Chapter 1

| ntr oduction

1.1.- Antiferromagnetic and Ferromagnetic M aterials: Soft and Hard

Some magnetic phenomena, like the ability of certain materids to attract pieces of iron
or the property of being oriented under the action of a magnetic fiedld have been known and
used for hundreds of years. However, the extensve gpplication of magnetic materids did not
come until the last century. Some wel-known examples where magnetic materids are
commonly used are dectronic devices, sugpenson mechanisms, radio or TV equipments or
motors, among many others[1].

All materids that exis in nature can be dasdfied into different categories, depending
on their response to an gpplied magnetic fied, H. Some of the types of magnetic behaviour
ae feromagnetiam, ferimegnetiam, antiferromagnetism, paramagnetisn or  diamagnetism.
From a classcd microscopic point of view, this is due to the exigence of magnetic moments
associaed ether with the movement of eectrons around the atomic nucleus (orbital angular
momentum, which gives rise to the angular moment) or rotation of eectrons around their own
axis (spin angular momentum, which gives rise to the soin moment).

In ferromagnetic (FM) materids, the magnetic moments tend to dign pardld to each
other within certain regions (domains). This effect originates a spontaneous magnetization. I
a large enough magnetic fiedd is gpplied, the magnetizetion of the different domains dign
with each other and the net magnetization reaches a condant vaue, i.e. the so-cdled
saturation magnetization, Ms. Moreover, another characterigic of FM materids is that when
the magnetic field is removed, some magnetic moments remain adigned in the direction of the
previous magnetizing fied, originaing a remanent magnetization, Mgr. The negative magnetic
field required to reduce M back to zero is denoted as coercivity, Hc. A completely anaogous
behaviour is encountered when the materid is saturated in negaive magnetic fidds. The
whole curve obtained when plotting M vs. H iscalled hysteresisloop [1-5].

On the other hand, in the materids desgnated as antiferromagnetic (AFM), the
magnetic moments tend to dign antipardld to each other. In this case, the net gpontaneous
magnetization is essentidly zero and they do not exhibit any hyderetic behaviour, i.e. when
plotting M vs. H a linear graph is obtained. In paramagnetic (PM) materids, the magnetic
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moments do not interact with each other s0 that, in absence of a magnetic fidd, they are
oriented at random. However, when a fidd is gpplied, to a certain extent, the moments tend to
dign to it. The typicd magnetization curves of FM, AFM and PM maerids are shown in
figure 1.1.
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Figure 1.1: Typical magnetization curvesfor (a) aFM material and (b) aPM or AFM material.

It is noteworthy that when FM or AFM materids are heated, the thermal energy causes
their magnetic moments to oscillate in such a way that they tend to lose ther magnetic
ordering, becoming both of them PM. The temperature at which this transformation occurs is
cdled Curie temperature, Tc (in FM materids) or Néd temperature, Ty (in AFM materids).

The lage vaigty of feromagnetic materids that exig in naure can be roughly
classfied into two categories <oft and hard ferromagnetic maerids. Soft ferromagnetic
materids are characterized by low vaues of Hc, typicaly lower than 10 Oe, and large vaues
of Ms, usudly higher than 100 emu/g. This results in a narrow hysteress loop (see fig. 1.2
(@). Some examples of soft FM materias are Fe, Ni, peramdloy or FeS dloys. They are
used in, for example, eectromagnets or transformers cores. On the contrary, hard FM
materids, which are dso known as permanent magnets, are characterized by high vaues of
Hc, typicdly lager than 350 Oe, and usudly smdler vdues of Ms than soft magnetic
materids, i.e. wide hysteresis loops (see fig. 1.2 (b)). Some examples of hard FM are SmCos,
Al-Ni-Co dloys or NdxFesB. Permanent magnets have lots of gpplications in industry: for
example in the fabrication of motors and generators, in telecommunications (headphones,
magnetic sensors, high-dendgty magnetic recording media, ...), in synchrotrons (as sysems
for dementa particles guidance), etc. [6].
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Figure 1.2: Hysteresis loops of (a) a soft magnetic material and (b) a hard magnetic material.

The figure of merit of a hard magnetic materid is its energy product, which is denoted
by (BH)max, ad is roughly proportiond to the totd area enclosed by the hysteresis loop, when
plotting the magnetic induction, B, i.e. B = H + 4pM, as a function of H. (BH)uwax gives a
good edimation of the qudity of the hard magnetic materid, since it is cosdy reated to the
overd|l energy that can be dored in the magnet. Obvioudy, magnets with higher (BH)max
would require smdler sizesto have the same efficiency.

In order to maximize (BH)max it is necessary to have a large He, high vaues of Ms and
a squareness ratio, Mgr/Ms, as close to 1 as possble. Shown in fig. 1.3 ae the effects of
increasing each of these three parameters, while kegping the remaning ones congant, on the
area of a hyderess loop and, hence, on the energy product of the magnet. The result of
increesng Hc is a widening of the hyseress loop (see fig. 1.3 (a), while increesng Ms
results in a lengthening of the loop dong the magnetization axis (fig. 1.3 (b)). Findly, an
increase of Mr/Ms makes the loop more square (fig. 1.3 (c)). The net effect in dl three cases is
an enhancement of the energy product.
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Figure 1.3: Effect of increasing (a) the coercivity, (b) the saturation magnetization or (c) the squareness
ratio on the hysteresis loop. Note that in the three cases the net effect is an increase of the total area

enclosed by the hysteresis loop.

Figure 1.4 shows the enhancement of (BH)wmax that has been accomplished during the
last century in different types of hard FM materias.
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Figure 1.4: Chronological evolution of the energy product values, at room temperature, in permanent
magnetic materials during the last century.

1.2.- Conventional Hard M agnetic M aterials:

1.2.1.- Ferromagnetic materials consisting of a sngle ferromagnetic phase

Treditiondly, the most commonly used permanent megnetic materiads have been
hardened gedls, Al-Ni-Co dloys and Ba or S ferrites. However, during the last 30 years,
new maerids have emerged, such as SmCos or Nd;FesB, in which (BH)wax has been
enhanced by one or two orders of magnitude. Except for AINiICo, dl these materids are
essentidly  monophasic. Single-phase magnets, based on rare-earth intermetdlics, were first
developed more than 20 years ago, usudly by cryddlization from an amorphous precursor,
gther by bdl milling or by mdt spinning and subsequent heat trestments [7-10]. Typica
vaues of Hc of around 15 kOe were obtained in NdxFe14B, for grain szes around 80 nm.

There are severd important factors that affect the properties of magnets conssting of a
sngle ferromagnetic phase, such as the cyddlite size, magnetic anisotropy, orientation,
particle shape or exchange interactions.

() The control of the crystdlite Sze, in the nanometric range, plays a very important role
when trying to achieve large vaues of (BH)uax [6]. As can be seen in figure 1.5, for
nor-interacting FM particles, a maximum is obtaned when the coercivity, Hc, is
plotted as a function of the cryddlite 9ze, <d>. For large vaues of <d>, when the
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direction of H is reversed, the magnetization changes from pogtive to negative vaues,
due to the formation and motion of domain wdls. However, if the cryddlite Sze is
reduced to <d>c, the formation of doman wals becomes energeticaly unfavourable,
0 that the paticles are in a sngledoman dae Consequently, the magnetization
reverses by means of coherent rotation of spins, resulting in a high vaue of He. If <d>
is further reduced to below <d>c, therma fluctuations cause some magnetic disorder
in the FM and Hc is progressvely reduced. Findly, if <d> is low enough the sysem
becomes superparamagnetic and no hysteresis is observed. This happens when 25kgT
3 KV, where kg is the Boltzmann condant, T is temperature, K is the magnetic
anisotropy of the FM and V is the volume of the FM particle. This condition is
commonly known as the superparamagnetic limit. Superparamagnetic behavior has
been studied by many authors[11,12].
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Figure 1.5: Dependence of the coercivity on the crystallite size, <d>, for aFM materia [6].

The role of the magnetic anisotropy can be estimated in a first gpproximation by the
Stoner-Wohlfath modd [13], which assumes coherent rotation of the spins in
monodomain, non-interacting particles, with uniaxid anisotropy. According to this
modd:

He =22 (1.2)

where K is the uniaxid anisotropy condant and Ms is the saturation magnetization of
the materid. Usudly, the congant K is rdated to the dructure of the materid
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(magnetocrystalline  anisotropy). Magnetocrysdline anisotropy is an  intrindc
property of the materid. In the demagnetised date, depending on the crysdline
gructure there are one or more directions towards which the spins tend to dign
preferably. These directions are denoted as easy axis. When a magnetic fidd is
gpplied, a certain work is required in order to move the spins out of the easy axis
direction. Therefore a certain energy, caled anisotropy energy, is sored in the magnet
when the magnetic fidd is goplied in a direction different from the easy axis. The
magnitude of the anisotropy energy depends on a certan number of anisotropy
congants (Ko, Ki, Ky, €etc), which vary both with the cryddline dructure of the
materid and the temperature of experiment. However, other types of magnetic
anisotropies (e.g. shape anisotropy or anisotropies due to mechanica tensons, plastic
deformation or irradiation by eectrons, X-rays, ions, eic) can adso have some
influence on the vaue of K. From equation (1.1) it is clear that a possble way to
enhance (BH)wax is to look for materids with high vdues of K, so tha ther Hc
becomes dso large.

The effect of orientation can be aso examined in terms of the Stoner-Wohlifarth modd
[13]. This modd predicts that for isolated non-interacting sSngle-domain particles
oriented a random the remanent magnetization takes the vdue Mgr = Ms / 2. This
result is the consequence of the fact that, when the applied magnetic fidd is removed,
the spins of each particle dign dong the easy axis direction of the particle, leading to
avaue of Mg lower than Ms, given by:

M, = M{cos(q)) (1.2)

where q is the angle between the easy axis and the magnetic fidd. In the particular
cae of random orientation one obtains, after averaging <cos(g)>, that Mg = Ms/ 2.
Therefore, in order to maximize Mgr/Ms, a magnetic field is often used during the
processing route to dign the particles and thus make the magnet anisotropic, obtaining
MR very closeto Ms.

As mentioned, apat from the magnetocrysdline anisotropy, which is an intrindc
property of the magnetic materid, other types of anisotropies can dso play some role
in tuning the properties of hard magnets. Among them, shape anisotropy is one of the
most important. This anisotropy has its origin in the different magnetodatic energies
encountered when the particles are magnetized in different directions. This is due to
ther shgpe. For example, in the Alnico-type permanent magnets, anneding and fied
cooling from above 900 K reaults in the formation of a microstructure conssting of
elongated FM FeCo particles embedded in a non-magnetic NiAl matrix. In AINiCo an
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optimum meagnetic behaviour (eg. highes Hc and Mg) is obtained when the acicular
FeCo regions are of about 15 nm in diameter and 150 nm in length. Shape anisotropy
is ds0 the source of large coercivities in smadl particles of nanocrygaline Fe or CrO;
[2-4].

(v) Furthermore, in red magnets, adjacent particles usudly interact with each other. The
exchange interactions between different FM grains bring about a decrease of the
coercivity, dnce cooperdive reversd of M of severd grains can be encountered.
Therefore, a good method to increase Hc is to produce a microdtructure conssting of
isolated and non-interacting FM embedded in a non-magnetic matrix. As dready
mentioned, this is the case of Alnico-type magnets. Moreover, in some rare-earth
magnets an annedling process is used to segregate non-magnetic phases at the FM
gran boundaries and thus reduce exchange interactions between them [6]. However,
exchange interactions can dso be beneficid in some cases, for example when hard and
soft magnetic materids are coupled together, forming the so cdled spring-magnets.

1.2.2.- The concept of spring-magnet

In generd, it is difficult to obtan large vadues of coercivity and energy product
smultaneoudy. As seen in equation (1.1), Hc is inversdy proportiona to Ms. This means that
hard magnetic materids, with large Hc, usudly do not have as lage Ms as soft magnetic
materids. To overcome this difficulty, Kneller and Hawig proposed in 1991 the concept of
spring-magnet [14]. The idea was to generate a two-phase microstructure condsting of a
smal proportion of soft magnetic phase embedded in a hard magnetic matrix, in such a way
that both phases became strongly exchange coupled. When performing the hysteresis loop, the
megnetization reverses firg in the soft phase and then the domain walls propagate from the
soft to the hard magnetic phase. The overadl magnetic anisotropy is reduced due to the soft
phase, consequently Hc usudly is found to be smdler than the one of the hard phase done.
However, Mg is dgnificantly enhanced due to the exchange interactions at the interfaces
between the soft and the hard grains. These exchange interactions force the spins in each
gran, specidly those a the gran boundaries to reman digned in the direction of the
previous magnetizing fied, once the magnetic fidd is removed, thus enhancing Mr.

The first nanocompodgtes congsting of interacting soft and hard magnetic phases were
obtained experimentaly actudly before the concept of spring-magnet was conceived, in 1989,
by Coehoorn and co-workers who, by means of met-spinning of NdsFezsBis synthesized a
nanocomposite consgting of exchange interacting NdxFe14B, FesB and a-Fe phases [15]. In
the following years different spring-magnets were synthesized using severd techniques, such
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as rgpid solidification methods (eg. mdt-gpinning or mechanical dloying) or chemicd routes
[16-19].

There ae severd factors which limit the magnetic properties of soring-magnets. In
paticular, both the mean gran sSze and the gran sze didribution have an effect in Mg,
Mr/Ms and Hc [20]. Therefore, precise control of the microstructure of the compostes is
required to optimise thelir magnetic properties.

1.3.- Phenomenology and Fundamentals  of Ferromagnetic-
Antiferromagnetic Coupling

1.3.1.- EFM-AEM exchange anisotr opy

We have dready discussed two types of magnetic anisotropies in FM materids
magnetocrystaline anisotropy and shape anisotropy. Moreover, other magnetic anisotropies,
such as dress anisotropy (induced by plastic deformation or mechanicd 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
paticles [21]. This anisotropy, which is due to the interaction between AFM and FM
materias (note that CoO is AFM) is usudly denoted as exchange anisotropy or unidirectional
anisotropy [22].

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 studied, in fine particles, bulk
inhomogeneous materids, FM-AFM thin films, or thin FM films deposited on the top of AFM
monocrystals [22]. The effects of exchange coupling have been dso observed in
ferrimagneticc AFM and ferrimagnetic-FM materials [23,24].

1.3.2.- Phenomenology:

Ferromagnetic-antiferromegnetic  exchange coupling is typicadly induced when a
materid with a certain number of FM-AFM interfaces is cooled, under the presence of a
magnetic fidd, from a temperature T higher than the AFM Néd temperaure (usudly the
condition Ty < T < T¢ hasto be fulfilled) [22].
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The mos wdl-known effect of FM-AFM coupling is a shift of the hyderess loop,
dong the fidd axis, in the opposte sense of the magnetic fidd agpplied during the cooling
process. The amount of shift, usualy designated by Hg, is cdled exchange bias field. Another
feature of FM-AFM coupling is a widening of the hyseress loop, i.e. an increese of Hc,
especidly 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 1.6 are typicd hyderess
loops of (&) aFM materid and (b) aFM material coupled to an AFM.

(@ (b)

Figure 1.6; 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 the curve obtained by
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
amplicity, let us consder the case of a disc-shaped sngle crystd with uniaxia 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 horizontal postion, by means of a sring, and a strong magnetic fied
is gopplied, the disc will rotate until its easy axis becomes pardld to the direction of the fidd.
If the gtring is subsequently twigted, the easy axis will be a an angle qout of the direction of
M. It can be demondrated that the anisotropy energy for unit volume will be given, to a firs
gpproximation, by the following expresson:

E =K,sin’q (1.3)

where K, isthe anisotropy congtant of the uniaxia crystd.

10
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The firgt derivative of E with respect to q gives the macroscopic torque, G exerted by
the externd fidd:

G=-—=-2K,sngcosq = - K, ,snZ (1.9

Shown in figure 1.7 (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 positions of stable equilibrium.

Conversdly, in exchange coupled FM-AFM materids, the angular dependence of Gis
like the one shown in figure 1.7 (b). In this cass, 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, (2.6)

where Eg is an integration congtant.

>
2

[ -,

H\j :I:q"u"fl ik ﬂ|
/_ \\*.fﬂxx‘ .

180 30 U

Energy

fard 4180 360 ]
(b)

Figure 1.7: 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 podtion of minimum energy. In other words, in a FM materid with uniaxid anisotropy

1
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there are two equivaent equilibrium postions a q = 0° and g = 180 °. However, in a FM-
AFM couple only one of these configurations minimizes E, eg. q = ° [21,22]. That is why
FM-AFM exchange anisotropy is usudly aso desgnated as unidirectional anisotropy.

1.3.3.- Intuitive picture

The fird modd to explain the exisence 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
the literature, it gives a good intuitive picture to understand, a least quditetively, the physicd
principles of the coupling [21,25].

Shown in figure 1.8 are the spin configurations in the FM and the AFM layers, before
and after a fidd cooling process [22]. 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 spins in the AFM will remain 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 cooling, it is likdy that, 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 at the interface), while the successve
remaning layers in the AFM will orient antipardld to each other, so as to give a zero net
magnetization in the AFM.

Figure 1.8: Schematic diagram of the spin configurations in a FM-AFM bilayer, before and after afield
cooling process[22].
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Within this modd, 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 hysteress loop. Nevertheless, in generd, both effects
can be observed smultaneoudy, because, for example, dsructura defects or gran sze
digtribution bring about loca variations of the AFM anisotropy.

The spin configuration, for a FM-AFM couple, is shown schemdicdly in figure 1.9
for different stages of a hysteresis loop [22]. After the field cooling process, the spins in both
the FM and the AFM lie pardld to each other (a). When the magnetic fidd is reversed, the
soins in the FM dart 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 their origind pogtion (b). Thus, the
magnetic fidd required to completdy reverse the magnetization in the FM will be higher than
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 field branch increases (c).

i —

Figure 1.9: Schematic diagram of the spin configurations of a FM-AFM couple at the different stages
of ashifted hysteresisloop [22].
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Conversdly, when the magnetic field is reversed back to postive values, the rotation of
soins in the FM will be easer than in an uncoupled FM, since the interaction with the soins in
the AFM will favour the magnetization reverson, i.e the AFM will exet a microscopic
torque in the same direction as the applied magnetic fidd (d). Therefore, the coercivity in the
postive fidds branch will be reduced. The net effect will be a shift of the hysteress loop
adong the magnetic fidd axis Thus, the spins in the FM have only one stable configuration
(unidirectiona anisotropy).

When the AFM anisotropy is low the Studtion is different (see figure 1.10). As in the
previous case, &ter the field cooling, the spins in both layers are digned in the same direction
(8. However, when the magnetic fidd is reversed and the spins in the FM dart to rotate, if the
AFM anisotropy is too low, the spins in the AFM can be dragged by the spins in the FM (b).
In other words, it will be energeticaly more favourable that the spins in both the FM and the
AFM rotate together. However, the AFM spins rotate to a certain angle and findly reach a
dable configuration, inducing the necessaxry irrevershility to induce increased coercivity. An
andogous behaviour will be observed after saturating in negative fieds ((c) and (d)).

In this case, dthough no loop shift will be observed, the magnetic field required to
reverse magnetizations in both pogtive and negative branches will become larger, i.e. an extra
energy will be required. Consequently, the hysteress loop will widen and the coercivity will
be enhanced.
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Figure 1.10: Schematic diagram of the spin configurations of a FM-AFM bilayer, at the different stages
of awidened hysteresis |oop due to the exchange interactions.
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Although this phenomenologicd modd gives quite an intuitive and Smple image of
FM-AFM coupling, it is true that is has serious deficiencies, since it does not condder some
key points, such as for example the role of the FM anisotropy in the coupling, the effects of
interface roughness, the presence of dructurd defects or the formation and motion of domain
wadls.

1.3.4.- Theoretical outline:

The modd described in the preceding section was the first theoretical approach to
exchange bias phenomena Two of the man assumptions of the modd ae that the
magnetization rotates coherently and the FM and AFM easy axis are padld. The energy per
surface unit in the FM-AFM couple can be expressed by [25]:

E=- HMFMtFM COS(Q' b)+ KFMtFM Sinz( b)+ KAFMt Sinz(a)' ‘]INT COS(b- a)

AFM

(17)

where H is the gpplied magnetic fidd, Mgy is the saturation magnetization in the FM, tgy and
tarm ae 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 condtant 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 1.11).

A K Kina

Figure 1.11: Schematic diagram of the angles involved in a FM-AFM exchange coupled system. It is
assumed that the easy axisin the FM and AFM layers are collinear.
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It can be seen from equation 1.7 that if no coupling exists between the FM and the
AFM and the gpplied magnetic fild 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). Findly, the 4" term represents the FM-AFM coupling. From equation
1.7 one can easly deduce, in first gpproximation, the value of the exchange bias, Hg, if some
assumptions are made. For example, let's firs assume that the field is gpplied dong the FM
eagy axis, i.e q® 0. Secondly, let’s suppose that the AFM anisotropy congtant is very large,
50 that the spins of the AFM do not rotate with the field (i.e. they keep digned dong the AFM
easy axis, 0 that a ~ 0 and sin?(a) ~ 0). Then eg. 1.7 can be rewritten as follows:

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

(1.88)
which leads to:

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

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

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

From equation 1.9 By plotting E as a function of b and looking for gability for
different values of H, it is possble to determine numericaly the vaue of Hc, which has been

giveninequation 1.1, i.e. H. =2KFM
M.t
Note that equations 1.8(b) and 1.9 are identica if H, =H +J'—NI. This indicates
that, under these assumptions, the hysteresis loop of the FM-AFM waex \jyill be shifted by
the amount H, = —I™_ ong the magnetic fidld axis
FM UEM

Note that, dthough this formula takes into account some relevant physica parameters
of the FM-AFM couple, it assumes, anong other factors, a lack of domain sructure in the FM

16
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and the AFM, co-linearity of the FM and AFM easy axes and absence of structural defects at
the interface. Furthermore, it neglects the effect that the magnetic fidd may have on the spins
in the AFM and the posshbility of having a completely compensated spin gructure in the firg
layer of spins in the AFM a the interface. Note that a compensated spin structure in the firgt
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 s zero.

It is noteworthy that if the magnetic anisotropy in the AFM is low (usudly this is
expressed by Ka em tarm < Jint) it is energeticdly more favourable that during the hysteress
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:

=- HM gty cos(b) + Ky, tpy, gnz(b)+KAFMtAFM an(b)- Jinr

(1.10)
Therefore:

E=-HM_ytg, cos(b) + (K tey, + KAFMtAFm)gnZ(b) - Jinr

(1.12)
In this case, comparing with equation 1.9, one can observe that H = Hes, i.€. there is no
loop shift. However, the vdue of Hc will change, snce the overdl magnetic anisotropy is
modified due to the coupling (see equation 1.1).

Nevertheless, it has to be mentioned that in the framework of Meklgohn's modd it is
not possble to predict the observed enhancement of coercivity in exchange interacting FM-
AFM couples. Moreover, within this modd, choosng appropriate vaues of the interface
exchange congtant, Jint, the vaues predicted for He are usudly severa orders of magnitude
larger than the experimental results [26]. Therefore, severa authors have developed more
complex modes, in which many other effects are taken into account. Hence, for example,
some modds include the effects of the externd magnetic fidd on the AFM [27], the effect of
gran sze didribution on the FM-AFM coupling [28], the non-colinearity of spins in the FM
and AFM layers [29], the spins compensation in the firgt layer of the AFM [30] or the random
anisotropy generated in the AFM, due to the presence of surface roughness at the interface
[31] or diluted antiferromagnets [32].

Some models emphasize the importance that the existence of magnetic domains in the
AFM can have on the coupling. In this sense, A.P. Mdozemoff assumed that, when
peforming a hyseress loop of a FM-AFM couple, some doman wals were created in the
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AFM, perpendicularly to the interface, due to the random fields generated as a consequence of
aurface roughness or other defects a the interface [31]. According to Mdozemoff, the
uncompensation of spins due to the AFM magnetic domain gructure is mainly responsible for
the exisgence of He. Conversdy, D. Mauri and N.C. Koon noticed that the formation of
domain wadls in the AFM, pardld to the interface, could aso result in a bias of the hysteress
loop [33]. Furthermore, in Koon's modd it was shown that in a completely compensated
AFM spin configuration a the interface, the energy is minimized when they are oriented not
pardld but perpendicular to the spins in the FM [33]. This is sometimes cdled perpendicular
coupling. Nevertheless, T.C. Schulthess and W.H. Butler have recently demonstrated that
Koon's model does not actudly predict the existence of He but only some enhancement of
Hc, due to an incresse of the uniaxia anisotropy [34]. Moreover, K. Takano et. a have
recently proposed that He originates mainly as a consequence of non-compensated interfacia
sins in the AFM [30]. They have shown that the temperature dependence of the remanent
moment due to the uncompensated spins is Smilar to the one of Hg, concluding that both
effects are closdly related to each other.

There are a few modds, like the one purposed by M. Kiwi et d., which consder that
the effects of the coupling can be due to incomplete doman structure formeation in the FM
during the fidd cooling process, basicdly due to the devdopment of metastable pin
configurations at the interface of the FM [35].

Furthermore, M.D. Stiles and R.D. McMichael have reported a modd to account for
the effects of FM-AFM coupling in polycrysdline FM-AFM hilayers, in which the FM
interacts with independent AFM grains (non-interacting) [36]. However, this mode has the
drawback that it assumes that the crysalites in the AFM are so smdl that no domain structure
can be formed in the AFM.

Moreover, RE. Camley & d. have peformed some numericd smulations, in which,
indead of minimizing the overdl energy of the FM-AFM couple, they study the tempora
evolution of the magnetization during the hyseress loop [37]. This modd predicts a spin
Sructure in the AFM and FM layers smilar to that of Koon's modd and it shows that the
main effect for large Karm is the exigence of Hg, while for low Kagm only an enhancement of
Hc should be observed. In addition, this model 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 intensty of the magnetic fidd. It is
noteworthy that different mechanisms of magnetization reversd have been observed dso
experimentaly by severd authors[38].

18



Introduction

In concluson, adthough dl these models have succeeded, to some extent, explaining a
large variety of experimenta results and observations, a complete theory, able to predict dl
exchange bias rdlated phenomena, is dill lacking. This is because usudly the modes are only
gpplicable to some particular type of materias or cases and can not be generdized to other
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 [21], the effects of FM-AFM coupling have been observed in a large variety of
different materids manly consging of gandl paticdes thin films coaed AFM dngle
cysads or maerids without a wedl defined FM-AFM interface (inhomogeneous materials)
[22]. However, snce the discovery of spin vaves based on exchange bias and its sgnificant
goplications in magnetic storage devices, the bulk of exchange bias research has concentrated
in thin film sysems [22,39]. Moreover, the amount of research in fine particle sysems has
become scarce, due to the intrindgc difficulty in controlling severa physical parameters which
directly affect the magnitudes of loop shifts and coercivity enhancements.

1.4.1.- Exchange biasin “ artificially-fabricated” magnetic nanostructures

Recently, some work is dso being caried out in atificaly-fabricated FM-AFM
nanogructures. By “atificdly-faoricated”, 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 1.12): oxidized arays of nanoparticles (a)
[40,41], FM-AFM nanoparticles (b) [42-44] or FM nanoparticles on continuous AFM layers
(¢). Coercivity enhancements and loop shifts have been observed in these systems, which
make them promisng candidates to solve some of the miniaturization trends of the recording
industry [40-44]. Although type (8 is smilar to random particles, types (b) and (c) solve
many of the problems of exchange bias in fine paticles snce in these sysems many
dructurd parameters can be precisdy 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 possble, in some cases, to tune the magnetic domain
sructure in both the FM and the AFM and, thus, corroborate or invaidate some of theoretical
predictions on the exchange bias phenomena [40-45]. However, in these patterned eements,
some effects due to shgpe anisotropy or dipolar interactions, are dso usudly present. This
requires accurate control of some parameters, such as the separation between dots or the
element aspect ratio, in order to isolate the effects of exchange bias from other effects.
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Figure 1.12: Schematic configurations of three different artificialy fabricated FM-AFM
nanostructures. oxidized arrays of nanoparticles (a), FM-AFM nanoparticles (b) and FM
nanoparticles on continuous AFM layers (c).

1.4.2.- Exchange biasin fine powder s systems

Since ther discovery, exchange bias phenomena have been sudied in a large number
of FM-AFM fine paticle sygems. Co-CoO [45], Ni-NiO [46], Fe-FeO [47], Fe-FesO4 [48],
Fe-FeS [49], Fe-Fe;N [50], Co-CoN [51], etc. These paticles are usudly in the nanometer
range (5-100 nm) and typicaly exhibit a core-shel microgtructure, in which a FM inner core
is surrounded by an oxide, nitride or sulphide surface layer, obtained ether by naturd
oxidation or chemicd treatments of the particles. Severa techniques dlow the processing of
this kind of materids. Among them, vapour depostion, chemica reduction, gas condensation,
aerosol spray pyrolysis or mechanicd aloying are the most frequently used [22,52).

Although loop shifts have been obsarved in FM-AFM fine particles the main
characteridic of these sysems is the enhancement of the coercivity occurring a T < Ty.
Consequently, exchange bias was suggested as a posshble route for permanent magnet
processng. However, in fine-particle sysems, the propertties of exchange bias are only
usualy observed for temperatures below room temperature. This is in pat because many
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AFM have Néd temperatures below room temperature (e.g. FeO, CoO). In addition, the
reduced dze of the AFM cryddlites dso limits the temperature range in which the
interactions can occur. When the AFM gran dze becomes increesingly smdl, thermd
fluctuations cause a loss of the AFM magnetic ordering, i.e. they become superparamagnetic.
When heating a FM-AFM couple, the temperature & which the effects of the coupling
disappear is cdled blocking temperature and is desgnated as Tg. It has been found
experimentdly that Tg is progressvely reduced as the AFM grain size or thickness decreases
[53,54]. However, the main reason of the limited research in exchange biased particles is that
these sysems ae not ided for dudies of fundamental aspects of exchange bias, since
digtributions of particle szes and shapes are aways 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, soichiometry, etc. Findly,
from a technologica 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 systems in which
FM-AFM interactions can be induced. For ingance, in generd, it is difficult to obtan AFM
phases by chemicdly treeting the surface of hard magnetic particles.

Moreover, some interest has arisen in pure FM, AFM and ferrimagnetic nanoparticles,
snce sometimes they adso exhibit loop shifts and coercivity enhancements [55,56]. These
effects are generdly attributed to the exigence of a spin-glasslike layer surrounding easch
particle due to surface disorder (eg. uncoupled spins or roughness). During a field cooling
process, the spin-glass layer can become “frozen” and thus couple to the AFM, FM or
ferrimagnetic cores. Note that, due to the random magnetic configuration, spin glasses can
play the role of both FM and AFM in FM-AFM coupling [22].

1.5.- Objectives of our Work

As dready mentioned, traditionally, most of the studies on FM-AFM coupling in fine
paticles have been caried out in FM and AFM usudly derived from the same trandtion
metd (eg. between Fe and Fe-based AFM) [22]. This is a severe limitation for the
technologicd applications of the exchange bias phenomena, mainly due to the difficulty of
deriving AFM phases from hard magnetic materias.

Moreover, dthough, as obsarved in thin films, many fine patices exhibit loop shifts
the most noticesble aspect of exchange bias in fine patices is the coercivity enhancement
[22]. However, this enhancement is usualy only observed at low temperatures, either because
the AFM shdls have Ty below room temperature or because their crystdlites are so smal that
they behave superparamagneticdly at room temperature. Thus, conddering previous results,
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to make use of the coercivity enhancement to improve the quaity of the permanent magnetic
meaterids commonly used in the industry could have been deemed as virtudly impossible.

To overcome dl these difficulties, in the present work, we utilize bal milling as a
processing technique to induce FM-AFM exchange interactions a room temperature. This is
achieved by mixing FM with AFM materids, whose Néd temperature is above room
temperature. Moreover, FM-AFM coupling can be induced in combinations of AFM and FM
powders not derived from the same trangtion metal (e.g. in Co with NiO or in Co with FeS)
or even between hard FM and AFM particles (eg. in SmCos with NiO). Bdl milling of the
two components is shown to result in an enhancement of the coercivity and the sguareness
ratio with respect to the FM phase done. Beddes, by optimizing the FM:AFM percentages
and the milling conditions it is possble to achieve an improvement of the energy product,
which is more closdy redaed to the qudity of a permanent magnet. Findly, this procedure
has been chosen due to its amplicity and reatively low price, which makes it easly scaegble
to industria production.

Note that due to the different magnitude of the magnetic fidds involved in the two
systems studied (e.g. Co + NiO and SmCos + NiO), dthough in the thess the magnetic units
have been kept in cgs units (eg. Hc in Og, (BH)max in G Oe) in the articles concerning SmCos
+ NiO the coercivity and energy product are given in the S unit system (eg. ngHc in T,
(BH)wmax in kIm®).



