meet specific
requirements provided a judicious choice of such parameters is made. This includes not
just the control over the number of magnetic configurations the system might exhibit, but
also the possibility of suppressing specific configurations.
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