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Abstract

Permanent magnets based on hard hexaferrite represent the largest family of magnets being used
today by volume. They generate moderate remanence induction, but present crucial advantages
in terms of availability, cost, resistance to demagnetization and corrosion and absence of eddy
current losses. As a consequence, ferrites are the most logical candidate for substitution of
rare-earths in selected applications that do not demand the best performing magnets. If the
remanence of ferrite-based magnets was to be improved, even mildly, the door to a larger scale
substitution could be opened. In this framework, we review here current strategies to improve
the properties of hexaferrites for permanent magnet applications. We first discuss the potential
of exploring the nanoscale. Second, progress related to controllably doping hexaferrites is
revised. Third, results achieved by fabricating hard-soft magnetic composites using ferrites as
the hard phase are presented. Finally, future prospects and new potential end applications for
ferrite magnets are discussed.

Keywords: permanent magnets, hexaferrites, review, rare-earth substitution, doping,
exchange-coupling
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1. Introduction

1.1. The importance of hexaferrite magnets

Permanent magnets, in the form of lodestone [1], and later of
magnetized steel, have been used by humankind for several
millennia. During most of history, their practical use was lim-
ited to the compass, and they remained not much more than
a kind of magician trick for most people. It is only with the
industrial revolution that magnets began to be used on a large
scale. Nowadays, permanent magnet materials are employed
in many devices, specially in electrical to mechanical (and
the converse mechanical to electrical) transductor devices, for
information storage and in sensors. Since the beginning of
the 20th century materials have been developed with the spe-
cific goal to improve those historic magnetic materials [2],
thanks to the improved knowledge of material science and
the parallel technological evolution. This path [3] provided a
series of metallic alloys culminating in the Alnico family dis-
covered by Mishima in the 30s, continuing with the hard fer-
rites developed by Phillips in the 50s, and reaching the SmCo
and NdFeB rare-earth magnets developed in the 70s and 80s,
respectively. This evolution has been accompanied by a cor-
responding increase in the tuning of the properties required for
a hard magnet, specially the magnetic anisotropy.

Nowadays, the current market of ferrite magnets is domin-
ated by the hard ferrites: the M-type hexaferrites BaFe ;019
(BFO), SrFe,019 (SFO) and related materials [4]. Thus, the
story of industrial age use of ferrites can be considered to start
with the research of Takeshi Takei in Japan in the first half
of the 20th century, in collaboration with Professor Kato [5].
While BFO was already known in the first part of the 20th
century, it was only after the second World War that at Philips
Laboratories, under the direction of Snoek, it was shown to
have the same structure of magnetoplumbite (PbFe ;0Oy9).
Phillips moved on to develop a series of ferrites with the mag-
netoplumbite structure. During the 1950s all the main hexa-
ferrite phases were studied, as shown in the classic Smit and
Wijn’s book [4]. It was in 1952 when the barium hexaferrite
material was commercialized.

Ferrites exhibit relatively large coercivity (Hc) up to
380 kA m~', but modest saturation magnetization (Ms or
magnetization induction Bs = uoMs), specific saturation (o)
and remanence (Mg or remanence induction, B = poMRg).
A useful parameter to empirically establish the suitability of
a given material to realize compact permanent magnet with
no shape constraints is the magnetic hardness, . This is
defined by the ratio of anisotropy, K, to magnetostatic energy,
k = (K1/moMs*»)"?, and it is assumed that x > 1 is the cri-
terion for a material to be classified as hard. M-type hexa-
ferrite have hardness higher than 1 (for example for BFO
k = 1.34), which explains why, despite the relatively low Mg
and moderate anisotropy, they are largely used to realize per-
manent magnets. The highest grade ferrite magnets in the mar-
ket (Hitachi Metals NMF-15 series) reach maximum values
of remanence induction of 480 mT. The highest grade fer-
rite magnets in the market (Hitachi Metals NMF-15 series)
reach maximum values of remanence induction of 480 mT.

Their maximal energy product (BHp,ax), figure of merit for
the strength of magnets, reaches 44 kJ m~3. These values
are low when compared to that of rare-earth based materi-
als, such as Nd—-Fe-B, who typically present (Hitachi Metals
NEOMAX Series) remanence inductions of 1.3 T, coercivit-
ies of 1500 kA m~! (uoH. = 1,85 T) and energy products of
350 kJ m~3 [6].

However, ferrites do have some important advantages. The
main one is definitely the availability and low cost of raw
material powders, of approximately 1.5 $ kg~', while NdFeB
powders approximately cost 60 $ kg~'. They also exhibit
excellent chemical stability and high electrical resistivity. For
these reasons, ferrite magnets are widely used in mass applic-
ations that do not require large energy products and/or where
increasing the weight of the device is not an issue—since the
low flux density can be compensated by increasing the volume
of magnetic material. These include inductors, transformers
and electromagnets due to the low eddy current losses they
entail. As a consequence of these advantages, ferrite magnets
constitute by far the most widely used permanent magnet by
weight [7].

Hexaferrites are the subject of a continuing research effort,
both from fundamental and applied perspectives [8, 9]. In
the last two decades the research on ferrites has been, how-
ever, mainly focused on ferrite nanomaterials. The system-
atic research devoted to ferrite nanoparticles lead to novel
applications, ranging from engineering (e.g. magnetic record-
ing media, magnetic seals, ferrofluids, magnetic separation,
etc) [10-18] to medicine (e.g. magnetic hyperthermia, mag-
netic resonance imaging, drug delivery, etc) [19-28]. Based
on ferrite nanoparticles new attractive magneto-responsive
materials were developed, including ferromagnetic fluids
(i.e. liquids exhibiting a spontaneous magnetic ordering, in
contrast to superparamagnetic (SPM) ferrofluids) [29-32],
magneto-optical suspensions and solid composites [33-35],
soft magneto-electric [36], if we mention just a few. The
acquired knowledge related to nanomagnetism, synthesis, and
processing of the nanoparticles can also be crucial for the
renaissance of most traditional applications of ferrites, i.e. for
permanent magnets.

1.2. Structure and properties

The family of hard-ferrites is based on the magnetoplumbite
structure, PbFe,0;9, which belongs to the hexagonal space
group P63/mmc. Thus, four indices are usually employed to
indicate the planes, with the last one indicating the c-axis and
the first three indicating the in-plane orientation of the unit
vectors at 120° from each other. The crystal structure [37] is
based on a close-packed arrangement of oxygen cations with
the divalent (Ba>*, Sr*>* or Pb**), and Fe** cations occupy-
ing the voids. A way to visualize the structure is to consider it
to be built from two different building blocks. The first is the
two layer S (for spinel) block. The S block presents the same
occupancy of tetrahedral and octahedral sites as the spinel
crystal structure, and thus it has the FesOg>* composition. The
other block, R, is built from a three-layer hcp sequence, with
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Figure 1. Schematic of the M-hexaferrite structure of BFO.
Polyhedrals are colored: dodecahedral Ba** (green), and the Fe>*
sites: octahedral 2a (dark red), tetrahedral 4f; (medium blue),
bipyramidal 2b (dark blue), distorted octahedral 4f, (gray),
octahedral 12k (light red). The spin direction is parallel to the net
direction for cations inside polyhedral colored red, and opposite for
atoms inside polyhedral colored blue-gray (drawing made with
VESTA [41]).

a quarter of the oxygen anions substituted in the intermedi-
ate hexagonal layer by the large divalent cation (Ba?*, Sr?>*).
Considering the interstitial Fe atoms, the composition of this
block is BaFegO;;2~. The full unit cell is obtained by order-
ing the blocks along the ¢ direction, following the sequence
RSR*S*, where the star indicates a rotation of 180°, giving a
repeat distance of 2.2-2.3 nm. The in-plane unit cell constant
is 0.56 nm, and corresponds to about four times the radius of
the oxygen anion [38—40]. The iron cations thus occupy five
unique interstitial sites, indicated by the Wickoff positions 2a,
2b, 4f,, 4f, and 12k. The five-fold coordinated (2b) has been
found to correspond to two statistically half-occupied pseudo
tetragonal 4 sites [37]. The other sites are the tetrahedral and
octahedral sites of the S block (4f; and 2a), distorted octahed-
ral sites in the R block (4f,) and distorted octahedral sites at
the boundary between R and S blocks (which we assign to the
R block). A drawing is shown in figure 1.

The magnetic structure of the M-hexaferrites can be
described by the Néel model of antiferromagnetism. The spin
orientation of each iron cation is coupled by superexchange
interaction through the oxygen anions. The Fe3* cations have
a spin-only magnetic moment. In the S block, the octahedral
sites point in the net magnetization direction (i.e. the spin up
direction), while the tetrahedral ones point in the opposite dir-
ection (spin down). Two octahedral sites of the R-block can be
better described as distorted tetrahedral, and thus point in the

spin down. The bipyramidal site is along with the three octa-
hedral ones, giving a net of another two magnetic moments.
Considering the magnetic moment at each temperature of each
site x, m,, and the site occupancy (n,), the magnetic moment
per cell is:

Me = NiokMiok + NoaMog + Mooy — (NagiMagy + NapMap)

Considering the occupancy of the M-type ferrites (n1ox = 6,
noy = 1, nop = 1, nypy = 2, napp = 2) and a spin-only magnetic
moment at 0 K of Fe** ions of 5 y5, a magnetic moment per
formula unit of 20 pp is expected, which is close to the exper-
imental value measured at 77 K (19.9 ug, 100 A m? kg=')
[42].

The saturation magnetization at room temperature of the
M-hexaferrites is not too low if compared to a ferrimagnetic
oxide (for example magnetite, which is a high-saturation spe-
cific magnetization oxide and has os ~ 90-95 A m*> kg~ 1),
but it is very low when compared to the saturation magnetiza-
tion of most materials used for permanent magnets. The reason
for the use of hexaferrites actually lies in their large uniaxial
magnetocrystalline anisotropy field (1.8 T), which yields large
coercive fields. As a consequence, the coercive field can be lar-
ger than the remanence induction, which leads to robust res-
istance to demagnetization and large energy products. In this
case the working point of the ferrite magnets depends weakly
on their morphology.

The origin of the high magnetocrystalline anisotropy relies
on the strong contribution to the single-ion term from Fe’*
ions placed in the trigonal bipyramidal 2b cavities, and to a
minor extent in tetrahedral and octahedral distorted sites. On
the other hand, the hexagonal structure makes the anisotropy
to lie along the c-axis. The magnetocrystalline anisotropy is
indeed well described, even at low temperature, as an uni-
axial type with a second order term K anisotropy constant.
K takes at room temperature a value of 3.5 x 10° J m~3 for
SFO and 3.25 x 10° J m—3 for BFO [42]. Considering that
magnetocrystalline anisotropy is uniaxial, the anisotropy field,
H A which is equal to 2K /poM, is 1.35 MA m~! (1.7 T) and
1.43MA m~! (1.8 T), for BFO and SFO, respectively [4, 42].

A common problem when considering the feasibility of a
new material for potential applications as permanent magnet
material arises from the way its properties are often described
in the literature. For example, the measurement of the mag-
netization saturation can be performed under different max-
imum applied magnetic fields, often at values that are not
high enough to fully saturate the material or to overcome the
irreversibility field (minor loop). In most of the studies, the
changes of the magnetization are reported in terms of the
specific magnetization, o in A m? kg~! or, emu g~!, since
this quantity is not affected by powder packing or porosity in
sintered samples. However for evaluating the performances of
aferrite as a magnet the proper magnitude is the magnetization
(Mg in A m™!) or the saturation induction (Bg in T). oy is
preferable because uncertainty for mass is much lower than
for volume measurement required to determine Mg. On the
other hand, there is also the uncertainty that the change of oy
can be due to modification of the M and/or the mass density.
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Another key issue to be considered is how to determine the
changes in H 5 and of the symmetry of anisotropy with respect
to the bulk. The measurement of these properties requires Sin-
gular Point detection technique [43, 44] in powders, nuclear
magnetic resonances or ferromagnetic resonance experiments
[42, 45]. However, often published works rely on the ‘approx-
imation law to the saturation’ to the magnetization curves to
estimate the anisotropy, a procedure that can present problems
[46] to investigate nanomaterials and hybrid composites.

1.3. The potential and the challenges to improve ferrite
magnets

Rare-earth elements are critical raw materials that present sup-
ply risk, price volatility and environmental problems. For these
reasons, considerable efforts are being dedicated to reduce
our dependence on them, which directly affect the perman-
ent magnet value chain. The strategies include improving the
recyclability of rare-earth materials and devices, fabricating
competitive devices that are rare-earth-free and finding altern-
ative magnets that could replace NdFeB and SmCo magnets.
As the most widely used magnet by volume in the world, fer-
rites constitute an interesting candidate to attempt substitution
with. However, to enable a wider replacement in more applic-
ations, the magnetic properties of ferrites need to be improved.
Of course this substitution is generally realistic in applications
where magnets with moderate (BH)pa, (50-200 kJ m~3) are
needed, but it is important to remark that substitution by fer-
rites can be attempted in important applications that are expec-
ted to drive the permanent magnet market in the next few
years and increase the NdFeB demand. Generators for wind
turbines and automotive applications fall within this category,
and the development of competitive devices based on high-
grade/improved ferrites could entail large scale substitution.
In light of this need, the importance of ferrite based magnets
is being reinvigorated.

The (BH)ax value of hexaferrites in sintered ceramics is
around 40 kJ m—3. Most of the H¢ values used to estimate
(BH)max have been frozen for more than 40 years. Consider-
ing that the large magnetic anisotropy field of the BFO and
SFO, 1.7 T and 1.8 T, respectively is much larger than H¢ and
Bg, both sintered and bonded commercial magnets have coer-
cive fields similar to the remanence induction and near of the
saturation induction (0.4 T). In such a case, the (BH)ay is
near the maximum achievable value, Bszl,uo. Hence, the first
strategy to increase the (BH)y.x requires the improvement of
the saturation induction. However, for permanent magnets it
should be considered that H¢ should be larger than N¢gMg to
prevent demagnetization, where N represents the demagnet-
izing factor due to the shape of the magnet. Thus, a second
target is to improve the coercive field to keep Hc > NefMs.
Because the H¢ is proportional to the anisotropy field and
hence to K/uoMs, the targets of improvement both H¢ and
Mg by improving a single phase material require that a further
increment of the magnetic anisotropy, K, should take place.

On the other hand, the modification of the magnetic struc-
ture can lead to other changes in the features of the ceramics
that should be taken into account. First is the change of the

exchange interactions and hence of the Curie temperature, Tc.
In the particular case of the decreasing of the Curie temperat-
ure, the magnetization could decrease faster than in standard
ceramics. This can impact negatively the use of magnets work-
ing in high temperature environments.

Another factor to take into account is that the negative
thermal coefficient of hexaferrites makes the coercive field
increase with temperature. This makes ferrite magnets perform
often better up to 100 °C than at room temperature. The tem-
perature dependence of H¢ depends on the relative temperat-
ure dependences of both K| and Mg [42] that should vary with
the doping due to the change of the T¢. Any changes to each
component might thus negatively affect the resulting useful
temperature range.

In the framework of the current need for better ferrite mag-
nets, we review here the most promising strategies, as well
as recent results, to improve the performance of the hexafer-
rite based materials for their use in permanent magnets. We
present three main pathways for future improvements. First,
we consider how engineering the shape and size of hexaferrite
nanoparticles can improve the magnetic properties of the com-
mercial ones. In the second section, we consider how substitut-
ing one or more of the cations of the hexaferrites can improve
the magnetic properties, considering three main themes: the
improvement of the well-know LaCo-doped BFO, doping
changes oriented towards improving the saturation magnetiz-
ation, and changes oriented towards improving the coercivity.
In the third section, we consider first exchange coupled com-
posites, either with metal or oxide components. We comment
on promising results of highly coherent magnetite-hexaferrite
platelets and discuss the possibilities of exploiting the internal
magnetostatic interactions for improving composites proper-
ties. Finally, the conclusions and future prospects of ferrite
magnets are addressed.

2. Reducing the size to the nanoscale

2.1. The effect of the size

Among all, the reduction of the grain size down to the nano-
scale is generally recognized as a useful route to improve
the coercivity of a magnetic material. Indeed, one of the best
examples of permanent magnet, Alnico alloys, is actually a
nanocomposite. Alnico alloys, which 90 years after their intro-
duction still today play a relevant role in the permanent mag-
net market, indeed, consist of elongated FeCo-rich ferromag-
netic nanograins dispersed in a weakly magnetic AI-Ni matrix.
The energy product of the material can be further enhanced
through the application of an external magnetic field during
the annealing process [47].

In a bulk ferro(ferri)-magnetic material the process of
reversal of magnetization may occur through different
mechanisms such as nucleation and propagation of reverse
domains and domain walls pinning. However, on squeezing
the volume of the material a critical size is reached below
which the formation of domain walls is no longer energetic-
ally favored, and a single domain (SD) spin configuration is
attained. The magnetic behavior of the SD particle can then
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Figure 2. Scheme of the room temperature variation of coercivity with the grain size from SPM to SD and MD states. PSD denotes the
pseudo-single domain region (PSD) while the light grey zone indicates the size range where incoherent reversal processes might occur.
Reproduced from [60] with kind permission of Societa Italiana di Fisica.

be described by a giant magnetic moment . = MgV, where V
is the volume, arising from the combination of the individual
atomic spins, which reverses its orientation through the coher-
ent rotation of the single spins. For a given material the crit-
ical diameter, d¢, for the SD spin configuration state depends
on the competition between three energy terms, magneto-
static energy, magnetic anisotropy constant, K, and exchange
energy, A. For a spherical nanocrystal, dc, is expressed as
[48]:

de = (18E,) | (1oMs2) = (36\/AK) / (1oMs?)  (2.1)

where i is the vacuum permeability and E, = 2(AK)"? is
the surface energy of a domain. Typical values of d¢ for most
common magnetic materials, range from few tens up to several
hundreds of nm. For Ba-ferrite theoretical and experimental
estimates suggest dc is ca. 500 nm [49, 50], although higher
values up to 1 um have been often observed [49, 51]. Crit-
ical diameters in the micron scale, up to 1,5 pum, have been
also reported for SFO [52, 53]. Gonzalez and coworkers estim-
ated the activation volume, i.e. the size of the nucleus that
gives rise to magnetization reverse, of a series of Ba-ferrite
particles with sizes between 65 nm and the micrometric range.
A jump in the coercive field from 200 kA m~! to 320 kA m~!
was observed when the particle size decreased below 800 nm,
while the activation size decreased from 40 nm to 25 nm along
the series. The authors concluded that the reversal process in
the particles above 800 nm occurs by domain wall propaga-
tion, while the coherent rotation is the basic reversal process
for the smaller particles [54].

The transition from the multidomain (MD) to the SD state
is not sharp and several non-uniform reversal modes as curling

and buckling can occur, where unlikely coherent reversal,
the exchange energy does not remain constant [55, 56]. For
example Chan et al measured by magnetic force microscopy
the switching field of a series of isolated nanoparticles of
doped barium ferrite and found the Stoner—Wohlfarth model
was followed only for average size up to 50 nm; on increas-
ing the size above this limit incoherent reversal modes pro-
duced a decrease of the switching field [57]. Moreover, an
investigation by electron holography of the magnetic domain
structure on isolated Ba-ferrite particles obtained by heat treat-
ment at 1100 °C of a mixture of BaO - Fe;O3 and an additive
of Bi, O3, demonstrated the coexistence of single-domain and
two-domain magnetic states over the whole investigated range
0.1-2 pym [51].

As a result of the size dependence of the reversal pro-
cess, the coercivity increases with decreasing the grain size, as
schematically shown in figure 2, as long as the SD threshold is
reached. On further shrinking the size, in fact the nanoparticles
become unstable against thermal demagnetization till mag-
netic irreversibility completely disappears and the SPM state
is attained. The threshold size below which superparamagnet-
ism can be observed for a given measuring time, depends on
the shape and crystal quality (presence of defects and impur-
ities) of the grains. For Ba—ferrite and Sr—ferrite it is gen-
erally assumed SPM relaxation becomes dominant for size
below 40-60 nm [58, 59]. However, it should be considered
that these limits refer to time scale characteristics of laborat-
ory experiments (typically from 107 to 10* s), which are much
shorter than the shelf life required for a permanent magnet (the
loss of magnetization must be less than 5% over 100 years).

The expected trend of the coercivity with the particle size
was nicely confirmed by a systematic study performed on a
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Figure 3. Trend of the coercive field (left) and of the reciprocal
grain size (right) as a function of the annealing temperature for a
series of BFO particles prepared by conventional ceramic route.
Reprinted from [61], Copyright 2005, with permission from
Elsevier.

family of polycrystalline BFO samples prepared through con-
ventional solid-state reaction [61]. The size of the particles
was tuned between 500 nm and several microns by increas-
ing the calcination temperature from 1000 °C to 1400 °C,
while the coercive field was observed to decrease with the
grain size from 318 kA m~! for the smallest samples down to
only 100 A m~! for the largest one, as shown in figure 3. The
authors argued that at the small size, coercivity is determined
by pinning of the magnetization at grain boundaries, which
extent scales with the reciprocal of the size. Conversely, they
suggested that in the larger multi-domain grain, the coerciv-
ity originated by nucleation and domain wall pinning is small.
This study on one hand demonstrated how the coercivity of
Ba—ferrite can be easily controlled by the grains size, and on
the other confirm the critical single domain size is close to
500 nm.

2.2. The effect of the shape

In addition to the size, also the shape of the particles plays
a relevant role in determining the coercive field. Accord-
ing to the Stoner—Wohlfarth model [65], in fact, for non-
interacting single domain spheroidal particles, the anisotropy
field, Ha, can be expressed as Hy = Hg + DnMg where
Hy = 2K /19Ms is the magnetocrystalline anisotropy and Dy
is the demagnetizing term, which assumes positive or negative
value depending whether the easy axis is parallel or perpendic-
ular to the main axis of the spheroid. M-type ferrites naturally
tend to assume a regular hexagonal thin platelet shape with
the c-axis, which coincides with the magneto-crystalline easy
axis, along the short dimension. Such a shape corresponds to
the growth of low energy 001 crystallographic faces. However,
often acicular platelets are formed, depending on the synthesis
conditions ([66] and Refs. therein). In this situation, a strong
demagnetizing field appears when the magnetization is along
the easy axis. The decrease of the magnetic anisotropy due to
the shape contribution is given by Hy = Hx — DNMs. Dy is a

1200 | Pzo Y
o =0
O 1000fF O i
5
I \
> HO—
£ 800f \,__i_, -
'O
T i
8 600 F "'—'0""—1\ 1
—O— Experiment —O0—t
= Model \o .
200 b (H, = 4000 Oe) i
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2 3 4 D 6 7

Diameter to thickness ratio D/t

Figure 4. Coercivity as a function of the diameter to thickness ratio
in Ti-doped barium ferrite nanoparticles. The solid line represents
the theoretical curve calculated according to the Stoner—Wohlfarth
model assuming the particle shape as an ellipsoid of revolution.
Reprinted from [56], with the permission of AIP Publishing.

tensor, but here for simplicity, can be treated as a scalar. The
Dy term depends on the diameter (D) to thickness () ratio:
Dy = 1 when r < D, as is the case of narrow platelets, then it
decreases with D/t, reaching zero for equiaxial morphology
(D/t = 1). For D/t < 1, Dy changes sign and H, increases
with respect to Hg. This discussion highlights how the proper
design of the particle shape is critical to optimize the effective
anisotropy of the ferrite.

The relevance of the shape has been indeed experiment-
ally verified by several authors. For example, Kubo et al [56]
investigated the effect of the particles shape on the coerciv-
ity of Ba—ferrite nanoparticles pure and doped with a small
amount of Co and Ti prepared by the glass-crystallization
method. They found that H¢ decreased with increasing the dia-
meter (d) to thickness () ratio down to ca. 32 kA m~' for d/t
ca. 6 (figure 4).

On the other hand the platelet morphology offers the
advantage of making small particles (i.e. below 100 nm) more
easily orientable, either magnetically or mechanically. This
is a fundamental feature since grain orientation along the c-
axis allows for increasing the reduced remanence from half
the saturation magnetization, which is the value obtained for
isotropic magnets fabricated from powders composed of single
domain, randomly oriented particles (0.5 is the theoretical
value predicted by the Stoner—Wohlfart model and it corres-
ponds to (BH).x of approximately 8 k] m—3) up to values
close to 1. The Stoner—Wohlfart model also predicts that the
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coercive field increases upon orientation: in fact, while in non-
interacting randomly oriented particles Hc = 0.49 H 4, for ori-
ented particles Hc coincides with Ha. Thanks to the platelet
morphology, particles can be thus easily oriented and coer-
cive field and remanence can be maximized, making the pro-
cessing from powders to bulk magnets simpler. A similar res-
ult can be reached by piling up platelets. In such a situation
interparticle interactions determine the decreasing of platelets’
internal field that can improve the magnetic properties.

2.3. Experimental methods to prepare nanosized hexagonal
ferrite nanoparticles

The control of the shape and of particle size down to the nano-
scale is thus crucial for the fabrication of high-performance
permanent magnets. Accordingly, attempts to prepare M-
hexaferrite nanoparticles, nanorods and nanofibers, appeared
in the literature since the 80s, at the very beginning of the
nanomaterial era. However, it should be stressed that most of
the recent literature is focused on the fabrication of nanos-
ized M-hexaferrites with properties optimized for applica-
tions other than permanent magnets. M-type hexagonal fer-
rites, indeed, can be employed in several technologies such
as microwave devices, magnetic recording or electromagnetic
wave absorber, just to mention a few, where the nanostruc-
turation can have a significant impact [66]. The many tech-
niques developed so far include solid-state reaction [72, 73],
sol-gel [74, 75], co-precipitation [76-78], milling [79, 80],
microemulsion [81, 82], aerosol pyrolysis [83], combustion
synthesis [84], glass crystallization [85, 86], and hydrothermal
techniques [87-91]. Particularly, low temperature chemical
routes demonstrated to be effective to prepare M-hexaferrite
nanostructures with controlled size and shape and good mag-
netic properties. Sol—gel has been largely employed to pre-
pare nanoparticles of pure and substituted Ba- and Sr-ferrite
[74, 92-95]. Importantly, the main efforts have been spent in
the rationalization of the role of each parameter of the syn-
thesis. Indeed, it has been shown that a fine control over the
several parameters is required to avoid the formation of sec-
ondary phases as hematite or goethite, to control the size and to
optimize the magnetic properties. Nga and coworkers studied
the influence of pH, Fe/Sr molar ratio and calcination temper-
ature and time on the structure and magnetic properties of SFO
particles prepared by a sol-gel method using metal nitrates in
citric acid as precursors [96]. They found that pure nanomet-
ric particles with hexagonal morphology could be obtained
with Fe/Sr molar ratio of 10.5 and pH = 1 and after cal-
cination at 850 °C. The particles had Mg of 56 A m? kg~!
and Hc = 525 kA m~!. A Ba/Fe molar ratios of 11.5 was
instead found has the best one to obtain well-crystalline M-
type Ba—ferrite powder with crystallite size 22 nm, and better
magnetic properties (Hc = 420 kA m~!) by the sol-gel auto
combustion technique [97]. Similarly, Yu and Huang investig-
ated the role of pH and citric acid/metal ion molar ratio in the
sol-gel synthesis of BFO. Single domain particles with mag-
netization at 2.39 MA m~! of 61.7 A m? kgfl, remanence of
30.8 A m? kg~! and coercivity of 406 kA m~! were obtained
at pH = 3 and calcination at 900 °C [98]. In a previous work

it was suggested that adding a pre-decomposition step of the
gel at 450 °C, in a standard sol-gel method with Fe:Ba = 11.5
and sintering at 900 °C, Ba—ferrite nanoparticles with aver-
age size ca. 100 nm, saturation magnetization of as high as
70 A m? kg~ ! and coercivity of 473 kA m~! could be obtained
[74].

A tight control on the synthesis parameter is required
also when nanosized M-type hexaferrites are prepared by
the hydrothermal technique. This synthesis route has been
largely proved to be effective to this goal [23, 89-91, 99, 100].
Moreover, as is the case of the sol-gel method, hydrothermal
technique is simple and cost-effective, and can be easily scaled
to industrial production. Despite many advantages, several
studies have demonstrated how the properties of the final
materials depend on many, often intertwined, synthesis para-
meters such as temperature, time, precursor molar ratio, nature
of the base and its concentration, just to name the most
important. This aspect, in one hand expands the potential-
ity of the technique in designing hexaferrites with tailored
properties for each given application, on the other hand can
make rather tricky the determination of the optimal preparation
conditions to get the desired result. In this framework, some
interesting results were recently reported by Saura-Muzquiz
and coworkers, who demonstrated the fundamental role of
the concentration of the metal ion solution, when adding the
precipitating NaOH solution in the precursor preparation, in
the synthesis of Sr—ferrite nanoparticles by a hydrothermal
route [62]. By changing the iron concentration from 0.05 to
0.75 M, hexagonal platelet-like particles with mean diamet-
ers from 48 nm to 254 nm, whose magnetic properties were
strongly dependent on the average size (specific remanence,
oR, from 20 to 31 A m? kg‘1 and Hc from 68 to 175 kA m™")
could be obtained. Notably, it was also shown that, in con-
trast to the bulk, in the thinnest nanoplatelets the termina-
tion layer was the Sr-containing one. Interestingly, the authors
addressed the critical issue of processing the as-prepared nan-
opowders to obtain bulk magnets. By using spark plasma sin-
tering (SPS) they managed to produce high-density (more than
95% of the bulk density) SFO magnets. X-ray pole figure
measurements demonstrated that, thanks to the anisotropic
shape, self-induced alignment of the nanoplatelets occurred
during SPS (figure 5). This texturing, which was accompan-
ied by the increase of the platelet thickness, provided high-
performance permanent magnets with square hysteresis loop
and (BH) 4 of 30 kJ m—3 (figure 5). The (BH)qx could be
further enhanced up to 36 k] m—3 by annealing at 850 °C. This
energy product was claimed by the authors to exceed those of
the best dry-processed commercial ferrites.

In another work, Raghuram and coworkers used the hydro-
thermal method to prepare a series of Ba;_,Sr,Fe;,O;9 nan-
oparticles with variable composition (x = 0-0.8) [101]. The
particles exhibited average size between 15 and 20 nm and
their shape evolved from plate-shaped grains to nanorods as a
function of dopant. A marked decrease of Mg with x and an
increase of both coercivity (from 159.1 to 189.5 kA m~") and
critical temperature (from 703 K to 753 K) were observed as a
function of x. However, the cation replacement was not found
to be the only factor responsible for the observed trend. In
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time. Reprinted (adapted) with permission from [62]. Copyright 2018 American Chemical Society.

all cases the magnetic properties were far from those required
for the realization of permanent magnets. The same observa-
tion was reported by Al-Hwaita and coworkers who systemat-
ically investigated micrometric Ba,Sr;_Fe ;0,9 ferrites pre-
pared by solid state reaction and sol-gel methods and found
that replacing Ba with Sr was not the only critical parameter
for improving the magnetic properties, but other parameters as
grain size and phase purity were similarly crucial [102].

Water-in-oil microemulsions have also been applied to pre-
pare single domain M-type hexaferrite particles. Koutzarova
and coworkers used a reverse microemulsion containing cetyl-
trimethylammonium bromide as cationic surfactant, n-butanol
as co-surfactant, n-hexanol as a continuous oil phase, and
water to obtain, after a calcination step at 900 °C, pure Ba—
ferrite nanoparticles with average size 280 nm [103]. Most of
the particles were found to have an almost perfect hexagonal
shape with average aspect ratio diagonal/thickness of 7.7,
although the smallest ones (ca. 100 nm) exhibited spheroidal
or irregular shape, indicating that the growth process towards
the most energetically favored hexagonal shape is incomplete.
However, the particles exhibited low saturation magnetization
of 48.9 A m? kg~! and coercivity, 240 kA m~! for both tem-
peratures, which was attributed to the presence of small nano-
particles and the incomplete filling of the bipyramidal 2b sites
by Fe** ions.

Low temperature solid state reaction represents a simple
and efficient alternative method for the preparation of

strontium ferrite nanoparticles. Kiani et al [72] reported that
sintering at 750 °C a powder obtained by mixing and grind-
ing the corresponding metal chlorides and sodium hydrox-
ide, yields pure, highly crystalline, hexagonally shaped SFO
nanoparticles, with size ranging from 30 to 150 nm. The
control of the Nat/Sr>* and Fe’*/Sr’* molar ratios was
found to be essential to tune the size and morphology of
the particles and avoid the formation of impurity phases as
haematite and SrFe,O,. The as obtained nanoparticles exhib-
ited high coercivity (412 kA m~!; 0.52 T), saturation mag-
netization of 58.7 A m? kg~! and reduced remnant magnet-
ization, Mr/Ms = 0.49, close to the theoretical value for ran-
domly oriented single domain nanoparticles. Following a sim-
ilar procedure some of us obtained SFO nanoparticles with a
platelet morphology and average diameter ca. 70 nm. The nan-
oparticles displayed extremely good magnetic properties with
os = 68 A m? kg~! and a coercive field of 525 kA m~!, as
shown in figure 6 [104]. Since the proposed method is very
simple, solvent-free, uses low cost reactants, and leads to high
yield, it is very promising for the large-scale industrial produc-
tion of nanoscale M-hexaferrite particles.

2.4. 1D nanostructures

One-dimensional magnetic nanostructures also received con-
siderable attention since the high aspect ratio and the large
surface may provide a remarkable contribution to the total
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Figure 7. Left: schematic diagram of the mechanism of formation of Sr—ferrite nanoribbons by the polymer-sol assisted single-spinneret
electrospinning route followed by heat treatment in air at 800 °C for 2 h; Right: representative field emission scanning electron microscopy
(first and second columns) and transmission electron microscopy (third column) images of three samples prepared from spinning solutions
with PVP concentrations of 8.5% (a)—(c), 10.4% (e)—(j) and 12.3% (i)—(k), respectively. Reproduced from [63]. CC BY 4.0.

magnetic anisotropy, strongly modifying the coercivity. For
example, an infinitely long chain of stacked platelets theoret-
ically can have enough shape anisotropy to increase coerciv-
ity up to 1000 kA m~! [105]. In this context, several attempts
have been carried out to realize mono-dimensional hexagonal
M-hexaferrite structures and, among the methods developed
so far electrospinning has been established as one of the most
promising. SFO ribbons with average width in the submicro-
metric range, from 484 + 15 to 1099 + 18 nm, were success-
fully fabricated via a polyvinylpyrrolidone sol-gel assisted
electrospinning method followed by heat treatment in air
[63]. The nanoribbons, shown in figure 7 were formed by
the assembling of smaller, strongly interacting ferrite nano-
particles whose average size decreased with increasing the
width of the nanoribbon (from 131 4+ 3 nm to 76 + 3 nm).
Both the width of the ribbon and the size of the constituent
nanoparticles could be simply tuned through the polymer
concentration in the spinning solution. The peculiar ribbons
structure together with the high crystallinity of the nano-

particles granted for high coercive fields and good Mg and
Mg values (Hc = 582 kA m~!, 05 = 67.9 A m? kg~! and
or = 37.3 A m? kg~ for the best sample).

BFO nanofibers of average length 1.5 pm consisting
of randomly oriented, single nanoparticles of average dia-
meter 70 nm, stacked along the nanofiber axis, were also
prepared by electrospinning a homogeneous PVP/barium
nitrate/iron nitrate precursor sol-gel solution, followed by cal-
cination at 800 °C [64]. The authors investigated the growth
mechanism and proposed a model which involves a series
of phase transformations occurring at increasing temperat-
ures, with Fe,O3, BaO, BaCO3 and BaFe,04 as intermedi-
ate species (figure 8). The resulting nanofibers showed at
room temperature og = 71.5 A m? kgfl, reduced reman-
ence of ca. 0.5 and Hc = 473 kA m~!, lower than the
theoretical expected value. Interestingly, the magnetization
reversal mechanism of the BFO single-particle-chain nan-
ofibers was theoretically analyzed and found to fit a curling
model.
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On the other hand, Liu and coworkers used a combined
approach based on electrostatic spinning and high-temperature
heating treatment, to prepare, by properly varying the experi-
mental conditions, BFO hexagonal ferrites with different geo-
metry (nanowire, nanoribbon and nanotube) [106]. The com-
parison of the magnetic properties of the samples demon-
strated that while the nanostructure had similar saturation
magnetization (46—49 A m? kg~!), the coercivity was largely
dependent on the morphology, increasing from nanowires
(190 kA m~") to nanoribbons (224 kA m~') and nanotubes
(259 kA m™!). Despite the obtained coercivities are lower
than those of many other hexagonal Ba—ferrites, this work
nicely demonstrates the versatility of the technique for the
fabrication of material with controlled properties for different
applications.

3. Controlling doping

The structure of the M-hexaferrites suggests a direct way to
improve their magnetic properties by substituting some of the
cations of specific sites of the magnetoplumbite structure. The
progress in this subject up to the early 80s was reviewed by
Kojima [42]. However, there was a lack of reviews in the
field between that work until the recent overviews by Pullar
[66], Mahmood [9], and Lisjak ef al [18]. Considering this
large number of studies, here we will select and discuss the
works reporting larger values of the magnetization, of the
coercive field, or of the anisotropy field, than those of the
best commercial hexaferrite magnets (05 = 70 A m”> kg,
He >398kAm™!, pwoHc = 0.5 T, and Hy = 1.43 MA m~!,
,U,()H A= 1.8 T)

The doping of the M-type ferrites is in general designed
to affect the intrinsic magnetic structure of this magneto-
plumbite crystal in which magnetic properties are determ-
ined by the occupancy of five sites and their magnetic coup-
ling through oxygen-driven superexchange interactions. Such
design should take into account that the spin and orbital
moments of the cations depend on the site and charge distri-
bution [107], through the spin configuration (high spin, low or
intermediate spin) that determines the net magnetic moment
and the local anisotropy of an ion. In this framework, dif-
ferent scenarios of substitution can be considered. One is to
change the total magnetization. Another is to enhance the mag-
netocrystalline anisotropy by increasing locally the magnetic
anisotropy due to the contribution of the orbital moment or
the change of the crystal and chemical structures. In general,
the substitution of all the ions that are present in the struc-
ture has been explored [9, 42, 66]. However, the most common
approach considers the substitution of cations, although chan-
ging even the oxygen anions have been tried [42]. We briefly
enumerate the rationale for changing the cations:

e Substitution of Fe with non magnetic cations. An increase
of the magnetization could be obtained if non-magnetic
atoms like AI**, Ti?t substitute Fe in the spin-down sites
giving an increase of the net moment. However this also
leads to a weakening of the exchange interactions that can
reduce the Curie temperature, reducing the room temper-
ature magnetization, or weakening or modifying the aniso-
tropy symmetry [42, 108-110].

Substitution of Fe with magnetic ions. For the first goal,
Fe’* and Mn?* are the 3d transition metal ions with the
largest magnetic moments (figure 2), and heavy rare earth
ions [107, 111] have even larger magnetic moments. Hence
the doping with other 3d metals could increase the total
magnetization if ions occupy the spin down sites. Regard-
ing the increase of the magnetocrystalline anisotropy, the
substitution of ions with spin orbit contribution could be the
main strategy. However, except in some cases [107, 112],
the high symmetry of the octahedral and tetrahedral sites
quenches the orbital moment. Hence the occupancy in the
bipyramidal 2b site is the target. In addition, the anisotropy
that finally results in the occupancy of any site [113], ana-
lysed in terms of the single ion model, depends on the spin
orbit coupling and electronic configuration of the cation and
the link in the charge distribution of the site. For example,
Co** occupancy in CoTi—SFO changes the anisotropy from
uniaxial to planar giving a ferrite with soft magnetic prop-
erties. In general, the contribution of the higher symmetry
sites to the anisotropy cannot be neglected [108].
Substitution of Ba?>* or Sr>* ions. Non magnetic La>™,
Ca’*, or Ag* ions, or rare earth ions RE** [114] or
others modify the crystal structure, thus modifying the
exchange interactions and the magnetic anisotropy. For
example, the slightly larger magnetic anisotropy of SFO
(K1 =35kIm™?) compared with BFO (K; =32.5kJ m~?)
is correlated with the smaller size of Sr>* (1.13 A) com-
pared with Ba>* (1.35 A). This is explained because the
smaller cell size implies a decreased Fe—O distance in the
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2b sites, increasing the crystal field and zero-field splitting
of Fe3* and the magnetic anisotropy. As can be seen in
figure 1(a), the 4f, and 2b sites have three Sr%* ions in their
vicinity. Thus the substitution of Ba>*/Sr>* ions by others
induces a change of both the symmetry and the charge dens-
ity around these sites [115].

Often the substitution of the ions is analyzed in terms
of their charge, by their nominal oxidation state: divalent,
trivalent or others [9, 66]. The selected ion can affect the syn-
thesis and sintering processes, but the main influence is due to
the required charge neutrality of the resulting hexaferrite. The
doping with divalent cations or other multivalence ions can
lead to the presence of Fe?T instead of Fe** to maintain the
charge neutrality. Fe?* ions, in addition to contributing to the
anisotropy, provide a possible charge transfer mechanism that
can lead to an undesired increase of the electrical and thermal
conductivity that are key features of the hexaferrites for many
magnetic applications.

The main result can be obtained from the literature is
that the changes of the properties induced by the doping are
extremely difficult to predict and understand. In the follow-
ing, the properties of LaCo hexaferrites, the only doped ferrite
present in the market, are discussed first. Then the recent res-
ults are split in works that aim to increase the saturation mag-
netization and ones that try to increase Hc with features above
the commercial ones.

3.1 LaCo-SFO magnets

The only successful story of doping hard hexaferrites is that
of lanthanum and cobalt doping of SFO. Commercial magnets
are produced by Hitachi [6] and TDK [116]. Considering the
TDK catalogue, strontium ferrite magnets exhibit a maximum
Bg up to 0.45 T and intrinsic Hc up to 319 kA m~! while
LaCo-doped ferrites reach a Bg of 0.47 T and an intrinsic H¢ of
343kAm~!, being the maximum (BH),,x of 38 kJ m 3 for the
first and 44 kJ m 3 for the doped ferrites. Moreover, they keep
low electrical and thermal conductivities, positive temperat-
ure H¢ coefficient (0.1-0.4% K~ 1), and T¢ (around 430 °C—
460 °C). Early work was performed by Yamamoto ef al [117]
but their properties were identified at the end of XX’s cen-
tury [118, 119]. The commercial LaCo-ferrites exhibit a weak
improvement of the magnetic properties, a 10% in remanence
and in the (BH) %, respect to those of the state of art SFO fer-
rites, demonstrating the high potential in the research of altern-
atives to the conventional hard ferrites.

Research has focused in the composition range 0 < x < 0.4
of (Sr,La;_,)(Fe;>_,Co,)09 where La’>t and Co?* substi-
tute for Sr>* and Fe3t. Most of the studies report that a
single phase magnetoplumbite structure is present in this com-
position range with a decreasing c-parameter while the a-
parameter does not vary. In general, as it can be seen in
figure 9, the Mg and My values increase slightly while Hc (H¢
from the J versus H curves) exhibit a maximum value for a
x between 0.2 and 0.4 depending on the preparation method
[117, 118, 120-123]. Early studies of lida et al [121]. repor-
ted that LaCo—SFO sintered at 1200 °C present an increase of

Hc from 319 kA m~! of 383 kA m~! when doping from x = 0
to x = 0.3. The remanence increases weakly reaching a max-
imum at x = 0.4. For larger x both M and H¢ decrease. Nishio
et al [123] indicate that the doping that optimizes H¢ depends
on the thermal treatment. Nowadays, the work of Kikuchi et al
[124] reports the maximum Hc of 0.8 T but with a small
decrease in M. Likewise, H 4 is also larger than for SFO and
BFO and increases almost linearly with x up to x = 0.4. How-
ever, the Ha values depend on the preparation route and they
go from 1.35 MA m~! [124] to 1.91 MA m~! [125]. The
anisotropy is described in terms of a uniaxial anisotropy with
a single second order constant K; as in SFO. At lower tem-
peratures, higher order anisotropy constants need to be con-
sidered. At higher temperatures, a continuous increase of the
H 4 is correlated to the faster temperature dependent decrease
of the magnetization rather than changes in anisotropy [125].

Mossbauer spectroscopy [122, 127], and NMR [45] and x-
ray magnetic dichroism [128] studies indicate that the Co®*
ions occupy both 2a (spin up) and 4f, (spin down) sites. The
weak increase of the magnetization should indicate an almost
equipartition of the Co cations between the two locations. On
the other hand, the increase of the anisotropy field, even if
the magnetization remains constant, is an indication of the
increase of the magnetocrystalline anisotropy as reported in
[126]. It can be explained by the contribution of the orbital
moment of the Co?>* cations. In the case of Co-Ti hexafer-
rites, Co cations occupy other sites and the result is the change
of the symmetry of the anisotropy and the decrease of the
Hc [118]. The decrease of volume and the increase of the
charge due to La** also stabilizes the Co?T in the 2a and 4f,
sites. On the other hand, Morel et al [122] showed by Moss-
bauer and resistivity studies that the Fe?* is present in powders
obtained by the ceramic method. The imperfect distribution of
La and Co ions could give rise to the Fe™> cations replace-
ment by Fe?* ions, mainly in 2a site [126]. Also, the presence
of Fe?T cations has been demonstrated recently in single crys-
tals [129, 130]. However, increasing the population of Fe?*
decreases the electrical resistivity.

However, the changes in Mg and H¢ have been discussed in
terms of the influence of the microstructure and morphology
in the reversal process [118, 119, 131, 132]. Shape morpho-
logy of the particles determine intra and interparticle demag-
netizing fields [133]. Typical platelet morphology of SFO
leads to internal demagnetizing fields (i.e. shape anisotropy)
that decreases the anisotropy field and thus the coercive field.
Grossinger et al [120] explain in this way the drop of Hc¢
above x = 2 in this way, even if Hy increases. Another factor
is the particle size distribution, with the presence of single
domain vs. multi domain particles. The reversal process of
single domain particles is determined by the coherent rotation
modes and gives rise to a high coercivity. Nishio et al [123]
calculated the single domain critical size for these oxides that
is around 1 micron, similar to that of SFO. In multi domain
particles, the domain reversal is dominated by domain wall
motion and lower switching fields are obtained. Hence the
magnetic properties of these new magnets are determined both
by the changes of the magnetic structure and by microstruc-
tural features.
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Table 1. Data of doped-ferrites with specific magnetization larger than 70 A m? kg

field, and o the specific saturation magnetization.

—1

. x corresponds to the doping content, Hc, the coercive

Doping Formula Synthesis route X Hc (kA m™h) os (Am? kg™1) Ref.

Ni BaFe;_Ni,Oj9 Sol—gel 0.8 24 101 [139]
Zn, Ti Ba Fer2,7Zn, TiyO9 Chemical route 0.4 110* [140]
Zn-7r SrFel;_»Zn,Zr,O19 Mechanochemistry 1 24 108 [141]
Zn-Sn SrFe 2_2,Sn,Zn,O9 Sol-gel 2.5 97 [142]
Zn-Ni SrFe _5NiyZn,Oq9 Sol-gel auto combustion method 160 99 [143]
Zn-Sb,VNb SrFei;_2,YZn,Oq9 Ceramics 0.2 238.7 75 [144]
Zn,La ZnLa-SFO Ceramics 191 74 [145]
Al Cr BaFe ;_»AlCr,O9 Sol—gel auto combustion method 4 318 88 [146]

2Study performed at low temperature.

Nowadays, several investigations consider the improve-
ment of these LaCo-hexaferrites, mainly using Ca-doping
using different synthesis methods [134—137]. Chen et al [136]
obtained Ca doped LaCo-ferrites employing microwave cal-
cination with Hc up to 397.9 kA m~! and By of 0.44 T. Du
et al [138] used doping with AI** . In these ferrites the magnet-
ization decreases and the H, increases linearly with the dop-
ing, reaching a Hc of 716.2 kA m~! and specific magnetiza-
tion of around 50 A m? kg~

3.2. Doping for increasing the magnetization

Several approaches have been attempted to increase the mag-
netization of M-hexaferrites by doping: substitution with a
single non-magnetic element, substitution with a single mag-
netic element, or substitution with several (magnetic and
non-magnetic elements). Table 1 summarizes the studies in
which the specific magnetizations above the threshold of
70 A m? kg~ of the high quality SFO and BFO.

Ab initio calculations by Dixit et al [147] predicted that Bi,
Sb, Sn, and Sc ions can increase the magnetization. However,
until now, no experimental result has obtained an increase
in the magnetization. The case of A>T has been extensively
studied, but without success. For a single magnetic cation
the only work that reports an improvement is Wang et al
[139], who studied the synthesis of magnetic Ni-doped BFO
grown by sol-gel. They found a specific magnetization of
101 A m? kg~! for x = 0.8. The authors suggest the origin

is the occupancy of 4f, spin down sites with Ni** coupled to
the presence of Fe?t in 4f) and 4f, sites.

More promising is the approach of doping with multiple
cations with a general formula (Sr)BaFe ;_»,Y.Z,0,9 where
Y, Z, are different cations. Often the substitution is performed
with non magnetic ions (paramagnetic or diamagnetic) and
there is substitution of Fe3>T by equal amounts of divalent
and tetravalent cations to assure charge neutrality. Larger spe-
cific magnetizations were observed by Zn>* doping combined
with other diamagnetic ions, Ti [140], Zr [141], Sn [142], Nb
[144], V [144], Sb [144], La [145] or with paramagnetic Ni
cations [139] that gives rise to ferrites with og between 75
and 110 A m? kg~!. Also the double doping of BFO with
diamagnetic AI** and paramagnetic Cr** cations [146] gives
rise to a ferrite with a maximum specific magnetization of
88 A m? kg~! forx = 0.4.

In general, it was observed that the net magnetization and
the specific magnetization do not exhibit monotonic trends
with the doping. Wartewig et al [140] show that in Zn?>* and
Ti** doped BFO synthesized by coprecipitation the magnet-
ization at low temperatures first increases and then decreases
above a doping of 0.4 as can be seen in figure 10 (left). The
authors suggest that for small doping, Zn?>* occupies the tetra-
gonal 4f] sites while Ti cations go to the octahedral spin down
4f, and spin up 12k sites and after x > 1.2 a small amount
of Zn is placed at the 2b site and of Ti at the 2a site. At
room temperature, Abdellhi ef al [141] observed the similar
doping dependence in mechanical milling Zn—Zr—SFO micro-
particles, with a maximum magnetization of 108 A m?> kg~!
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for x = 1 (SrFe 0ZnZrO9). Li et al [148] also reports the pres-
ence of a maximum in the magnetization but for lower Zr—
Zn content and only at low temperatures. Ghasemi et al [142]
have doped BFO with Sn** and Zn’>* synthesized by sol—gel
(SrFej»-»,Sn,Zn,Oy9). An increasing doping dependence of
the magnetization is found, with a maximum of 87 A m? kg‘1
at x = 2.5, as can be seen in figure 10 (right). Mossbauer
studies indicate that both Sn and Zn cations occupy spin
down 4f, and spin up 2b sites. In contrast, Fang ef al [149]
observed a continuous decrease of the magnetization using
co-precipitation. Widyastuti et al [143] report the combina-
tion of Ni and Zn substituted BFO synthesized by sol-gel
auto combustion method and further annealing. They obtain
94 Am? kg~ in doped BFO with 2%wt Ni and 4%wt of Zn.
Also, Sapoleva et al [144] report the same trend in ZSb, ZnNb
and ZnV doped SFO.

The enhancement of the magnetization has been observed
also in other compositions. Trudel efal [146] investig-
ated the double substitution of AlIT and Cr*t cations in
BaFe|;_,,Al,Cr,O;9 obtained by auto combustion sol-gel.
For x = 0.4 the doped ferrite exhibits a specific magnetiz-
ation of 88 A m? kg~!, larger than the corresponding BFO
(81 A m? kg~!) and similar mass density. The improve-
ment of the magnetization does not follow a linear depend-
ence. The authors propose that the increase of the magnet-
ization takes place when Cr’* begins to occupy the 4f, site.
Bsoul et al investigated doping with non magnetic Ti>™ and
Ru*t cations of BFO [150] and SFO [151]. In the two oxides
a broad maximum in the magnetization versus the doping
is observed. The specific magnetizations with substitution
of x = 0.2 reach up to 10% respect to values of around
60 A m? kg—! for both undoped oxides. Mossbauer spectro-
scopy studies reveal that Ti>T and Ru** ions substitute Fe3+
ions at both the spin down 4f, and 4f sites and the spin up
2a and 2b sites, for x values up to 0.2 and at the 12k site
for x > 0.2.

Considering the mentioned results it appears that two-ion
doping, mostly performed with non magnetic ions, allows to
increase the magnetization in a certain doping range above
which the magnetization decreases. In most of the discussed
cases, cations occupy the two spin-down sites before reaching
the maximum in the magnetization, while for higher doping
the cations begin to occupy the spin-up sites giving rise to the
reduction of the magnetization. The decrease of the magnet-
ization is also related to the weakening of the superexchange
interactions between the different sites due the presence of a
large number of nonmagnetic cations in the spin down sites.
This is also expected to be correlated with a decrease of the
Curie temperature, although this point has not been investig-
ated in the mentioned studies. However, as a rule the cation
site distribution depends on the chemical process used to grow
the material, as demonstrated for example by the magnetic
properties of ZnTi [140, 152] and ZnZr [141, 148] doped
hexaferrites.

A crucial point is that in all the previous cases repor-
ted Hc is reduced by doping. This is explained as in most
cases the doping involves non-magnetic ions that weaken
the magnetic order. As can be seen in table 1 ferrites with

os > 100 A m*> kg~! cannot be considered for hard mag-
nets. The ferrites with og < 100 A m? kg~! (22-24) exhibit
H. > 159 kA m~! similar to those of standard hard hexafer-
rites. The only exception is the work of Trudel et al [146]
in AICr—BFO. For x = 0.4 the doped ferrite exhibits both
a larger specific magnetization (88 A m?> kg~!) and a coer-
cive field (318 kA m~!) than the corresponding magnetization
(81 A m?> kg=") and H¢ (127 kA m~!) of BFO. The authors
explain this increase due to the smaller particle size of the
doped ferrites and the consequent increase of the coercivity
by the single domain behavior of these particles.

3.3. Doping ferrites with high coercive field and the
anisotropy

Given that most works that attempted to increase the magnet-
ization reduced the anisotropy, we consider now works that
have increased the latter. There is a large number of studies
that report increases of Hc of M-hexaferrites by comparing
the effect of different cations [108, 153, 154]. In this review,
the discussion will be focused on selected studies that report
materials with a coercive field larger than those of the best
commercial SFO and BFO magnets, i.e. above of 400 kA m~!
(~0.5 T). The main properties of the selected works are sum-
marized in the table 2.

We first consider single doping. Theoretical calculation
performed by Dixit ef al [147] conclude that doping with P,
Co, Al, Ga, and Ti cations should increase the anisotropy con-
stant and/or anisotropy field. The Al-doped ferrites are partic-
ularly interesting as in several cases [155-157], they exhibit
H¢ and induction magnetizations larger than those of NdFeB
(He~1.19MAm™', 1.5 T, and woMs = 1.6 T). Hence these
materials will not be demagnetized by the stray field gen-
erated by the NdFeB magnets and can be included in mag-
netic designs in which RE magnets are present. In addition,
as can be seen in figure 11, the doping dependence of Hc¢
exhibits peak variation which maximum Hc¢ corresponds to
different Al-doping, x, depending on the synthesis and treat-
ment processes [155, 157, 159]. However all the works in
table 2 and others [108, 154, 169-171] report that AI-SFO
exhibits common features with the doping. First, the struc-
ture volume decreases as the Al contains increases remain-
ing c/a ratio almost unchanged. This is expected considering
the small ionic radius of AI*t (0.5 A) in comparison with
the Fe3T (0.64 A). Second, the doping gives rise to a corres-
ponding decreasing of the magnetization as well the T'c. Most
of the works discuss the decreasing of the magnetization in
terms of the occupancy of the spin up 2a and 12k sites by non
magnetic AP cations [108, 159, 160] even though it could
be due also to the presence of secondary phases. Theoretical
studies by Dixit ef al [171] confirm the preferential occupancy
of Al in those sites. The occupancy of the spin down 4f site
has been also reported [154]. The occupancy by non magnetic
ions also weakens the super-exchange interactions between
the Fe ions that cause the decreasing of T'c. This could cause
the spin canting or the change of the anisotropy structure or
strength. Regarding the anisotropy, the Ha of Al-doped fer-
rites was measured in single crystal [172]. A maximum H  of
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Table 2. Data of doped-ferrites with H. > 0.5 T. x corresponds to the doping content with the maximum specific magnetization, Hc, the
coercive field, and og the specific saturation magnetization. with the maximum specific magnetization.

Doping Formula Synthesis route x HcMAm™) os(Am’*kg™!) Ref.
Al SrFei;_ Al Oj9 Auto-combustion 1.5 1.43 9 [155]
Glycin-nitrate method 4 1.39 7 [156]
Glycin-nitrate method 3 1.34 28 [157]
Mechanochemical activation + calcination 4 0.77 23 [158]
Microwave assisted combustion 1 0.59 35 [159]
Glass vetrification 1.4 0.48 36 [160]

Mn SrFei;_ Mn,O9 Ceramics 5 0.77 35 [80]
Mechanosynthesis 0.5 0.41 58 [161]
Cr SrFe ,_CrOj9 Microwave -hydrothermal 0.3 0.58 30 [162]
Sm SrFe ;_Cr,Sm,;O19 Sol—gel 0,1 0.48 10 [163]
Al Cayg,6S19,1 Lag3—Fei2_AlOj9 Ceramics 1.4 0.48 36 [164]
Ca,Al Sry_CaypFen_AlOjg Citrate melt autoignition method 4 1.67 12.7 [165]
5 2.86 2 [166]
Al,Cr Ca0‘33SroﬁﬁFeFegAGCm,xOlg Sol—gel 3.5 1.11 35 [167]
CrSnAl  SrAl4(Crg5Sngs)sFeg_1Oq9 Sol—gel auto-combustion 0 1.43 12 [168]

2.62 MA m~! is obtained in SrFe;oAl,O,9, 1.8 times larger
than the corresponding value of SFO. However, the poMs of
this doped ferrite is 0.185 T, less than the half of the SFO, what
suggests a decreasing of the K. On the other hand, Behhera
et al [170] report non monotonic but weak changes in K| as
function of doping for x < 1 while Dixit et al [171], through
ab-initio calculations, also suggest small changes in K ;. Hence
the large values of H¢ and of H, are explained from decreases
in the magnetization (see figure 11).

Also, doping with magnetic Mn®** [80, 161] or Cr*t
[153, 154, 162] cations has demonstrated to increase the H.
respect to the un-doped hexaferrites, which is correlated to
the decrease of the magnetization. In the case of Mn cations
(Mn37), early work of Obradors e al [173] show that the
magnetic anisotropy field at low temperatures increases from
1.43 MA m~! of the SFO to 4.77 MA m~! for high dop-
ing levels of x = 9. Mn cations [80, 161] occupy first the
spin up 12k and 2a sites and later the 4f, sites. Tenorio et al

[80] outlined that the Mn3* ions occupy preferentially the
2a sites, up to the point of completely replacing Fe in those
sites. If the Mn content increases further, Mn occupies first
the 12k position and finally the 4f; and 4f, ones. Hence the
main occupancy of spin-up sites is with Mn3* which has a
smaller magnetic moment (3.5 yp) than Fe’T that explains
the decrease in magnetization. On the other hand, the same
study reports that poHc reaches 0.97 T for x = 5 and a
os = 35 A m? kg=! (uoMs = 0.18 T). The authors pro-
pose that structural microstrains lead to the increase in the
magnetic anisotropy. Cr’* doping shows similar phenomen-
ology to Mn** doping. Katlakunta et al [162] reported a max-
imum Hc = 580 kA m~! with a 05 = 30 A m? kg~! for a
doping x = 0.3 in sintered materials obtained by microwave-
hydrothermal method. In the low (x < 0.5) doping regime the
reduction of the magnetization is determined by the substitu-
tion of Fe at the 12k, 2a and 4f, but for large doping (x > 0.4)
also by the presence of non-magnetic impurities.
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The substitution of Sr with RE can give rise to improve-
ments in the coercivity. Mangai et al [163] report the substitu-
tion of Sr by Sm. They observe the increase of Hc up to values
around 477 kA m~! but also the decrease of the magnetization.

Different doping approaches were investigated to
improve the results obtained in Al doped hexaferrites
[146, 164, 165, 167, 168] Trudel et al [146]. investigated
the Cr doping of Al-SFO. This magnetic cation is slightly
smaller than Fe3* in fact the CrAl—ferrite structure is contrac-
ted under the substitution. However, the magnetization and
coercive field exhibit a not linear dependence of the doping:
the og is large (over 80 A m? kg~!) and H¢ smaller than
the corresponding values of the SFO. Trusov et al [165] and
Gorbachev et al [166] investigate the simultaneous substitu-
tion of Sr for Ca and Fe for Al (Sr;_,/1» Cay/12 Fejo_ Al Oq9)
and obtain the largest Hc of 2.86 MA m~! for x = 5 up to
now published. However, the o was very small, 2 A m? kg .
These studies consider that the decrease of the magnetization
is correlated to the main occupancy of 12k and 2a sites by the
AT, while the Ca doping enhances the contraction of the lat-
tice structure, that leads to an increasement of the anisotropy
field due to the enhancement of the crystal field. Stingaciu
et al [167] perform similar studies by doping Ca Al-doped
ferrites with the magnetic Cr to increase the magnetization

(Cag 33519 66FegAl;_,Cr,O19). They found that the Cr doping
produces an increment of the magnetization but a decreasing
of the coercive field. The study supports the statement that the
doping does not modify significantly the anisotropy of these
ferrites. Shekhawat et al [168] consider the Fe substitution
with Cr’* and Sn** producing SrAly(CrysSngs).Fes_O1o
ferrites by sol—gel auto-combustion method. The doping with
these two elements decreases the Hc values but the H¢ are
always above 796 kA m~! (1 T). These oxides exhibit unpre-
cedented high saturation magnetizations, larger than 0.5 T,
even in Al-SFO, much larger than previously reported in
Al-doped ferrites and even in bulk SFO.

Finally, we should consider the influence of other factors in
the hysteresis loop. As it can be deduced from table 2, different
synthesis routes give rise to different doping-dependent mag-
netic properties. On one hand, this might be due to differences
in the doping and the cation occupancy. Furthermore, the res-
ulting material is affected by the nucleation and growth condi-
tions that depend on the synthesis conditions or of the physico-
chemical changes induced by the post-annealing treatments.
On the other hand, as discussed in the previous section, the
particle size also determines the magnetic properties. For
example, for Al-doped powders, the single domain length is
around 600 nm [155]. We note that in most works reported in
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table 2 the Hc is high, likely related to particles in the sub-
micrometric regime. Finally, most of these studies show that
ferrites particles exhibit a platelet morphology (see figure 11),
and hence H¢ and H  are determined both by the composition-
dependent magnetocrystalline anisotropy and the shape aniso-
tropy term coming from the morphology and magnetization.
In summary, the strategy of ferrite doping allows obtaining
advances in the properties of the M-type hexaferrites, increas-
ing magnetization or coercive field. Zn and Ni based doped
ferrites exhibit larger magnetizations due to the cationic occu-
pancy of the spin-down sites. In contrast, Al based ferrites
exhibit large H. due to their low magnetization as the cations
occupy spin up sites. Commercial LaCo doped ferrites are an
intermediate case in which Co cations occupy both spin-up and
down sites giving a weak change of the magnetization but the
La induced contraction of the crystal structure and the orbital
moment of the Co?* induce an increase of the anisotropy and
hence of the coercive field. In addition, the submicrometric
dimension of the powders and the platelet morphology determ-
ine the final hysteresis of the magnets. The fact that LaCo fer-
rites, that exhibit a weak improvement of the Br and H¢ with
respect to undoped ferrites, have found their way into commer-
cial applications demonstrates the important impact that mild
improvements in the properties of hexaferrites can have.

4. Hard-soft composites

Given the limits of single phase improvements of hexafer-
rites, another venue to get better performance from ferrite-
based magnets consists of fabricating composites of the hard
hexaferrite with a soft magnetic material [174]. Hard mag-
netic materials exhibit a robust resistance to demagnetization
due to their large magnetocrystalline anisotropy and are the
base for permanent magnets. However, their saturation mag-
netization is often moderate, as is the case for ferrites which
are ferrimagnetic materials. On the other hand, soft magnets
such as metals (Fe, Co) or soft ferrites (Fe;O4, MnFe, 0y, etc)
present larger magnetization values than hexaferrites but their
often cubic structure only allows for reduced magnetocrystal-
line anisotropies that lead to small coercivity and remanence
values. The underlying idea is that as long as both materials
are exchange-coupled, the spins of the soft phase align with
that of the hard at remanence, therefore exploiting the lar-
ger magnetization of the soft phase to improve the remanence
of the composite. The drawback is that the overall coercivity
decreases as a consequence of the inclusion of a soft phase, but
the model predicted an effective enhancement of the energy
product even for lowered coercivities. A plethora of experi-
mental efforts over the last three decades have exploited this
effect in order to improve the magnetic properties of compos-
ites based on all the hard magnets [175], including of course
ferrites. We will review in section 4.2 the main results obtained
in systems based on hexaferrites as the hard phase.

In the absence of exchange-coupling, the possibility of
exploiting the magnetodipolar interactions inside the magnetic
material to align the soft spins with the hard phase has been
discussed for a number of years as well [176-178], with a
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Figure 12. Hysteresis loops corresponding to rigid and spring type
magnetic coupling. (b) Scheme of the spring magnet. Reprinted
figure with permission from [67], Copyright 2004 by the American
Physical Society.

recent interest in this approach fueled by the European pro-
ject AMPHIBIAN [179]. Several strategies and the main res-
ults obtained thus far using this approach will be reviewed in
section 4.2.

Finally, in section 5, the future prospects for hard-soft mag-
netic composites for use in novel permanent magnets will be
discussed.

4.1. Exchange-coupling

Achieving an efficient and robust exchange-coupling at the
interface has represented the main challenge. This is due to
the fact that orbital overlap and thus structural coherency at
the interfaces is required on one hand; and on the other the
soft phase size has to be below a certain threshold, indicated
by the exchange length of the hard phase. This is typically of
the order of a few nanometers for systems based on ferrites as
a hard phase, which entails that these strict structural require-
ments are not straightforward to fulfill, especially in bulk sys-
tems on which industrial magnet production relies.

Based on the strength of the exchange interaction at the
dissimilar interfaces, three types or regimes of coupling can
be defined [67, 180-187]: Rigid, Spring and Decoupled.
Figure 12 portrays the resulting hysteresis loops of each
regime.

In the rigid coupling regime, the spins of the soft phase are
completely and rigidly coupled to the hard spins and magnet-
ization reversal occurs as a collective whole. It is equivalent
to having a single magnetic phase with properties averaged
between both phases.

In the spring-magnet case, both phases are effectively
exchange-coupled at the interface but some of the spins of
the soft, generally located further from the interface, are not
rigidly coupled to the hard spins. This results in a magnet-
ization reversal where low fields reverse those ‘loose’ soft
phase spins, while higher negative fields are needed to reverse
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the hard phase and rigidly coupled soft spins. In this regime,
remanence is increased with the presence of the soft phase as
negative fields are required to partially misalign the soft spins.
In fact, if a negative field between the switching field of the
hard and the soft is applied and subsequently removed, the
soft ‘loose’ spins first reverse and then, upon field removal,
return back to being aligned with the hard phase. This beha-
vior resembles that of a spring, hence the name of the regime.

The third regime corresponds to the situation where there
is absence of exchange-coupling between hard and soft con-
stituents. In this case, magnetization reversal occurs as two
completely independent phases. It is important to remark that
from a single hysteresis loop, as in figure 12, it is difficult to
discern between the spring and uncoupled regimes. In prin-
ciple, in a spring magnet, an increased remanence M omp With
respect to that of the hard phase My should be observed;
whereas in a decoupled system, the remanence value should
comply with My < Mcomp < Ms. However, differences in the
alignment of the hard and soft particles could yield mislead-
ing observations, such as increases in Mcomp in an uncoupled
system, and additional means of verification should be imple-
mented. One option is to measure the soft switching field
Hg,,s for different soft contents or thicknesses. If the sys-
tem is in the decoupled/spring regime, Hsy.s should be inde-
pendent/dependent on the soft concentration, respectively. In
the following, we will review the main results and develop-
ments obtained in recent years in hard-soft composites based
on hexaferrites as the hard phase. The section will be divided
in non-oxide soft phases and oxide soft phases.

4.1.1. Non-oxide-oxide composites.  The use of metals as the
soft compound presents the advantage of potentially reaching
much higher magnetization values, due to the large magnet-
ization of Fe, Co and their alloys. However, in order to stay
within the rigid coupling regime, the soft phase must have a

size below a certain threshold, given by twice the domain wall
thickness of the ferrite. This quantity is equal to the exchange
length Le of the hard phase, in this case SFO or BFO. This
is a relatively strict requirement for metals, as the ferrite’s
exchange stiffness and magnetocrystalline anisotropy values
leads to threshold sizes of the order of 2L, = 21 nm [68, 185].
The challenge from a synthesis and processing point of view is
considerable, especially taking into account that the perman-
ent magnet industry produces thousands of tons of material
per year [7]. First of all, a soft phase in the nanoscale has to be
produced and supplied. Second, an intimate and coherent con-
tact at the interface has to be achieved, as exchange-coupling
demands the presence of chemical bonds and orbital overlap
between hard and soft phases. In this framework, novel mater-
ials and innovative design, together with sophisticated syn-
thesis and processing methods are needed.

Volodchenkov er al [68] have contributed to the field by
designing and synthesizing the microstructures shown in
figure 13, consisting of platelet shaped SFO particles sur-
rounded by a thin metal layer, where the SFO platelet-shaped
particles have an average size of approximately 1 pum. The
process involves the precipitation of a Co precursor, Co—O—
OH, on the SFO surfaces and the subsequent reduction to
metallic Co.

Based on these structures, their work develops a dense spe-
cimen where the Co is indeed observed to be located at the
grain boundaries acting as a shell of thickness in the tens of
nanometers range, as shown in figure 14.

The precipitated composite presents a substantial increase
in remanence while keeping coercivity very close to that of the
pure SFO control sample. The authors quantify the improve-
ment in (BH) .« as 70%, although the dense samples have not
been magnetically oriented. Interestingly, they compare the
magnetic properties of their novel microstructure to those of
a composite of the same composition but fabricated by simply
mixing hard and soft powders, with a soft Co phase that is
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not in the nanoscale and not in close contact with the SFO.
The marked decrease in remanence and coercivity compared
to both the precipitated composite and the pure SFO sample is
a clear indication of the threshold size effect of the soft phase.

Several authors have reported on hard-soft composite sys-
tems that reverse as a single magnetic phase [188-190].
Single-step reversal or the absence of discontinuities in the
demagnetization curve is one of the fingerprints of rigid
exchange-coupling in hard-soft composites. Li et al [189]
report on exchange-coupled SFO/Fe-B composites. A marked
increase in magnetization is observed, along with a substan-
tial decrease in coercivity reaching Hc = 49.1 kA m~!, which
brings forward one of the fundamental issues associated with
robust exchange-coupling: the collapse of coercivity [191].
Zhang et al [190] fabricate structures based on SFO particles
between 100 and 200 nm surrounded by FeN nanoparticles
smaller than 20 nm. In their case, Hc > 320 kA m~' for the
exchange-coupled composites, probably due to the small size
of the soft phase. In addition, they report mild enhancements of
remanence. Xu et al [188] study a very similar microstructure
although consisting of FeCo nanoparticles as the soft phase.
They also observe slightly lower H. and a mild increase in
remanence. Although results are in all these three cases prom-
ising, all studies are performed in non-oriented specimens—
i.e. no magnetic field was applied to orient the particles prior
to the measurement. It is therefore difficult to exactly quantify
what the increase in real remanence and energy product is.

An interesting strategy towards achieving structural coher-
ency and small particle sizes is to produce core—shell hard-soft
nanostructures. Several authors have studied these systems
using SFO as the hard phase and FeCo as the soft shell. Xu et al
[192, 193] confirm that the core—shell structures present bet-
ter properties than simple mixtures of both types of particles,
confirming the importance of small soft particle sizes, close
contact between phases and avoiding agglomerates. However,
no clear improvement in remanence with respect to pure SFO
samples is observed. Dong et al [194] focus on core—shell
microfibers where the robust exchange-coupling is again seen
to lead to a relatively drastic decay in H.. The samples studied
in these articles are not magnetically oriented either.

It is important to keep in mind as well that relatively
broad distributions of coercivities can exist, for both phases,

in polycrystalline powder samples, as a consequence of the
particle size distributions. A broad distribution of switching
events can lead to seemingly smooth demagnetization curves
that are single-phase like, in systems that are in fact exchange-
decoupled [195]. Henkel plots are often employed to further
discern the existence of exchange-coupling in these systems
[196]. Unfortunately, the study of the magnetic interactions
in Henkel plots are only really applicable to Stoner—Wohlfart
systems consisting of single-domain isolated particles with a
very narrow size distribution [197]. In this framework, careful
analysis of the dM/dH derivative can help reveal the switching
events in the system.

4.1.2. All-oxide composites.  All oxide hard-soft compos-
ites, based on SFO and a soft ferrite, have the advantage of
being slightly easier to process and densify as a magnet since
no oxidation vs reduction issues are to be faced. Sintering can
be performed in air atmosphere, contrary to the case of metal-
oxide composites. On the other hand, the best magnetization
values of soft ferrites o = 100 A m? kg~! is approximately
half the one of Fe and FeCo os = 220 A m? kg~ !, which makes
it challenging to improve the magnetization of SFO by adding
moderate amounts of soft phase.

Work has focused on a powder sample of different morpho-
logies and dense sintered specimens. In the case of the former,
Afshar et al [198] recently studied SFO/Nij ¢Zng 4Fe,O4 com-
posite samples annealed at 700 °C-800 °C. The demagnet-
ization curves show two-step reversal, strongly suggesting
that the magnetic phases are not exchange-coupled. As rel-
atively high temperature is applied, there is a good chance
that chemical bonds between hard and soft particles exist,
but the particle sizes observed in their SEM images show
particles that are clearly above the rigid coupling threshold
size of 20 nm [68]. As a consequence, coercivity drops from
Hc = 358 kA m~! for pure SFO to Hc = 88,1 kA m™!
for 30 wt% NigeZng4Fe,O4; while magnetization negli-
gibly improves. Dahal et al [199] synthesize SFO/LaSrMnOs3
nanoparticulated composites with single-step reversal curves
and supposedly good exchange-coupling between the phases,
which may be the consequence of the small particle size.
Although improvements in the remanence-to-saturation ratio
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Figure 15. TEM images of the as-synthesized SFO particles (left) and Co-ferrite particles (right). [69] John Wiley & Sons. © 2016 The
American Ceramic Society.
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Figure 16. TEM and HAADF STEM images of bi-magnetic M/BHF/M sandwich composite nanoplatelets with 1.9 nm ((a) and (c)) and
2.5 nm ((b) and (d)) thick M layer. Adapted from [70] with permission of The Royal Society of Chemistry.

are observed, unfortunately the magnetization of the soft phase More sophisticated nanostructures have been investigated
is lower than that of SFO, leading to decreases in both coer- as well. Song et al [200] studied SFO/Nig5ZngsFe,O4 hol-
civity and remanence in the composites. low microfibers. Although small crystallites were obtained, no



J. Phys. D: Appl. Phys. 54 (2021) 153001

Topical Review

Figure 177 HAADF STEM image of composite M/BFO/M
sandwich nanoplatelet. The projected structures along [10-10]HF
and maghemite along [101]M) are superimposed over the images to
illustrate the position of Ba** and Fe*T ions. Different Fe lattice
sites and the HF structure (trigonal 2b, tetrahedral 4f1, octahedral
12k, 2a and 4f,) are marked. Adapted from [70] with permission of
The Royal Society of Chemistry.

clear improvements in remanence are reported and the com-
posites appear to be decoupled based on the demagnetization
curves. Core—shell BFO/Fe;0, core—shell-like particles were
the focus of Mohseni ef al work [201]. Larger BFO particles
are seen to have their surface covered by small magnetite nan-
oparticles. The samples show promising results in the sense
of a significant increase in overall remanence while coerviv-
ity remains roughly unchanged. The authors claim there is
hard-soft exchange-coupling but two of the three composite
studies clearly show two peaks in the dM/dH derivative while
the third one, at a 9:1 hard:soft ratio seems to show a kink in
the demagnetization curve. An increase in the energy product
is claimed as well, although the samples are not magnetic-
ally oriented. Volodchenkov et al [202] replicated the inter-
esting microstructure discussed in section 4.1.1. and shown
in figure 13, this time using Fe;04 instead of Co as the soft
phase. A 37% improvement in (BH)max is reported, which
is indeed supported by a remarkable increase in remanence
and an almost negligible decrease in coercivity. Unfortunately
once again, the samples are not magnetically oriented which
prevents a full assessment of their improved properties.

As far as sintered samples are concerned, Jenus et al
[69] report on SFO/CoFe,04 composites. This system can-
not be strictly considered a hard-soft composite since
CoFe,04 is magnetically hard, although its magnetization
value o5 = 82 A m? kg~ ! is indeed higher than that of SFO.
By using SPS, the particle size of both phases, shown in
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figure 15, is maintained small while achieving a competitive
relative density of 93%. In addition, the samples of this study
are magnetically oriented, which allow accurately establish-
ing a remarkable 22% increase in energy product with respect
to the pure SFO specimen: from (BH)n.x = 21.9 kJ m~3 to
(BH)max = 26.1 kIl m™3.

4.1.3. Hexaferrite/maghemite bi-magnetic platelets. The
research group (Department for Materials Synthesis) from
JozZef Stefan Institute, Slovenia, used a simple water-based
method for synthesis of the hard-soft exchange coupled
nanoparticles composed of soft-magnetic spinel ferrite
(maghemite—M) layers deposited on hard-magnetic BFO
platelet cores [70, 71]. Even the composite nanoplatelets were
developed for advanced medical applications; they can also be
relevant as building blocks for production of permanent mag-
nets. The synthesis is performed at relatively low temperature
(60 °C), it is environmentally friendly, inexpensive, relies on
abundant raw materials and is also appropriate for scaling up
to an industrial scale. Nevertheless, it enables excellent control
of the composite structure. The spinel ferrite is deposited with
a controlled co-precipitation of the ions from aqueous sus-
pension containing the core nanoparticles [203]. For example,
the M was deposited with the co-precipitation of Fe?*/Fe’*t
ions using weak hydroxide under an inert atmosphere. The
deposition process is controlled by the supersaturation of the
precipitating iron species, which is enabled by immobiliza-
tion of the highly reactive Fe’* ions into the coordination
compound with urea [(Fe(CO(NH;),)s)(NO3)3)] [204] and
their controlled release with thermal decomposition of the
complex. The precipitating iron species heterogeneously nuc-
leates and the M grows exclusively on the basal surfaces of
core BFO nanoplatelets present in the reaction suspension.
Thus, the product nanoplatelets exhibited an incredibly uni-
form M/BFO/M sandwich-type structure (figure 16). The
thickness of the M layers was very uniform, equal on the both
sides of the cores. For lower layer thicknesses, the thickness
can be controlled simply by adjusting the ratio between the
iron ions and the surface area of the BFO core nanoplatelets
(Fe/BFO ratio). For example, by adjusting the Fe/BFO ratio
the thickness of deposited M surface layers on the BFO core
nanoplatelets, 42 nm wide and ~3 nm thick, was successfully
controlled up to ~2 nm (see figures 16(a) and (c)). For even
thicker M layers the deposition had to be conducted in the two
consecutive steps. Namely, with the increased Fe/BFO ratio,
the supersaturation of the precipitating iron species increases
until individual separated M nanoparticles are formed. The
composite nanoplatelets with layer thickness of 2.5 nm were
obtained by the deposition in the two steps. The product was
fairly homogeneous (see figures 16(b) and (d)), even some-
times the larger composite platelets with much thicker layer
(>10 nm) grown on one side of the core were also present in a
very low concentration.

Importantly, the co-precipitation method is not limited to
co-precipitation of Fe>* and Fe3T ions. With some adaptation
to the process, the Fe?T ions can be exchanged with some other
2-valent ions constituting the spinel ferrites, for example Zn>*
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Figure 18. Magnetic hysteresis loops for randomly oriented Sc substituted BFO and composite nanoplatelets with different thicknesses of
the M layers (the M/BFO/M platelets are referred to as CNPX.X, where ‘X.X’ marks the thickness of M layer in nm). Adapted from [70]

with permission of The Royal Society of Chemistry.

Figure 19. (a) TEM image of composite nanoplatelet synthesized by deposition of maghemite layers onto the larger hexagonal BFO core
nanoplatelets, and (b) HREM image with corresponding electron diffraction pattern. Adapted from [71] with permission of The Royal

Society of Chemistry.

and Mn?*. For example, zinc-ferrite (ZnFe,0,) layers were
deposited just by exchanging Fe?* with Zn>* [70].

Details of the unique structure of composite nanoplatelets
were revealed based on direct atomic-resolution high-angle
annular dark field (HAADF) imaging with a probe aberra-
tion corrected STEM [70]. The M was deposited onto the
Sc-substituted BFO core nanoplatelets, with relatively nar-
row distribution of widths, 42 + 12 nm. Remarkably, the
inspection of a large number of the sandwich M/BFO/M com-
posite nanoplatelets revealed that the vast majority of the
BFO cores exhibited equal structure across the nanoplatelet.
In terms of two structural blocks usually used to describe
the BFO structure: a cubic spinel ((FesOg)>*) S’ block and
a hexagonal ((BaFesO;;)>~) ‘R’ block, the structure of a
vast majority of the BFO core nanoplatelets can be presented
with the SRS*R*S stacking sequence across the nanoplatelet
(figure 17). The structure closely defines the thickness of the
nanoplatelets at 3.0 nm. As the BFO nanoplatelets terminate at
the basal surfaces with the Fe-only S block, their composition
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is Fe-rich corresponding to BaFe 50,3 theoretical chemical
formula. Only seldom the core nanoplatelets contained three
R blocks (figure 16(c)); they were 4.2 nm thick and exhib-
ited the BaFe40,; theoretical composition. Later, systematic
study showed that during hydrothermal growth, the BFO nano-
platelets crystalline structure of nanoplatelets always thicken
with in a step-wise addition of the RS segments to their initial
SRS* structure [39].

Given the cubic S block termination, the structure of core
nanoplatelets closely match with the spinel structure of M lay-
ers at the (0001)ygll(111)y interface. The S block of BFO
structure is actually a slice of the cubic spinel structure. Forma-
tion of the low-energy coherent interface promotes heterogen-
eous nucleation and epitaxial growth of the M exclusively at
the basal surfaces of the core nanoplatelets. The M was never
deposited at the side surfaces of nanoplatelets, where the two
structures do not match. Despite good matching between the
two structures, the interface was always clearly visible on the
STEM images, suggesting presence of strains. The M layer
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Figure 20. Comparison of the magnetic hysteresis for BHF core
nanoplatelets (~100 nm wide and ~8 nm thick, BaM 100 and
corresponding composite nanoplatelets (S@BaM 100 measured
PER and PAR to their basal surfaces. Adapted from [71] with
permission of The Royal Society of Chemistry.
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Figure 21. Simplified scheme of the internal fields of a BFO
platelet placed inside a Fe particle. [69] John Wiley & Sons. © 2016
The American Ceramic Society.

was always slightly shifted along the interface relative to the
structure of HF core.

The BFO nanoplatelets used as the cores of composite
nanoplatelets display strongly anisotropic magnetic proper-
ties. Because of the strong uniaxial magnetocrystalline aniso-
tropy, the BFO retains the easy axis oriented parallel to the
crystallographic c-axis even when in the form of thin nano-
platelets, that is perpendicular to the nanoplatelet. Actually,
the HF nanoplatelets are the only accessible platelet mag-
netic nanoparticles exhibiting such perpendicular easy axes
[18, 66]. The ~50 nm wide and 3 nm thick Sc-substituted BFO
nanoplatelets exhibited the Mg over 30 A m?> kg~' and Hc
of ~150 kA m~! [73, 205]. The properties of the nanoplate-
lets are actually substantial, when we consider the very small
thickness of the nanoplatelets, which is just over one-unit cell
in the corresponding c-direction of the BFO structure. After
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the deposition of M layers, the M/BFO/M composite nano-
platelets retained the single-phase hysteresis loops without any
constriction or kink, indicating rigid exchange coupling of the
two magnetically-different phases [174, 206, 207]. Figure 18
shows the hysteresis loops for the BFO core nanoplatelets and
the composite nanoplatelets with different thicknesses of the
M layers [70]. A slightly constricted loop was only observed
for the composites with the thickest M layer (CNP2.5). How-
ever, the two-phase behaviour was ascribed to the presence
of a small amount of the nanoplatelets, which showed much
thicker M layers; too thick to maintain the complete coupling
with the core. As expected, the og of the composite nanoplate-
lets increased proportionally to the M layer thickness, from
30 A m? kg~ for the BFO core nanoplatelets to 52 A m> kg™!
for the thickest layer of the CNP2.5 composite. However, the
H¢ strongly decreased with the deposition of epitaxial M lay-
ers. The decrease of Hc was non-proportionally large, much
larger than expected according to theory presented by Kneller
in 1991 [174]. The H¢ decreased for ~80% already for the
composite with the thinnest M layer (CNP1.1), where the con-
tent of the soft-magnetic phase was only ~33%. The decrease
in Hc was ascribed to changes in the magnetic properties of
BHF cores with the deposition of epitaxial M layers [70].
The changes in the properties of the BFO cores were first
suggested from high-temperature measurements of the mag-
netization. The nanoplatelets were coated with a silica shell
prior to the measurement to minimize interparticle interactions
and block particle growth. The measurements showed that the
Curie temperature (7'¢) of the BFO nanoplatelets significantly
decreased after deposition of the 1.1 nm thick M layers (¢
before and after the deposition was ~450 °C and ~310 °C,
respectively). Since the T¢ is an intrinsic property reflecting
the magnetic structure of the material, it was concluded that
the structure changed after the deposition because of internal
stresses induced in the cores by the epitaxial M layers. The
influence of internal stresses was confirmed by deposition of
weakly magnetic zinc-ferrite layers onto the BFO cores [70].
Expectedly, the deposition of the zinc ferrite decreased the Mg
almost proportionally to its content, whereas the H¢ of com-
posite strongly decreased, confirming that the internal stresses
induced in the core nanoplatelets by the epitaxial layers are
very probable reason for the non-proportionally-high decrease
in H¢ of the M/BFO/M composites.

The large decrease in Hc was not observed when the epi-
taxial M layers (approximately 5 nm thick) were deposited
onto larger BFO core nanoplatelets (approximately 100 nm
wide and 8 nm thick) (figure 19). The nanoplatelets were meas-
ured after they were aligned with exposing their suspension in
a liquid wax to a magnetic field, followed by solidification of
the wax with cooling. Figure 20 shows the hysteresis loops for
the core and the composite nanoplatelets measured with the
magnetic field applied perpendicular (PER) and parallel (PAR)
to the nanoplatelets’ basal surfaces. The composite nanoplate-
lets exhibited significantly increased the Mg and Mg, while the
Hc was only slightly lower than the H¢ of cores. We assume
that due to the larger thickness the structure of larger cores was
more rigid and therefore less susceptible to stresses compared
to the structure of smaller BFO nanoplatelets. Moreover, due
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Figure 22. (Left) SEM image showing the SFO particles and the FeCo nanowire and (right) magnetization curves of an oriented ferrite
bonded magnet (black curve) and a 70 wt% ferrite—30 wt% FeCo composite bonded magnet (red). Reprinted with permission from [209].

Copyright 2020 American Chemical Society.

to the larger area the nucleation of the M at the larger cores
started at several spots on the basal surfaces. With growth
the continuous M layers formed, however, they contained a
high concentration of structural defects (figure 19(a)). In such
a structure it is likely that the stresses due to the mismatch
on the interface will be relaxed in the M layers, not signific-
antly influencing the core. The improved Mg and My of the bi-
magnetic composite nanoplatelets resulted in a large increase
of the (BH)p,x, which was more than two times larger com-
pared to that of the BFO cores (the (BH)pa was 7.2 k] m—3
and 15.2 kJ m~3 for the cores and the composites, respect-
ively) [71]. The result is very encouraging from the perspect-
ive of possible use of the composite nanoparticles as building
blocks of permanent magnets. With optimization of the size
of BFO core platelets and the composition and thickness of
the spinel-ferrite shell the properties of the composite can be
further improved.

4.2. Dipolar coupling

The third coupling discussed in the introduction corresponds
to the absence of exchange-coupling between hard and soft
phases. In this scenario, the internal dipolar interactions and
the demagnetizing fields, especially of the high magnetiza-
tion soft phases, normally lead to a substantial decrease of
both remanence and coercivity. However, in certain condi-
tions, the interphase dipolar interactions have been reported to
lead to a shift in the hysteresis loop that entails an increase in
remanence and energy product [176]. The idea is that mixing
hard and soft with appropriate material’s parameters, particle
sizes, shapes and distribution, a certain fraction of the soft
spins align with the effective H field created by the aligned
SFO particles. A competition between the self-demagnetizing
field of the soft and the effective ‘external’ field of the hard
occurs.

This strategy has been scarcely pursued, although the
idea pioneered by Gonzédlez, Montero and collaborators
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[176, 177, 208] has led to the recently finished European pro-
ject AMPHIBIAN further studying its potential. In their work
from 1998, Montero et al explain how a BFO platelet inside
a bigger Fe particle would create an internal field that, after
being magnetized, would oppose the self-demagnetizing field
of Fe. Figure 21 schematizes the situation. The simplified pic-
ture allows bringing forward the fact that the dipolar energy
of the system is clearly lowered if the hard and soft magnetic
moments are aligned. As a consequence, the demagnetization
is shifted in an exchange-bias-like type of effect. Of course,
the magnitude of this effect strongly depends on the size and
shape of the particles involved, as the stray field lines distri-
bution will be greatly affected by it, but also on the specific
geometrical arrangement of hard and soft particles inside the
system [176, 177, 208].

Recent unpublished work by our group has led to the obser-
vation of an increase in remanence in perfectly decoupled
SFO/Fe magnetically oriented composite powders and injec-
tion molded magnets. With the aid of micromagnetic simula-
tions, the results are interpreted as a consequence of a certain
degree of alignment of the soft moments in the center of the
Fe particles with the internal magnetic field lines of the hard.
Unfortunately, the absence of exchange-coupling produces a
loss of the squareness in the demagnetization curves that leads
to a worse energy product even if remanence is increased.

An indirect way of exploiting the internal magnetodipolar
interactions, in this case within the soft phase itself, is to fab-
ricate composites based on high aspect-ratio soft nanostruc-
tures. Shape anisotropy can help stabilize large remanence
values that can be exploited to fabricate permanent magnets.
Recently accepted work [209] by the authors demonstrates a
40% increase in the energy product of SFO/FeCo bonded mag-
nets (with respect to pure SFO bonded magnets), based on
nearly spherical SFO particles and a 30 wt% addition of FeCo
nanowires. Figure 22 summarizes the main result.

Hard and ‘soft’ phases are completely decoupled in such
a system, with the improvement of properties relying on
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the competitive properties of the FeCo nanowires them-
selves. This work constitutes an extremely promising strategy
towards the development of rare-earth-free bonded magnets
with improved properties.

5. Conclusions and prospects

In this review, we have gone over recent work dedicated to
improving what is arguably the most popular material for per-
manent magnets, the M-type hexaferrites. Among the differ-
ent methods that have been proposed, we have first considered
the control of the nanoscale size and shape of the constituent
particles. Engineering of both holds the promise of increas-
ing coercivity. We believe that the main obstacles concern
the realization of bulk magnets while preserving the advant-
age provided by nanostructuration and the need to find cost-
efficient methods for the required size and shape control. So
far, the promise of this approach remains to be fulfilled for real
world materials.

Apparently the simpler route to improve the properties of
M-hexaferrites for use in permanent magnet applications is
to substitute cations that replace specific sites of the mag-
netoplumbite structure. This has produced the current best
materials commercially available, the LaCo-doped ferrites,
even if the increase of the (BH) .y 1s small (10%). While fur-
ther improvements are sought, the results are somewhat disap-
pointing in terms of the published effort and reproducibility.
This can be attributed to the difficulty in populating specific
cation sites, a problem which is common to many other doped-
oxides. Even if such a goal is achieved, the doping approach
is hampered by how interrelated the magnetic properties are.
Increasing the magnetization or the coercivity by substitut-
ing some cations in specific sites usually decreases the aniso-
tropy or the magnetization, giving rise in both cases to modest
improvements in the (BH)y,x energy factor. The positive res-
ults obtained so far in terms of M5 and Hc enhancement leave
room for improvement. This will probably require considering
the structural and magnetic design with multi-cationic oxides,
controlling the preparation route to get materials with suit-
able morphology to play with the shape anisotropy, and redu-
cing the particle size in the submicrometric region to obtain
higher coercivity. This will be helped by the ability to per-
form first principles calculations to guide the experiments. It
is clear that the developed doped materials such as the Al-
doped hexaferrites with high coercivity should be considered
in application design to substitute rare earth magnets. We note
that hybrid sintered magnets of AI-SFO and SFO have been
recently obtained [210].

Concerning exchange-coupled hard/soft magnetic systems,
promising results have been obtained both based on metals and
oxides as the soft phase. Unfortunately, and this is a factor
shared also by doping experiments, most of the reports focus
on non-oriented, often not dense samples. In this scenario, a
real assessment of the potential of these materials is lacking
at the moment. The nature of the interphase magnetic coup-
ling strongly depends on particle size, shape and bonding to
the dissimilar phase, and thus the processing of the specimens
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to obtain dense oriented magnets is a critical step that needs to
be addressed urgently.

As is the case for many other hard/soft systems based
on other hard phases, it can be stated that results have been
slightly disappointing thus far. It is the opinion of the authors
of this review that the fact that interphase exchange-coupling
can lead to a substantial decay of the coercivity [5, 37, 38]
may explain part of the situation. The soft phase acts as an
extremely effective source of domain walls in the reversal
process that rapidly propagate and produce this collapse. In
this sense, strategies towards implementing lower degrees of
exchange-coupling that do not facilitate domain wall propaga-
tion from the soft to the hard particles are very interesting.
These observations contradict many of the initial theories
developed for hard-soft composites, which brings forward the
challenge associated with properly modelling these systems.
Up to now, models have been either too simplistic or too com-
plicated to effectively predict behavior. The future may lie in
the hands of analytical models in this sense.

Another reason for the disappointing results may come
from the extremely severe structural and geometrical require-
ments that have to be met in order to obtain effective and robust
exchange-coupling. In hexaferrite based composites, the soft
phase has to have a size below 20 nm and be coherently bon-
ded to the ferrite particles. In addition, the advances in syn-
thesis techniques of nanostructures has led to beautiful work
and sophisticated systems that hold promise for the future. In
this sense, the synthesis and processing challenge to realize
such structures at thousands of tons per year rate is huge. In
general, scaling up the synthesis of the next generation ferrite-
based systems may be the single most important challenge to
address, and collaborations involving both research and indus-
trial players are crucial in order to be successful.

The development of improved ferrite-based magnets needs
to take into account the importance of fabricating materials
that are orientable by a magnetic field as well. The raw mater-
ials powders have to be in an de-aggregated state and, ideally,
the individual particles have to be single-crystalline or at least
host a stable single-domain with uniaxial anisotropy. This will
enable effective orientation under an external magnetic field
before/during consolidation onto a dense body, which is cru-
cial to ensure large energy products.

Also, the consolidation/densification step needs to be con-
sidered carefully. This is especially relevant for multiphase
systems such as the composites discussed in section 3, as the
processing needs to preserve the different phases. For instance,
in the case of metal-oxide composites, novel sintering pro-
cesses (cold sintering, pressure assisted methods) that prevent
metal oxidation have to be implemented.

A hot topic is the design of 3D magnetic materials and
magnets in particular [211, 212]. Additive manufacturing will
allow the development of novel magnets and implement them
in different applications for electronics, sensing, medicine and
automotive. Polymer-bonded technology is employed in some
of these applications, but the 3D printing is being considered
to get better near-net features and it could allow creating com-
plex molded structures coupled to other properties like shape
memory [213]. In addition, additive manufacturing is focused
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also on the development of 3D sintered ones. Advanced fer-
rites, as those here discussed, will allow the replacement of
RE-compounds but also the design of the structures with dif-
ferent properties (higher remanence, higher coercivity or dif-
ferent magnetic orientation) to be incorporated in the 3D struc-
tures. Actually, early in-lab tests employ bulk ferrite [214] but
optimized rheological properties of inks and precursor fibres
could be obtained with the nanoparticles.

As a general prospect from the application point of view,
it is worth noting that due to the promising results obtained
in recent years related to the development of ferrite-based
technologies, even moderate improvements in ferrite magnets
could lead to substantial substitution of rare-earths in the mar-
ket. In motors and generators, mild remanence enhancements
can lead to significantly increased power output. In this sense,
joint efforts both from the magnet side and the application
side are important, as the ultimate goal of substitution will be
achieved by fabricating a competitive final device.

Permanent magnets play a crucial role in low carbon tech-
nologies such as renewable energy generators and electric
car motors and components. Thus, the pressing transition to
a greener, more sustainable, future is expected to boost the
demand in the next 10 years. This transition will be incom-
plete if we solely rely on rare-earth magnets due to the envir-
onmental impact associated with their mining. For these reas-
ons, we expect ferrite-based motors for future mobility and
generators for renewable energies to proliferate in the next
few years.
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