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1.2.2.- The concept of spring-magnet

In generd, it is difficult to obtan large vaues of coercivity and energy product
smultaneoudy. Actudly, hard magnetic materids, with large Hc, usudly do not have as large
Ms as soft magnetic materids. To overcome this difficulty, Kndler and Hawig proposed in
1991 the concept of spring-magnet [16]. The idea was to generate a two-phase microstructure
conggting of a smal proportion of soft magnetic phase embedded in a hard magnetic matrix,
in such a way tha both phases became drongly exchange coupled. When performing the
hysteress loop, the magnetization reverses fird in the soft phase and then the domain wadls
propagate from the soft to the hard magnetic phase. The overdl magnetic anisotropy is
reduced due to the soft phase, consequently Hc usudly is found to be smdler than the one of
the hard phase alone. However, Mg is sSgnificantly enhanced due to the exchange interactions
a the interfaces between the soft and the hard grains. These exchange interactions force the
oins in each grain, especidly a the gran boundaries, to reman digned in the direction of the
previous magnetizing field, once the magnetic field is removed, thus enhancing Mg.

Actudly, the firg nanocompostes conssing of interacting soft and hard magnetic
phases were obtaned experimentaly before the intuitive concept of spring-magnet was
conceived, in 1989, by Coehoorn and co-workers who, by means of met-gpinning of
NdsFezsBis syntheszed a nanocomposte consdting of exchange interacting NdxFej4B, FesB
and a-Fe phases [17]. In the following years, different spring-magnets were synthesized using
severd techniques, such as rapid olidification methods (eg. met-spinning or mechanicd
dloying) or chemica routes [18-20].

There ae severd factors which limit the magnetic properties of soring-magnets. In
paticular, both the mean gran dze and the grain sSze didribution have an effect in Mg,
Mgr/Ms and Hc [21]. Therefore, precise control of the microstructure of the compostes is
required to optimize their magnetic properties [22].

1.3.- Phenomenology and Fundamentals of Ferromagnetic-
Antiferromagnetic Coupling

1.3.1.- EM-AEM exchange anisotr opy

We have dready discussed two types of magnetic anisotropies in FM materids
magnetocrysdline anisotropy and shape anisotropy, even though other magnetic anisotropies,



Historical Background and
Theor etical Framework

such as dress anisotropy (induced by plastic deformation or mechanical tensons) or surface
anisotropy may aso be present in a FM materid.

In 1956 a new type of magnetic anisotropy was discovered in surface oxidized Co
particles [23]. This anisotropy, which is due to the interaction between AFM and FM
materials (note that CoO is AFM), was denoted as exchange anisotropy or unidirectional
anisotropy [24].

Since its discovery, this phenomenon, which has its origin in the interactions between
the interfacid spins of the FM and the AFM, has been widdy sudied, in fine particles, bulk
inhomogeneous materids, FM-AFM thin films, or thin FM films deposited on the top of AFM
monocrystals [24]. Moreover, the effects of exchange coupling have been dso observed in
ferrimagneticcAFM and ferrimagnetic-FM materials [25,26].

1.3.2.- Phenomenology

Ferromagnetic-antiferromagnetic  exchange coupling is typicaly induced when a
materid with a ceatan number of FM-AFM interfaces is cooled, under the presence of a
magnetic fidd, from a temperaure T higher than the Néd temperature (usudly the condition
Tn < T < Tc hasto be fulfilled).

The mogt wdl-known effect of FM-AFM coupling is a shift of the hysteress loop,
adong the fidd axis in the opposte direction of the magnetic fidd applied during the cooling
process. The amount of shift, usudly designated by Hg, is cdled exchange bias field. Another
feature of FM-AFM coupling is a widening of the hysteresis loop, i.e. an increase of Hc,
epecidly when the AFM  anisotropy is low. Both effects (loop shift and coercivity
enhancement) tend to decrease with temperature, becoming zero at temperatures close to Ty,
due to the loss of magnetic ordering in the AFM. Shown in figure 1.5 are typicd hyderess
loops of (8) aFM materid and (b) aFM material coupled to an AFM.
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(a)

Figure 1.5: Hysteresis loops of (a) a FM material and (b) an exchange coupled FM-AFM material. It
can be seen that in (b) the hysteresis loop is shifted along the field axis by an amount Hg and the
coercivity, Hc, is enhanced with respect to (a).

Further evidence of FM-AFM coupling can be inferred from torque magnetometry. In
torque curves, the force required to rotate the magnetization of a sample out of its easy axis
direction is plotted as a function of the angle of rotation [2,4]. For smplicity, let us consder
the case of a disc-shaped sngle crysd with uniaxid anisotropy, i.e. with only one easy axis,
and let us assume that the easy axis is in the plane of the disc. If the disc is then suspended in
horizonta postion and a strong magnetic fidd is applied, the disc will rotate until its easy
axis becomes pardld to the direction of the fidd. If qis the angle between the easy axis and
the magnetizetion, M, it can be demondrated that the anisotropy energy per unit volume will
be given by the following expression:

E=K,dn?q (1.3)
where K, isthe anisotropy congtant of the uniaxia crystd.

The firg derivative of E with respect to q gives the macroscopic torque, G exerted by
the externd fidd:

G=-—=-2K,snqcosq=-K,dn X (1.4

Shown in figure 1.6 (8) are the angular dependences of the energy and torque for a FM
materid with uniaxid anisotropy. As seen in the figure, there are two podtions of minimum
energy, for g= 0° and g= 180 °, which are postions of stable equilibrium.
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Conversdly, in exchange coupled FM-AFM materids, the angular dependence of Gis
like the one shown in figure 1.6 (b). In this case, G can be expressed by the following
equation:

G=-K,sng (1.5)

Therefore, the unit volume anisotropy energy is given by:

E=K,cosq+E, (1.6)

where Ey is an integration constant.
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Figure 1.6: Angular dependence of the torque and energy curves in (a) a FM material and (b) an
exchange coupled FM-AFM material.

Contrary to the case of an uncoupled FM materid, in a FM-AFM couple, there is only
one pogtion of minimum energy. In other words, in a FM materid with uniaxia anisotropy
there are two equivdent equilibrium pogtions a g = 0° and q = 180 °. However, in a FM-
AFM couple only one of these configurations minimizes E, eg. q = O° [23,24]. That is why
FM-AFM exchange anisotropy is usudly aso designated as unidirectional anisotropy.

1.3.3.- Intuitive picture

The firda mode to explan the exigence of loop shifts and coercivity enhancements in
exchange coupled FM-AFM materids was given by Meklgohn and Bean in 1956. This
model, dthough it is not able to quantitatively describe al the experimental results reported in

1
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the literature, it gives a good intuitive picture to understand, a least quditatively, the physica
principles of the coupling [23,27].

Shown in figure 1.7 are the spin configurations in the FM and the AFM layers, before
and after a fidd cooling process [24]. If a magnetic field is gpplied a a temperature T so that
Tn < T < Tc and the fidd is large enough, dl the spins in the FM will dign pardld to H, i.e.
the FM will be saturated. Meanwhile, the pins in the AFM will reman a random, since T >
Tn. When the FM-AFM couple is cooled through Ty, the magnetic order in the AFM is set up.
During the codling, it is likdy thet, a the FM-AFM interface, the spins of both components
interact with each other. If so, the first layer of spins in the AFM will tend to dign pardld to
the spins in the FM (assuming ferromagnetic interaction a the interface), while the successve
remaning layers in the AFM will orient antipardld to esch other, s0 as to give a zero net
megnetization in the AFM.
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Figure 1.7: Schematic diagram of the spin configurations in a FM-AFM bilayer, before and after afield
cooling process.

Within this model, two different opposite cases can be predicted, depending on the
AFM magnetic anisotropy. If the AFM anisotropy is low, one should only observe a
coercivity enhancement (without any loop shift), while for large AFM anisotropies, the only
observed effect should be a shift of the hysteresis loop. Neverthedess, in generd, both effects
can be observed smultaneoudy, because, for example, dsructura defects or gran sSze
digtribution bring about locd variations of the AFM anisotropy.

The spin configuration, for a FM-AFM couple, is shown schematicdly in figure 1.8
for different stages of a hysteress loop [24]. After the field cooling process, the spins in both
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the FM and the AFM lie pardld to each other (8). When the magnetic fidd is reversed, the
soins in the FM gart to rotate. However, if the AFM anisotropy is large enough, the spins in
the AFM will remain fixed. Consequently, due to the coupling, they will exert a microscopic
torque to the spins in the FM, trying to keep them in ther origind postion (b). Thus, the
megnetic fied required to completely reverse the meagnetization in the FM will be higher then
if the FM was not coupled to an AFM, i.e. an extra magnetic field will be required to
overcome the microscopic torque due to the spins in the AFM. And, as a result, the coercivity
in the negative fidd branch increases ().
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Figure 1.8: Schematic diagram of the spin configurations of a FM-AFM couple at the different stages
of ashifted hysteresisloop [24].

Conversely, when the magnetic field is reversed back to pogtive vaues, the rotation of
soins in the FM will be easier than in an uncoupled FM, since the interaction with the spins in
the AFM will favour magnetization reversd, i.e. the AFM will exert a microscopic torque in
the same direction as the gpplied magnetic fiedd (d). Therefore, the coercivity in the postive
fields branch will be reduced. The net effect will be a shift of the hysteress loop dong the
megnetic fidd axis Thus the spins in the FM have only one dable configuration
(unidirectiona anisotropy).

When the AFM anisotropy is low the Stuation is different (see figure 1.9). As in the

previous case, &ter the field cooling, the spins in both layers are digned in the same direction
(). However, when the magnetic field is reversed and the spins in the FM dart to rotate, if the
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AFM anisotropy is exceedingly low, the spins in the AFM can be dragged by the spins in the
FM (b). In other words, it will be energeticdly more favourable that the spins in both the FIM
and the AFM rotate together. However, the AFM spins rotate to a certain angle and findly
reech a dable configuraion, inducing the necessary irreversbility to induce increased
coercivity. An andogous behaviour will be observed after saturating in negative fidds ((c)
and (d)).

In this case, dthough no loop shift will be observed, the magnetic field required to

reverse magnetizations in both postive and negetive branches becomes larger, i.e an extra
energy isrequired. Consequently, the hysteresis loop widens and the coercivity is enhanced.
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Figure 1.9: Schematic diagram of the spin configurations of a FM-AFM bilayer, at the different stages
of awidened hysteresis |oop due to the exchange interactions.

Although this phenomenologicd modd gives quite an intuitive and smple image of
FM-AFM coupling, it is true that it has serious deficiencies, since it does not consder some
key points, such as for example the role of the FM anisotropy in the coupling, the effects of

interface roughness, the presence of gdtructurd defects or the formation and motion of domain
wadls

1.3.4.- Theoretical approach

The model described in the preceding section was the first theoretical agpproach to
exchange bias phenomena Two of the man assumptions of the modd ae tha the
magnetization rotates coherently and the FM and AFM easy axis are pardld. Under these
assumptions, the energy per surface unit in the FM-AFM couple can be expressed by [27]:
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E=- HMFMtFM COS(Q' b)+ KFMtFM Sinz( b)+ KAFMtAFM Sinz(a)' JINT COS(b- a)
(1.7)

where H is the gpplied magnetic fidd, Mgy is the saturation magnetization in the FM, tgy and
tarm @€ the thicknesses of the FM and AFM layers, Kpv and Kapm ae the magnetic
anisotropies in the FM and the AFM and Jint is the exchange coupling condant a the
interface. The angles a, b and q are, respectively, the angles between the planes of spins in
the AFM and the AFM easy axis, the direction of the spins in the FM and the FM easy axes
and the direction of H and the FM easy axis (see figure 1.10).

A KAI’HI“PH

Figure 1.10: Schematic diagram of the angles involved in a FM-AFM exchange coupled system. It is
assumed that the easy axesin the FM and AFM layers are collinear.

It can be seen from equation 1.7 that if no coupling exists between the FM and the
AFM and the applied magnetic field becomes zero, the overal energy of the FM-AFM system
reduces to the terms due to the AFM and the FM magnetic anisotropies (2™ and 3 terms).
However, if a magnetic field is gpplied, a certain work has to be carried out to rotate the spins
in the FM (1 term). Finaly, the 4" term represents the FM-AFM coupling. From equation
1.7 one can eadly deduce, to first gpproximation, the value of the exchange bias, Hg, if some
assumptions are made. For example, let’s first assume that the fied is gpplied dong the FM
easy axis, i.e q® 0. Secondly, let’s suppose that the AFM anisotropy constant is very large,
S0 that the spins of the AFM do not rotate with the field (i.e. they keep digned along the AFM
easy axis, S0 that a ~ 0 and sin?(a) ~ 0). Then eq. 1.7 can be rewritten as follows

15



Annex 1

E=-HM,t.y, cos(b) - J,; cos(b) + Kyt an(b)

(1.88)
or reagrouping terms,

E=- (HM FM tFM + ‘JINT)COS(b) + KFMtFM s'nz(b)
(1.8b)

This eguation is andogous to the Stoner-Wohlfarth eguation for the energy of single-domain,
non-interacting particles, with uniaxia anisotropy, i.e. [3]:

E=-(HeMgytey) cos(b) + Kyt sin*(b)
(1.9

Note that equations 1.8(b) and 1.9 are identicd if H, =H +—""—_ Thisindicates

FM "FM

that, under these assumptions, the hysteress loop of the FM-AFM system will be shifted by

theamount H_ = e aong the magnetic fidd axis.

FM *FM

Note that, athough this formula takes into account some relevant physicad parameters
of the FM-AFM couple, it assumes, anong other factors, a lack of domain sructure in the FM
and the AFM, co-linearity of the FM and AFM easy axes and absence of dtructura defects at
the interface. Furthermore, it neglects the effect that the magnetic field may have on the spins
in the AFM and the posshility of having a completely compensated spin sructure in the first
layer of spins in the AFM at the interface. Note that a compensated spin structure in the first
layer of the AFM means that the spins in this layer are digned dternatively in opposte
directions, so that the net magnetization in the first layer of the AFM is zero.

It is noteworthy that if the magnetic anisotropy in the AFM is low (usudly this is
expressed by Kapm tarm < Jin) it is energeticdly more favourable that during the hyderesis
loop the spins in the FM and the AFM rotate together, i.e. (b- a ) ~ 0. Then, assuming that H
is gpplied dong the FM easy axis, equation 1.7 can be rewritten as follows:

E=-HM,t., cos(b) + K, tr, Sn?(D)+K oy tan, SNZ(D)- I,

(1.10)
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Therefore:
E=-HM Fmlem COS(b) + (KFMtFM + KAFMtAFM)gnZ(b) - ‘]INT (1-11)

In this case, comparing with equation 1.9, one can observe that H = Hesy, i.€. there is no
loop shift. However, the vdue of Hc will change, snce the overadl magnetic anisotropy is
modified due to the coupling (see equation 1.1).

Neverthdess, it has to be mentioned that in the framework of Meiklgohn's modd it is
not posshle to predict the observed enhancement of coercivity in exchange interacting FM-
AFM couples. Moreover, within this modd, choosing appropriate vaues of the interface
exchange congtant, Jint, the values predicted for He are usudly severa orders of magnitude
larger than the experimental results [28]. Therefore, severa authors have developed more
complex modds, in which many other effects are taken into account. For ingance, some
models include the effects of the externd magnetic fidd on the AFM [29], the effect of grain
Sze didribution on the FM-AFM coupling [30], the non-colinearity of spins in the FM and
AFM layers [31], the spin uncompensation in the AFM [32] or the random anisotropy
generated in the AFM, due to the presence of surface roughness at the interface [33] or diluted
antiferromagnets [34].

Some modds emphasize the importance that the existence of magnetic domains in the
AFM can have on the coupling. In this sense, A.P. Madozemoff assumed that, when
peforming a hysteress loop of a FM-AFM couple, some domain wals were created in the
AFM, perpendicularly to the interface, due to the random fields generated as a consequence of
surface roughness or other defects at the interface [33]. According to Maozemoff, the
uncompensation of spins due to the AFM magnetic domain structure is mainly responsible for
the exigence of He. Conversdy, D. Mauri and N.C. Koon noticed that the formation of
domain wadls in the AFM, pardld to the interface, could adso result in a bias of the hysteress
loop [35]. Furthermore, in Koon's mode it was shown that in a completely compensated
AFM soin configurdtion a the interface, the energy is minimized when they are oriented not
pardle but perpendicular to the spins in the FM [35]. This is sometimes cdled perpendicular
coupling. Nevertheless, T.C. Schulthess and W.H. Butler have recently demondtrated that
Koon's model does not actudly predict the exisence of He but only some enhancement of
Hc, due to an increase of the uniaxia anisotropy [36]. K. Takano et. d have recently proposed
that He originaes manly as a consequence of non-compensated interfacid spins in the AFM
[32]. They have shown that the temperature dependence of the remanent moment due to the
uncompensated spins is dmilar to the one of Hg, concluding that both effects are closdy
related to each other. Another approach is the one proposed by M. Kiwi et d., which
condders that the effects of the coupling can be explaned by an incomplete domain dructure
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formation in the FM during the fiedd cooling process, badcdly due to the development of
metastable spin configurations at the interface of the FM [37].

Another modd by M.D. Stiles and R.D. McMichad takes into account the effects of
FM-AFM coupling in polycryddline FM-AFM bilayers, in which the FM interacts with
independent AFM grains (non-interacting) [38]. However, this mode has the drawback that it
assumes tha the cryddlite szes in the AFM ae so andl that no domain Sructure can be
formed in the AFM.

Moreover, RE. Camley e d. have peformed some numericad smulations, in which,
indeed of minimizing the ovedl enegy of the FM-AFM couple, they sudy the tempord
evolution of the magnetization during the hysteresis loop [39]. This modd predicts a spin
dructure in the AFM and FM layers smilar to that of Koon's modd and it shows that the
main effect for large Kapm is the existence of Hg, while for low Kaem only an enhancement of
Hc should be observed. In addition, this mode emphasizes the importance of the applied
fidd direction, with respect to the FM easy axis, in exchange bias and predicts different
mechanisms for magnetization reversd, depending on the intendty of the magnetic fied. It is
noteworthy that different mechanisms of megnetization reversd have been obsarved adso
experimentaly by severd authors[40].

In concluson, dthough dl these models have succeeded, to some extent, explaining a
large variety of experimenta results and observations, a complete theory, able to predict al
exchange bias reated phenomena, is 4ill lacking. This is because usudly the modds are only
gpplicable to some particular type of materids or cases and cannot be generalized to other
systems. Moreover, most models were developed for thin films systems, thus usudly can not
be exploited to fine particle systems.

1.4.- Ferromagnetic-Antiferromagnetic Coupling in Nanostructures and
Fine-Particle M aterials

Since the discovery of exchange anisotropy in 1956 in surface-oxidized cobdt fine
powders [23], the effects of FM-AFM coupling have been observed in a large variety of
different sysems [24]. However, snce the discovery of spin vaves based on exchange bias
and its important gpplications in magnetic storage devices, the bulk of exchange bias research
has concentrated in thin film sysems [24,41]. Moreover, due to the intrindc difficulty in
contralling severd physica parameters, which directly affect the magnitudes of loop shifts
and coercivity enhancements, the amount of research in fine particle systemsis scarce.
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1.4.1.- Exchange biasin fine powder s systems

Since their discovery, exchange bias phenomena have been sudied in a large number
of FM-AFM fine paticle sysems. Co-CoO [42], Ni-NiO [43], Fe-FeO [44], Fe-Fes04 [49],
Fe-FeS [46], Fe-FexN [47], Co-CoN [48], etc. These particles are usudly in the nanometer
range (5-100 nm) and typicaly exhibit a core-shel microstructure, in which a FM inner core
is surrounded by an oxide, nitride or sulphide surface layer, obtaned ether by naturd
oxidation or chemicad treatments of the particles. Severa techniques dlow the processing of
this kind of materis. Among them, vapour depostion, chemica reduction, gas condenstion,
aerosol spray pyrolyss or mechanica dloying are the most frequently used [24,49).

Although loop shifts have been observed in FM-AFM fine paticdes the man
characteridtic of this type of systems is the enhancement of the coercivity occurring a T < Tn.
Consequently, exchange bias was suggested as a posshble route for permanent magnet
processng. However, in fine-paticle sysems, the properties of exchange bias are only
usualy observed for temperatures below room temperature. This is in part because many
AFM have Néd temperatures below room temperature (e.g. Tn(FeO) = 200 K, Ty(CoO) = 290
K) [24]. In addition, the thin AFM shdll (usudly only a few nm) and the reduced sze of the
AFM cryddlites dso limits the temperature range in which the interactions can occur. When
the AFM thickness or grain Sze becomes increasingly smadl, therma fluctuations cause a loss
of the AFM magnetic ordering, i.e. they become superparamagnetic. When heating a FM-
AFM couple, the temperature at which the effects of the coupling disappear is cdled the
blocking temperature and is desgnated as Tg. It has been found experimentdly that Tg is
progressively reduced as the AFM grain size or thickness decreases, becoming Tg << Ty for
AFM cryddlite szes or film thickness of a few nm [50,51]. However, probably the main
reason of the limited research in exchange biased particles is that these systems are not ided
for sudies of fundamentd aspects of exchange bias, snce digtributions of particle szes and
shapes, often difficult to control, are dways present. Moreover, it is very difficult to control
some key parameters which play an important role in the FM-AFM coupling, such as AFM or
FM layer thicknesses, interface roughness, cryddlinity or goichiometry. Findly, from a
technologicd point of view, the fact that the AFM phases are usudly formed or derived from
the FM cores represents a severe limitation to the number of sysems in which FM-AFM
interactions can be induced. For ingtance, in generd, it is difficult to obtan AFM phases by
chemically treating the surface of hard magnetic particles.

Additiondly, some interet has aisen in pure FM, AFM and ferimagnetic
nanoparticles, snce sometimes they dso exhibit loop shifts and coercivity enhancements
[5253]. These effects are generdly attributed to the exigence of a spin-glasslike layer
surrounding each particle due to surface disorder (eg. uncoupled spins or roughness). During
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a fied cooling process, the spin-glass layer can become “frozen” and thus couple to the AFM,
FM or ferimagnetic cores. Note that, due to ther random magnetic configuration, spin
glasses can play the role of both FM and AFM in FM-AFM coupling [24].

1.4.2.- Exchange biasin “ artificially-fabricated” magnetic nanostr uctur es

Recently, some work is dso being caried out in atificdly fabricated FM-AFM
nanodructures. By “atificidly-fabricated”, we mean nanogtructures grown controllably by
different lithography methods. Severd types of FM-AFM nanostructures are worth studying
or are actudly being studied a present (see figure 1.11): (a) oxidized arrays of nanoparticles
[54,55], (b) FM-AFM nanoparticles [56-58] or (c) FM nanoparticles on continuous AFM
layers. Coercivity enhancements and loop shifts have been observed in these systems, which
make them promising candidates to solve some of the miniaurization trends of the recording

industry [54-58].
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Figure 1.11: Schematic configurations of three different artificially fabricated FM-AFM
nanostructures: oxidized arays of nanoparticles (a), FM-AFM nanoparticles (b) and FM
nanoparticles on continuous AFM layers (c).
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Although type (a) is Smilar to random particles, types (b) and (c) solve many of the
problems of exchange bias in fine paticles, ance in these sysems many sructural parameters
can be precisdly controlled. Thus, these FM-AFM nanocomposites are ided systems for
theoreticd moddling of the exchange bias phenomena since, by controlling the sze of the
particles (or dots) it is posshble, in some cases, to tune the magnetic domain structure in both
the FM and the AFM and, thus, corroborate or invalidate some of theoretica predictions on
the exchange bias phenomena [54-58]. However, in these patterned dements, some effects
due to shape anisotropy or dipolar interactions are adso usudly present. This requires accurate
control of some parameters, such as the separation between dots or the element aspect rtio, in
order to isolate the effects of exchange bias from other effects.
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