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The applications of ferrimagnetic oxides, or ferrites, in the last 10 years are reviewed, including thin films and nanoparticles.
The general features of the three basic crystal systems and their magnetic structures are briefly discussed, followed by the
most interesting applications in electronic circuits as inductors, in high-frequency systems, in power delivering devices, in
electromagnetic interference suppression, and in biotechnology. As the field is considerably large, an effort has been made to
include the original references discussing each particular application on a more detailed manner.

1. Introduction

Ferrites are a large class of oxides with remarkable magnetic
properties, which have been investigated and applied during
the last ~50 years [1]. Their applications encompass an im-
pressive range extending from millimeter wave integrated
circuitry to power handling, simple permanent magnets, and
magnetic recording. These applications are based upon the
very basic properties of ferrites: a significant saturation ma-
gnetization, a high electrical resistivity, low electrical losses,
and a very good chemical stability. Ferrites can be obtained in
three different crystal systems by many methods, and the
feasibility to prepare a virtually unlimited number of solid
solutions opens the means to tailor their properties for many
applications. For many applications, ferrites cannot be sub-
stituted by ferromagnetic metals; for other, ferrites often
compete with metals on economic reasons.

The possibility of preparing ferrites in the form of nano-
particles has open a new and exciting research field, with rev-
olutionary applications not only in the electronic technology
but also in the field of biotechnology.

In this paper, the applications of ferrites developed in the
last 10 years are briefly described.

2. Ferrites

2.1. Spinels. Spinel ferrites possess the crystal structure of the
natural spinel MgAl, Oy, first determined by Bragg [2]. This

structure is particularly stable, since there is an extremely
large variety of oxides which adopt it, fulfilling the conditions
of overall cation-to-anion ratio of 3/4, a total cation valency
of 8, and relatively small cation radii. Spinel structure is
shown in Figure 1. Cation valency combinations known are
2, 3 (as in Ni**Fe3*0y); 2, 4 (as in Co,GeOy); 1, 3, 4 (as in
LiFeTiO4); 1, 3 (asin LigsFey504); 1, 2, 5 (as in LiNiVOy); 1,
6 (as in Na;WOy,). In ferrites with applications as magnetic
materials, AI>* has usually been substituted by Fe**. An im-
portant ferrite is magnetite, Fe?*Fe3* O, (typically referred
as Fe3Oy), probably the oldest magnetic solid with practical
applications and currently a very active research field, due
to the fascinating properties associated with the coexistence
of ferrous and ferric cations. Another important material by
its structure, as well as by its applications in audio recording
media, is maghemite or y-Fe;Os, which can be considered
as a defective spinel [1; ;sFe*t 87304, where [J represents vaca-
ncies on cation sites.

The overall symmetry of oxygens is fcc (face centered
cubic), which defines two types of interstitial sites: 64
tetrahedral sites and 32 octahedral sites, for a unit cell con-
taining 8 times the basic formula AB,0O,. Only one-eighth of
tetrahedral sites and half of octahedral sites are occupied by
cations. The space group is Fd3m.

In MgAlL, Oy, Al and Mg cations occupy the octahedral
and tetrahedral sites, respectively. This cation distribu-
tion, known as a normal spinel, is usually indicated as
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FIGURE 1: The unit cell of the spinel structure, divided into octants
to show the tetrahedral (small, black spheres A) and octahedral
(small white spheres B) sites. Oxygens are the large white spheres

[1].

(Mg)[Al;]Oy; that is, square brackets contain the octahedral
sites occupancy (“B” sites), while parenthesis show the ca-
tions in tetrahedral sites (“A” sites). A radically different ca-
tion distribution, where half of trivalent cations (denoted by
T3*) occupy A sites and B sites are shared by divalent ca-
tions (denoted by D?*) and the remaining trivalent cations
(T3*)[T**D?")Oy, is known as the inverse spinel. An inter-
mediate cation distribution can be expressed as (D;_sTs)
[DsT,-5]04, where § is the degree of inversion. In many in-
termediate spinels, § depends on the preparation technique
and, more specifically, on the cooling rate after sintering or
annealing.

A remarkable characteristic of spinel structure is that it
is able to form an extremely wide variety of total solid sol-
utions. This means that the composition of a given ferrite
can be strongly modified, while the basic crystalline structure
remains the same. An example is the Zn-Ni system, with
general formula Zn,Ni;_, Fe,O4, where 0 < x < 1. In the
present example, the end compositions NiFe,O4 (for x = 0)
and ZnFe,O4 (x = 1) can be obtained. NiFe,O, is an in-
verse spinel: in contrast, ZnFe,O4 is a normal spinel. The
properties of these compounds are very different: Ni ferrite
is ferrimagnetic with a Curie temperature =858 K, while Zn
ferrite is antiferromagnetic, with a Néel temperature about
9 K. This means that the general properties of the ferrite (as
discussed in the following section) can be easily “tailored”
just by varying the composition. Cations forming spinel solid
solutions appear in Table 1.

The cation distribution in spinels was an interesting
problem for some time; currently, it has been established
that it depends essentially on various factors. First the elastic
energy (the lattice deformation produced by cation radii
differences) has to be considered. It refers to the degree of
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TaBLE 1: Some cations forming spinel solid solutions.

1+ 2+ 3+ 4+
Li Mg Al Ti
Cu Ca Ti \Y%
Ag Mn v Mn
Fe Cr Ge
Co Mn Sn
Ni Fe
Cu Ga
Zn Rh
Cd In
From [1].

distortion of the crystal structure, as a result of differences in
dimensions of the several cations within the specific spinel.
In principle, small cations should occupy the smallest sites
(tetrahedral sites), while larger cations should locate on the
larger octahedral sites. However, trivalent cations are gener-
ally smaller than divalent ones, leading to some tendency to
the inverse structure. The next factor to be considered is elec-
trostatic energy (Madelung energy), which has to do with the
electrical charge distribution. In a simple way, cations with
high electrical charge should occupy the sites with larger
coordination number (octahedral), and cations with smaller
valency should be more stable when occupying the tetrahe-
dral sites. The crystal field stabilization energy comes next to
account for cation site “preference.” This energy has to do
with the geometry of d orbitals and the arrangements these
orbitals can established within the crystal structure. The five
d orbitals no longer have the same energy but are split ac-
cording to the electric field distribution established by anions
on the particular crystal site. The physical basis for this dif-
ferences in energy is simply the electrostatic repulsion be-
tween the d electrons and the orbitals of the surrounding p
orbitals of anions.

Since bonding in most ferrites has an ionic character, ca-
tions are surrounded by anions, and conversely anions have
cations as nearest neighbors. Magnetic ordering in ferrites
(as in many oxides) tends to form antiferromagnetic arran-
gements, as interactions between cations have to be estab-
lished through the anions. However, in most cases a resulting
magnetic moment remains due to the fact that magnetic lat-
tices contain different numbers of cations. In the case of
spinels, the magnetic structure can be inferred from a small
part of the structure, as shown in Figure 2 Superexchange
interactions can then be schematized as a triangular arrange-
ment. The strongest interactions are AOB, which occur be-
tween tetrahedral and octahedral cations, followed by BOB
(cations on neighboring octahedral sites).

The relative strength of these interactions can be illus-
trated by the Curie temperature of Li and Zn ferrites (both Li
and Zn are paramagnetic cations). Lip5Fe; 504 is an inverse
spinel, with a cation distribution that can be expressed
as Fe [LigsFe;s] O4, while Zn ferrite is a normal spinel,
(Zn)[Fe,]Oy4. Iron ions have an antiparallel order in both
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FIGURE 2: Detail of the A and B sites around an oxygen, to show AB
and BB interactions.

ferrites, but as they both occupy octahedral sites, they com-
pensate completely in Zn ferrite. In the case of Li ferrite, they
have also an antiparallel order, but they belong to different
sublattices, with different number. As a result, Zn ferrite is
anti-ferromagnetic (with zero resulting magnetization), and
Li ferrite is ferromagnetic, with a magnetization (per formula
unit) of about 0.5 Bohr magneton (close to 0 K). The strength
of interactions is apparent in the transition temperatures: the
Curie point for Li ferrite is the highest observed in spinels
958 K, while Néel temperature for Zn ferrite is the lowest in
spinels 9 K.

An interesting system is Zn,Ni;_,Fe; Oy, which is normal
for Zn and inverse for Ni. The general site occupancy can be
expressed as: (Zn,Fe;_,)[Ni;_yFei1,]O4. The composition
varies from Ni ferrite (x = 0) to Zn ferrite (x = 1). Starting
with Ni ferrite, the decrease in x occurs as if Zn entering
in A sites “push” Fe toward B sites, filling the octahedral
sites left by the decreasing Ni ions. As in all inverse ferrites,
the low-temperature global magnetization depends on the
divalent cation (as Fe ions are antiparallel). The presence of
Zn decreases the magnetization in A sublattice and increases
the B sublattices. The addition of a paramagnetic cation
thus leads to an increase in total magnetization! However,
as Zn increases in A sites, AOB interaction weakens, and for
x ~ 0.65, BOB interaction is comparable to AOB interaction
leading to a triangular structure (known as Yafet-Kittel [3]).

The Curie temperature shows also a large variation with
composition for ZnNi ferrites, T¢c = 858 K for x = 0 (Ni fer-
rite), and as mentioned above, Zn ferrite is antiferromag-
netic, with Ty = 9K.

2.2. Garnets. The crystal structure is that of the garnet mi-
neral, Mn3;ALSi;O1,. The magnetic garnets include Fe’*
instead of Al and Si, and a rare earth cation (R) substitutes
Mn, to give the general formula R3FesO, for ferromagnetic
garnets [4, 5]. The crystal structure has cubic symmetry
and is relatively complex; the unit cell has 8 formula units
(160 atoms) and belongs to the space group Op'%-Ia3d. In

contrast with spinels, the oxygen sublattice is not a close-
packed arrangement, but it is better described as a polyhedra
combination. Three kinds of cation sites exist in this struc-
ture: dodecahedral (eightfold), octahedral (sixfold), and te-
trahedral (fourfold) sites. Rare earth cations, R, occupy the
largest, dodecahedral sites, while Fe** cations distribute
among the tetra- and octahedral places. The cation distribu-
tion is generally expressed as {R3}(Fes)[Fe;]O12; {} bracket
denotes dodecahedral sites, () parenthesis are used for te-
trahedral site occupancy, and octahedral sites are indicated
by square brackets []. Rare earth cations (from La** to Lu®*)
enter the dodecahedral sites, and as spinels, garnets can form
total solid solutions. A wide variety of cation substitutions
has been reported [6]. Yttrium iron garnet, Y3Fe;O; also
known as “YIG,” has remarkable magnetic properties.

The magnetic structure of garnets can be described by
three magnetic sublattices, with a superexchange interaction
through oxygens. Dodecahedral and octahedral ions are pa-
rallel, while tetrahedral cations adopt an antiparallel orienta-
tion. At very low temperatures, global magnetization (per
formula unit) is roughly (3 yr-gre), where yr and pr are the
rare earth and the iron magnetic moments, respectively. The
differences in thermal behavior among the three sublattices
lead to the compensation of magnetic moments. As tempera-
ture increases, the magnetization in each sublattice is affected
by the thermal agitation and decreases. This reduction in
magnetization is slow in iron sublattices, but, due to its
larger size, the decrease is quite steeply in the dodecahe-
dral sublattice. At a certain temperature, the reduction in
magnetization in rare earth sublattice exactly compensates
the difference between octa- and tetrahedral sublattice, and
global magnetization exhibits a zero value. For GdIG, this
temperature is 300 K. The fact that magnetic structure is
dominated by iron sublattices can also be observed in the
Curie temperature: virtually all iron garnets show the same
transition point (~560 K).

2.3. Hexaferrites. All of hexagonal ferrites are synthetic; bari-
um hexaferrite (BaFe;,019) possesses the same structure as
the natural mineral magnetoplumbite, of approximate for-
mula PbFe; sMns 5Aly5Tip5019. Rather than sharing a com-
mon crystal structure, hexaferrites are a family of related
compounds with hexagonal and rhombohedral symmetry.
The main compositions can be represented in the upper
section of the MeO-Fe,O3-BaO ternary phase diagram. Me is
a divalent cation such as Ni, Mg, Co, Fe, Zn, Cu, for instance.
All the magnetic hexaferrites are found on the BaFe;,O1o-
Me,Fe,Og and BaFe;;019-Me;BaFe;,0,; joins (Figure 3).
If the end members are designated as M (BaFe;;019), S
(Me;FeyOg), and Y (Me;BaFe ;0y,); the joins are M-S and
M-Y, respectively. Some of the main compositions are found
in Table 2.

Hexaferrites can also form an extensive variety of solid
solutions. Ba can be substituted by Sr, Ca, and Pb. Fe** can
be substituted by trivalent cations such as Al, Ga, In, Sc 8],
or by a combination of divalent + tetravalent cations, such
as Co** + Ti*". A more complete account of these solid sol-
utions can be found in [1].



TaBLE 2: Formulae of some hexaferrites and their formation from
end members of the ternary phase diagram.

Designation Formula

M BaFe, 019

Y Ba;Me, Fe;, 0,
W (MS) BaMe,Fe 0,7
X (M2S) Ba,Me;,FeygOye
U (M,Y) BasMe;FessO¢9
Z (MzYz) Ba6M€4F€48032

F = BaFe,0, 40 30 20 10 S =MeFesOg
Figure 3: Upper triangle of the Fe,03-BaO-MeO phase diagram
showing the several compositions of hexaferrites [7].

The magnetic structure in hexaferrites is complex,
as a consequence of their complex crystal structure. In
BaFe;,019, iron ions occupy five different sublattices, with
a total magnetization 20 yg per formula unit, at low T. A
detailed analysis of magnetic and crystal structures can be
found in (9). The most interesting feature of hexaferrites is
their high coercivity.

2.4. Preparation of Ferrites. Ferrites were first prepared by
ceramic methods, involving milling, mixing, pressing, sin-
tering, and finishing as basic operations, to obtain bulk ma-
terials with grains in the micrometric scale. However, as a
result of the general current tendency to circuit integration
and miniaturization, ferrites are prepared in the form of
thick and thin films and, more recently, as nanostructured
materials.

Ferrite thin films can be polycrystalline or epitaxial films.
Major methods to obtain ferrite thin films are electroplating
(or ferrite plating) [9], magnetron sputtering (single and
multitarget) [10], pulsed laser deposition [11], and molec-
ular beam epitaxy [12]. A detailed account of epitaxial ferrite
films can be found in [13].

An additional route to tuning ferrite properties for spec-
ific applications is the production of heterostructures, that is,

Physics Research International

the artificial layering of ferrites with isostructural and non-
isostructural materials, such as Fe;O4/NiO (53), Fe30,4/CoO
(56), and (Mn,Zn)Fe;04/Co Fe;O4 [14], and incorporating
them into planar devices. The combination of ferrite layers
with piezoelectric layers is leading to new and exciting
applications, as reported below.

By reducing the scale to the nanometric size, new and
technologically interesting properties have been obtained.
Nanocrystalline magnetic materials have been obtained by a
variety of methods, such as coprecipitation [15], hydrother-
mal [16], sonochemical [17], citrate precursor [18], sol-gel
[19], mechanical alloying [20], shock wave [21], reverse mi-
celle [22], forced hydrolysis in a polyol [23], and even by
using egg white as an aqueous medium [24].

The preparation methods of ferrites for applications in
biotechnology are reported below.

3. Novel Applications of Ferrites

3.1. Inductors. Ferrites are primarily used as inductive com-
ponents in a large variety of electronic circuits such as low-
noise amplifiers, filters, voltage-controlled oscillators, im-
pedance matching networks, for instance. Their recent ap-
plications as inductors obey, among other tendencies, to the
general trend of miniaturization and integration as ferrite
mul-tilayers for passive functional electronic devices. The
multilayer technology has become a key technology for
mass production of integrated devices; multilayers allow a
high degree of integration density. Multilayer capacitors pen-
etrated the market a few decades ago, while inductors started
in the 1980s. The basic components to produce the induc-
tance are a very soft ferrite and a metallic coil.

In addition, to provide a high permeability at the opera-
tion frequency, the ferrite film should be prepared by a pro-
cess compatible with the integrated circuit manufacturing
process. Sputtering provides films with high density, but the
composition is sometimes difficult to control with accuracy,
and the annealing processes can attain high temperatures.
Pulsed laser deposition leads to high-quality films; however,
a method involving the preparation of the ferrite film by a
combination of sol-gel and spin-coating seems easier and
with a lower cost [25].

Layered samples of ferrites with piezoelectric oxides can
lead to a new generation of magnetic field sensors. The basis
of their performance is the capability of converting magnetic
fields into electrical voltages by a two-step process. First, the
magnetic field produces a mechanical strain on the magnetic
material (due to its magnetostriction); this strain then in-
duces a voltage in the piezoelectric layer. These sensors can
provide a high sensitivity, miniature size, and virtually zero
power consumption. Sensors for ac and dc magnetic fields, ac
and dc electric currents, can be fabricated. Sensors based on
nickel ferrite (Ni;_,Zn,Fe,O4 with x = 1-0.5)/lead zirco-
nate-titanate (PbZry 5, Tip.45O3) have shown an excellent per-
formance [26]. Both ferrite and zirconate-titanate films are
prepared by tape casting; typically, 11 ferrite layers were com-
bined with 10 piezoelectric layers (both layers 18 ym thick,
3 X 6 mm? area).
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3.2. High Frequency. There has been an increasing demand of
magnetic materials for high-frequency applications such as
telecommunications and radar systems, as microwave tech-
nology requires higher frequencies and bandwidths up to
100 GHz. Ferrites are nonconducting oxides and therefore
allow total penetration of electromagnetic fields, in contrast
with metals, where the skin effect severely limits the pen-
etration of high-frequency fields [27]. At such frequencies,
domain walls are unable to follow the fields (dispersion of
domain walls typically occurs about 10 GHz), and absorp-
tion of microwave power takes place by spin dynamics. The
usual geometry is to align spins first with a DC magnetic
field H and apply the microwave field perpendicular to H.
The spins precess around their equilibrium orientation at the
frequency of the microwave field. The classical description
of this dynamics is the Landau-Lifshitz equation [28] of
motion, which can be written in its undamped form:

6271\;[ =y M x H;, (1)
where M is the magnetization, y is the gyromagnetic ratio
(ratio of mechanical to magnetic moment, y = ge/2mc =
2.8 MHz/G), and H; is the total internal field acting upon the
spin. The magnetization and the field terms can be separated
in the static and time-dependent parts as

H =H;+he, M= M+ me" (2)

These equations show a singularity at
w = wo = yHo 3)

Hy is the total field on the spins (external and internal);
(3) expresses the ferromagnetic resonance (FMR) conditions
and is known as the Larmor equation. FMR is associated with
the uniform (in phase) precession of spins. The upper limit
of applications of ferrites is FMR, since the interaction with
the microwave field becomes negligible as w > wy. Spinels
are therefore applied at frequencies up to 30 GHz, while this
limit is about 10 GHz for garnets and can attain 100 GHz for
hexaferrites.

The absorption of microwaves by ferrites involves losses;
a damping or relaxation term is normally added to (3). In
polycrystalline ferrites, losses are associated with defects and
the anisotropy field distribution, and with electrical conduc-
tion a common problem, especially in spinels, is the presence

Zng,65Nig.35Fe; 04

dP/dH (a.u.)

Hpc (Oe)

FIGURE 5: Low- field microwave absorption (LFA) of a Ni-Zn ferrite
at 9.4 GHz room temperature and room temperature. A small
hysteresis is observed for increasing and decreasing applied field.

of Fe**, which promotes a hopping conduction process
in combination with Fe’*. The physical origin of losses in
polycrystalline ferrites, through its effects on the linewidth,
has been recently investigated in detail; the dominant role of
grain boundaries is apparent [29, 30].

Some of ferrite applications rely on the fact that the spin
rotation depends on the orientation of the external field,
which allows the control of the interaction with the micro-
wave field. For one direction of the field, the ferrite transmits
the microwave field; for the opposite, it strongly absorbs it.
This is the basis of nonreciprocal devices.

Typical devices are circulators, isolators, phase shifters,
and antennas. Circulators were developed for radar systems
and are now used in mobile phones. They allow the use of
the same device for transmission and reception of the re-
sponse signal. As shown schematically in Figure 4, any signal
entering through port 1 exits by port 2, with no con-
nection with port 3. If the generator is connected to port 1
and the antenna to port 2, this is the path of the outgoing
signal. The incoming signal enters through port 2 (the
antenna) and is directed to port 3, to the receiver. This
allows the handling of a strong outgoing signal (ports 1-2)
together with a very sensitive detector (ports 2-3), with no
risk of damaging the receiver and using the same antenna.
Circulators are usually fabricated with garnets.

Recently, a nonresonant absorption of microwave power
at very low magnetic fields has been receiving attention. This
absorption, known as LFA (for low-field microwave Absorp-
tion), has shown to be clearly dominated by the anisotropy
field, Hk, of the ferro- or ferrimagnetic material [31]. Re-
cent results obtained in a Ni-Zn ferrite are shown in
Figure 5 in many respects, this absorption is similar to giant
magnetoimpedance, GMI [32], that is, the change in electric
impedance of a material when subjected to a DC magnetic
field [33]. A significant difference with GMI is that LFA does
not need that the electrical conductivity of the sample be



of metallic type. No practical applications of LFA have been
proposed, so far; however, it is possible to expect that similar
applications to GMI can be made (sensors for magnetic
field, DC electric current, mechanical stress, etc.), with the
additional advantages over classic GMI of high frequencies
and insulator magnetic materials.

3.3. Power. Power applications of ferrites are dominated by
the power supplies for a large variety of devices such as com-
puters, all kinds of peripherals, TV and video systems, and
all types of small and medium instruments. The main ap-
plication is in the systems known as switched-mode power
supplies (SMPSs). In this application, the mains power signal
is first rectified it is then switched as regular pulses (typically
rectangular) at a high frequency to feed into a ferrite tran-
sformer, and finally it is rectified again to provide the
required power to the instrument. An increase in power de-
livery and efficiency can be obtained by increasing the work-
ing frequency of the transformer.

A recent approach to increase efficiency of the ferrite
cores is based on the decrease of eddy currents, by increasing
resistivity. Beside the use of nonconducting additives that
locate preferentially on grain boundaries (and limit the in-
tergrain conductivity), MnZn and NiZn are combined as
Mn,Nig5-xZngsFe;O4 and obtained through a citrate pre-
cursor method [34].

An additional difficulty appears in the case of power ap-
plications at high temperature, as is the case of some auto-
motive power devices. Due to the closeness to the car engine,
the working temperature increases from the usual 80-100°C
for standard applications, to 140°C. A proposed solution in-
volves the modification of the MnZn ferrites (used previ-
ously for these applications) in order to produce a higher
fraction of Fe?* [35], such as (Mng76Zno 17Fe**(.07)Fe,Oy.
This ferrous concentration presents a minimum in the ma-
gnetocrystalline anisotropy close to 140°C, and therefore, a
minimum in losses appears at this temperature. The change
is obtained through a careful control of the oxidation atmo-
sphere during sintering and cooling.

As in all other applications, a strong need for miniatur-
ization has also marked the developments in this area in the
last few years. In addition to standard methods to obtain fer-
rite thin films (such as sputtering, laser ablation, sol-gel),
screen or stencil printed ceramic-polymer composites have
been investigated [36], combining the remarkable magnetic
properties of ferrites with the processability of polymer thick
films. These polymer thick films can be cured at temperatures
about 200°C or less, leaving only the polymer binder and the
ferrite filler. This technique allows the fabrication of highly
integrated power circuits. The coil is obtained by patterning
copper on a flexible polyimide substrate; the ferrite-polymer
composite film is then printed above and below the plane
of the coil. The magnetic ceramic filler is formed by MnZn
ferrite particles about 10 ym, obtained by a standard method.
The inductance value remains stable up to 124 MHz.

A different method based on a batch-fabrication method
of 3D transformers and inductors has also been proposed
[37]. The magnetic core is made of two half magnetic
pieces and a printed circuit board (or flexi foil) carrying the
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electric windings around the core. The 3D ferrite cores are
microstructured out of a 1 mm thick ferrite wafer using a
newly developed batch-type micropowder blasting process
[38]. These transformers are well suited for low-power
applications at working frequencies up to 1 MHz.

Losses in ferrites depend essentially on hysteresis loss at
low frequencies, conductivity (or eddy current) loss, and re-
laxation-resonance loss at high frequencies; their modeling is
complex. A model based on the Preisach theory [39] has
been applied to predict the hysteretic behavior of soft ferrites
for applications in power electronics [40], with good results
at low frequencies. On the other hand, by using a network
model based on the total energy loss (not only hysteresis
loss), a good agreement with experimental results for power,
signal, and electromagnetic interference has been found [41].
The approach offers a mechanism for the inclusion of pa-
rameters such as temperature or stress variations.

3.4. Electromagnetic Interference (EMI) Suppression. The sig-
nificant increase in the amount of electronic equipment such
as high-speed digital interfaces in notebooks and computers,
digital cameras, scanners, and so forth, in small areas, has
seriously enhanced the possibility of disturbing each other
by electromagnetic interference (EMI). In particular, the fast
development of wireless communications has led to inter-
ference induced by electric and magnetic fields. Electro-
magnetic interference can be defined as the degradation in
performance of an electronic system caused by an electro-
magnetic disturbance [42]. The noise from electric devices is
usually produced at frequencies higher than circuit signals.
To avoid, or at least reduce EMI, suppressors should work as
low-pass filters, that is, circuits that block signals with freq-
uencies higher than a given frequency value.

There are several approaches to build EMI suppressors:
soft ferrites [43], ferromagnetic metals [44], ferromagnetic
metal/hexaferrite composites [45], encapsulated magnetic
particles [46], and carbon nanotube composites [47].

Ferrite components for EMI suppressors have been used
for decades. In the recent years, however, there have been spe-
cial needs for these materials as a consequence of the mini-
aturization trends, increase in integration density, and in-
crease in higher clock frequency, especially in communica-
tion, computing, and information technologies. Ferrite mul-
tilayer components have been developed as a response to
these needs, formed essentially by a highly conductive layer
embedded in a ferrite monolithic structure, produced by cer-
amic coprocessing technologies. Typically, Ni-Zn ferrites are
used for the 20-200 MHz frequency range. Multilayer sup-
pressors behave like a frequency-dependent resistor; at low
frequencies, losses in the ferrite are negligible. As frequency
increases, losses increase also, and, as ferromagnetic reso-
nance is approached, the inductor behaves as a frequency-
independent resistor and no longer as an inductor.

Hexaferrites represent an interesting alternative to cubic
ferrites as EMI suppressor components; they possess higher
resonance frequencies, relatively high permeabilities (at
microwave frequencies), and high electrical resistivities.
Metallic ferromagnets, in contrast, show a larger saturation
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magnetization, but, as frequency increases, they exhibit a
strong decrease in permeability due to eddy currents How-
ever, in combination with hexaferrites, they have shown a
strong potential for EMI suppressor devices [45]. Co,Z
and Zn,Y hexaferrite particles (10-30 ym), mixed with me-
tallic Ni particles (2-3 ym), and prepared with a polymer
(polyvinylidene fluoride) by hot pressing at low temperature
led to high shield effectiveness.

Carbon nanotube-polystyrene foam composites have
shown a high EMI shielding effectiveness based on a mecha-
nism associated with the reflection of electromagnetic radia-
tion [48]; no magnetic material is used.

Ferrite nanoparticles in combination with carbon nan-
otubes can efficiently absorb microwave radiation. Carbon
nanotubes/CoFe,O4 spinel nanocomposite was fabricated by
a chemical vapor deposition method using CoFe,O4 nano-
particles as catalysts [46]. The microwave absorption (2—
18 GHz range) was enhanced. For carbon nanotubes, dielec-
tric loss contributes to the energy loss of electromagnetic
waves, while, for pure Co ferrite, the effects of microwave
absorption are associated with magnetic losses, but both iso-
lated mechanisms are poor absorbers. For the nanocompos-
ites, however, the microwave absorption improves because
of a better match between the dielectric loss and the mag-
netic loss, which originates from the combination of para-
magnetic nanotubes and ferromagnetic material. The dis-
persed CoFe,;O4 nanoparticles absorb the microwave signals
by resonance effects due to shape anisotropy and dipolar
interactions between particles. Such effects are weakened in
congregated particles.

3.5. Biosciences. Magnetic materials in the form of nanopar-
ticles, mainly magnetite (Fe;O4), are present in various liv-
ing organisms [49] and can be used in a number of ap-
plications. Magnetic nanoparticles can, of course, be pre-
pared in the laboratory by means of the well-known me-
thods; however, magnetic biogenic particles have better
properties than synthetic ones: they have a definite size
range and width/length ratio and high chemical purity, they
are almost perfect crystallographically, and sometimes they
possess unusual crystallographic morphologies. Extracellular
production of nanometer magnetite particles by various
types of bacteria has been described [50]. In many cases, the
biogenic particles retain a lipid layer which makes them very
stable and easily biocompatible.

Many biotechnological applications have been developed
based on biogenic and synthetic magnetic micro- and nano-
particles [51]. Magnetic nanoparticles have been used to
guide radionuclides to specific tissues. An approach has
been developed to directly label a radioisotope with ferrite
particles [52] in in vivo liver tissue in rats. Therapeutic ap-
plications are feasible by further conjugation with other
medicals.

In magnetic resonance imaging (MRI), magnetite super-
paramagnetic particles are selectively associated with healthy
regions of some tissues (liver, for instance); since these pa-
rticles change the rate of proton decay from the excited to the
ground state (which is the basis of MRI), a different, dark-

er contrast is obtained from these healthy regions of tissue
(53, 54].

Thermal energy from hysteresis loss of ferrites can be
used in hyperthermia, that is, the heating of specific tissues
or organs for treatment of cancer. The temperature in tu-
mor tissues rises and becomes more sensitive to radio- or
chemotherapy. In addition of magnetite [55], several spinel
ferrites (M—Zn, with M = Mn, Co, Fe**, and Fe**—Mn) are
under investigation [56] as well as hexaferrites [57].

Enzymes, oligonucleotides, antibodies, and other biolog-
ically active compounds can be immobilized, as an important
technique used in biotechnology. Such immobilized com-
pounds can be targeted to a specific place or can be removed
from the system by using an external magnetic field. The
com-pounds can exert their activity on the specific place or
tissue or can be used as affinity ligands to trap the cells or
target molecules [58].

Magnetic nanoparticles can also be used in a variety of
applications: modification, detection, isolation, and study of
cells [59], and isolation of biologically active compounds
[60], for instance.

4. Conclusions

Ferrites have been studied and applied for more than 50 years
and are considered as well-known materials with “mature”
technologies ranging from hard magnets to magnetic record-
ing and to microwave devices. However, the advances in
applications and fabrication technologies in the last 10 years
have been impressive. Bulk ferrites remain a key group of ma-
gnetic materials, while nanostructured ferrites show a dra-
matic promise for applications in even significantly wider
fields.
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