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Next generation magnetic microwave devices will be planar, smaller, weigh less, and perform well
beyond the present state-of-the-art. For this to become a reality advances in ferrite materials must ﬁrst
be realized. These advances include self-bias magnetization, tunability of the magnetic anisotropy, low
microwave loss, and volumetric and weight reduction. To achieve these goals one must turn to novel
materials processing methods. Here, we review recent advances in the processing of microwave ferrites.
Attention is paid to the processing of ferrite ﬁlms by pulsed laser deposition, liquid phase epitaxy, spin
spray ferrite plating, screen printing, and compaction of quasi-single crystals. Conventional and novel
applications of ferrite materials, including microwave non-reciprocal passive devices, microwave signal
processing, negative index metamaterial-based electronics, and electromagnetic interference suppression are discussed.
& 2009 Elsevier B.V. All rights reserved.
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1. Introduction
The value of ferrite materials have been known to ancient
cultures for many centuries. As early as the 12th century the
Chinese were known to use lodestone (i.e. Fe3O4) in compasses for
navigation. However, it was not until the 1930s that modern
ferrites had been studied for their magnetic, structure, and
electronic properties.
Ferrite materials are insulating magnetic oxides. Unlike most
materials, they possess both high permeability and moderate
permittivity at frequencies from dc to the millimeter. Due to their
low eddy current losses, there exist no other materials with such
wide ranging value to electronic applications in terms of power
generation, conditioning, and conversion. These properties also
afford them unique value in microwave devices that require
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strong coupling to electromagnetic signals and often nonreciprocal behavior. Here, we review recent advances in ferrite
processing and device development for frequencies above 1 GHz.
Since, excellent reviews have been presented in previous years [1],
we will focus here on advances made in these important areas
since the year 2000.
The ferrite structure, be it garnet, spinel or magnetoplumbite,
has as its backbone a close-packed structure of oxygen anions.
Metallic cations, magnetic and nonmagnetic, reside on the
interstices of the close-packed oxygen lattice. In the spinel
structure (see Fig. 1a), these cations have either four- or six-fold
coordination and form tetrahedra (A) and octahedra (B) sublattices that are in themselves arranged in a close-packed
arrangement. (In the hexaferrites there are also cation sites that
are ﬁve fold in local symmetry.)
The magnetism in these structures arises from a superexchange mechanism [2]. In the ground state superexchange is a
negative exchange interaction that results in the antialignment of
cation spins. This is the principle reason that ferrite magnetization
is signiﬁcantly reduced in comparison to the magnetism of 3d
metallic alloys in which the spins are typically aligned parallel.
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Fig. 1. Schematic representation of spinel (a) and magnetoplumbite (b) structures. The accompanying table provides information of cation site occupation and symmetry.

Because the B-site and A-site spins are antialigned, one
increases the net magnetization (M) in ferrites by creating an
imbalance between the sublattice magnetizations. This is typically done by substituting nonmagnetic cations for the ferrous
ions. An example of this is the substitution of Zn2+ for A-site Fe
cations. As one increases the fraction of Zn on the A-sublattice the
magnetization increases at the expense of the strength of the AB
exchange interaction. This strategy works to a point and then the
spins on the A- and B-sublattices cant due to the reduction in the
exchange constant, JAB, leading to a reduction in net magnetization. For this reason, cation substitution must be carefully chosen
to maximize M and maintain a strong JAB.
The high-frequency permeability of ferrites, including spinels,
garnets, and hexaferrites, assumes a tensor form because of
the magnetically anisotropic and gyromagnetic nature of these
materials. These properties stem from the fact that the precessional motion of the magnetic dipole moments is in one sense
of rotation for a given magnetic bias ﬁeld direction. Reversing
the ﬁeld direction reverses the sense of rotation. Hence, the
rotational motion does not obey time reversal symmetry and
gives rise to non-reciprocal behavior. The frequency of the
precessional motion is proportional to the magnitude of the
magnetic bias ﬁeld that depends, in addition to the externally
applied magnetic ﬁeld, on the demagnetizing ﬁeld and the
magnetocrystalline anisotropy ﬁelds present in the ferrite. The
interaction between a circularly polarized electromagnetic wave
and the precessional motion of the dipole moments is strongest
when the sense of rotation is the same in both. Since reversing the
propagation direction is equivalent to reversing the sense of
rotation in a circularly polarized wave, only one propagation
direction will interact strongly with the ferrite. This directiondependent nature of wave propagation in ferrite materials allows
various non-reciprocal devices, such as circulators and isolators,
to be developed. The strength of the interaction between the
ferrite and the wave can be controlled by the external ﬁeld,
allowing various tunable devices, such as phase shifters and
ﬁlters, to be produced. The strongest interaction occurs at
ferromagnetic resonance, resulting in a strong attenuation of the

wave. This property of ferrites is exploited in the design of various
absorber devices.
The spinel structure is cubic and as a result the magnetocrystalline anisotropy energy is relatively small and the corresponding
magnetic anisotropy ﬁelds (HA) are typically 10s of Oe. Because
the ferromagnetic resonance (FMR) frequency is strongly dependent upon HA, the zero ﬁeld FMR frequency of spinel ferrites
typically falls near or below 1 GHz. Since the operating frequency is largely determined by the FMR frequency of the ferrite,
this limits the frequency of devices employing spinel ferrites to
C-, S-, and X-bands. In fact, for many of these applications the
ferrite is biased by the ﬁeld from a permanent magnet. The
magnet serves to saturate the ferrite as well as shift the FMR to
higher frequencies required for certain device applications. At
frequencies above X-band the bias magnet is prohibitively large to
make spinel devices untenable.
The garnets are another important class of ferrite material that
like the spinels adopt an oxygen-closed-packed cubic structure.
Garnets usually have the stoichiometry of Y3Fe5O12, in which Y
can be replaced by the rare-earth ions Pm, Sm, Eu, Gd, Tb, etc.
Different from the spinels, which have incompletely ﬁlled cation
sublattices, the garnets have all existing octahedral and tetrahedral sites occupied with metallic cations. This cation arrangement contributes to the fact that garnets have excellent structural
and chemical stability. Y3Fe5O12 (YIG) is one of the most
important garnets for microwave applications because of its small
FMR linewidth, 0.6 Oe [3], which corresponds to very low
microwave loss. However, the saturation magnetization and the
crystal anisotropy are rather low (4pMs ¼ 1700 G and HA ¼ 40 Oe,
respectively) compared with other ferrite systems. As a result, YIG
is usually biased by permanent magnets and used in microwave
devices operating below 1–2 GHz.
At higher frequencies, ferrites with substantially higher
magnetic anisotropy are required. For this, we turn to hexaferrites
having the magnetoplumbite structure.
In contrast to the spinel and garnet ferrites, the magnetoplumbite structure is hexagonal in symmetry. Among the most
popular of the microwave hexaferrites are those derived from the
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Ba M-type (or BaM) hexaferrite, BaFe12O19 (see Fig. 1b). Their
utility stems in part from the alignment of the easy magnetic
direction along the crystallographic c-axis and the ability to
process these materials with a high degree of crystal texture. For
example, the growth of BaM ﬁlms on appropriate lattice matched
substrates lead to crystal texture and subsequent to perpendicular
magnetic anisotropy: a requirement for conventional circulator
devices.
During the past decade, research on Y-, U-, W-, X- and Z-type
hexagonal ferrites have resulted in properties useful for many
microwave applications. For example, unlike the M-type ferrites,
Z-type ferrites have their magnetic easy axis aligned along the a–b
plane. This is of particular value for conventional phase shifters.
This research is not discussed in great detail in this review due to
space constraints. We do discuss at length the properties of
M-type ferrites with the implication that materials processing and
device reﬁnement are generally transferable to other ferrite
systems.
The M-type hexaferrite consists of spinel blocks (S) that are
rotated 1801 with respect to one another and separated by an
atomic plane containing the Ba atoms (R blocks). This plane of
atoms breaks the crystal symmetry resulting in the hexagonal
structure and large magnetocrystalline anisotropy energy. Such a
high anisotropy arises also from dipole–dipole interactions and
single ion anisotropy. Remarkably, the magnetic anisotropy ﬁeld
in this ferrite is 17,500 Oe or 1000 times greater than some cubic
spinels [4,5]. The large HA places the zero ﬁeld FMR frequency
near 36 GHz. Thus, while an externally applied magnetic ﬁeld is
still necessary to saturate the ferrite, due to the large HA the
magnitude of the applied ﬁeld required to shift FMR to sufﬁciently
high frequency is substantially lower. As such, devices based
upon this ferrite can operate at frequencies as high as Ka-band
(for below resonance operation). Furthermore, textured polycrystalline hexaferrites can be produced with permanent magnet
properties, such that they remain in a magnetized state in the
absence of an externally applied magnetic ﬁeld. In this condition,
referred to as self-bias, the high internal bias ﬁeld required for
device operation at high frequencies is achieved without external
biasing magnets.
The BaM system is remarkably versatile in that substitutions
for the Fe cation can drastically reduce or increase the HA. For
example, the substitution of Sc or In for Fe reduces the anisotropy
ﬁeld allowing for applications from C, X, Ku, K, to Ka bands [6].
Substitution of Al and Ga lead to increases in HA and device
applications at frequencies up to and including U, E, and W bands
[7]. In essence, the BaM hexaferrites and its substitutional systems
allow for device applications from 1 to 100 GHz. Additionally, the
unique high crystalline anisotropy ﬁeld of BaM allows the
possibilities to retain high remnant magnetization when the
external applied ﬁeld is removed. Usually, the ferrite-hosted
microwave transceivers requires the use of permanent magnets to
bias the magnetic material for operation at certain frequencies.
Those magnets hinder efforts to reduce the size and weight of the
resulting devices. With the possibility of obtaining high effective
internal ﬁelds, the need for external permanent magnets is
eliminated. The realization of the self-biased BaM material will
have a wide ranging impact on the development of planar
microwave passives leading ultimately towards MMIC integration.
In order to meet the needs of next generation microwave
device technologies, ferrite materials must be made to have
specialized properties. For passive devices such as circulators,
isolators, phase shifters, delay lines, etc., these include control of
the amplitude and direction of magnetic anisotropy ﬁelds, low
FMR linewidths, self-bias properties, and thicknesses in the 10s to
100s of microns. A paradox that we face in reﬁnement of these
materials is that many of these properties are optimized in single
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crystals (e.g. anisotropy ﬁelds and low FMR linewidths), whereas
other properties (e.g. self-bias or high remanent magnetization
values) typically require high coercive ﬁelds that are often
inherent in polycrystalline materials. This dichotomy requires
compromise in the choice of materials processing methods. The
fact that these materials may be 100s of microns thick further
limits the choice of processing methods. In contrast, for the case of
electromagnetic interference (EMI) suppression, material properties for these applications require high permeability but also high
losses that readily allow for the absorption of electromagnetic
signals. It is also desirable to either deposit magnetic materials
directly over circuit board elements or create ﬂexible sheets that
can be pasted over the radiating elements. These processing
methods have until recently proven elusive.
In the next sections, we will discuss recent trends in processing
of ferrite materials for microwave device applications.

2. Advances in microwave ferrite processing
2.1. Thin ﬁlm processing using PLD and ATLAD
Pulsed laser deposition (PLD) is a well-established method for
growing ferrite ﬁlms. In conventional PLD (Fig. 2a and b), laser
pulses from a high energy laser (e.g. an excimer) ablate a
homogeneous target forming a molecular ﬂux (or plume). The
substrate intercepts the plume allowing for ﬁlm growth on
selected, often lattice-matched, substrates (Fig. 2a). PLD has been
used in the deposition of garnet, spinel, and hexaferrite ferrites.
The deposition of epitaxial yttrium iron garnet ﬁlms by PLD was
ﬁrst demonstrated by Dorsey et al. in 1993 [8,9]. Films with a
thickness of about 1 mm were deposited on (111) gadolinium
gallium garnet (GGG) substrates. Narrow FMR linewidths of
o1 Oe were observed in the ﬁlms deposited under low oxygen
pressure (o250 mT) and high substrate temperature (4800 1C).
Thin ﬁlms of Bi3Fe5O12 (BIG), Eu1Bi2Fe5O19 (EBIG) as well as YIG/
BIG and YIG/EBIG heterostructures, have been investigated by
Simion et al. [10]. Increased saturation magnetization was
observed in the YIG/BIG heterostructures compared to that of
single layer ﬁlms [11]. Thick (50 mm) epitaxial YIG ﬁlms with a
linewidth of 5.7 Oe were deposited on (111) GGG substrates at a
high rate by Buhay et al. [12]. In the same paper, the deposition of
polycrystalline thick (50–100 mm) ﬁlms on gold-coated (1 0 0) Si
wafers followed by rapid thermal annealing was reported. More
recently, the magneto-optical properties of Ce [13,14] and Bi
[15,16] substituted YIG ﬁlms and YIG/GGG superlattices [17]
grown by PLD on (111) GGG substrates have been investigated.
Growth of ferrite ﬁlms using PLD was ﬁrst proposed by Vittoria
in 1991 [18], inspired by the PLD growth of high-Tc superconducting ﬁlms. The ﬁrst BaM hexaferrite ﬁlms grown by PLD
were reported by Dorsey et al. in 1992 [19]. In the years following
this work many researchers have applied PLD to ferrite ﬁlm
synthesis. Among the highest quality BaM ﬁlms made today are
those by Song et al. [20] who achieved perpendicular magnetic
anisotropy (Fig. 3a) and an FMR linewidth of 16 Oe at 60.3 GHz
(Fig. 3b).
The above mentioned studies had strived to align the crystallographic c-axis and the magnetic easy axis perpendicular to the
ﬁlm plane. In-plane orientation of BaM ﬁlms can be achieved by
using suitable substrates that are chosen for their lattice matching
(e.g. a- or m-cut sapphire). Alternatively, Y- or Z-type hexaferrites
can be grown having the magnetic polarization in the basal plane.
Welch et al. reported in 1995 that the c-axis of BaM ﬁlms
deposited on the in-plane substrate was randomly distributed in
the ﬁlm plane [21]. Yoon et al. subsequently reported in 2003
that the c-axis of the ScM (scandium-doped BaM) ﬁlms deposited
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Fig. 2. (a) Schematic and (b) photograph of a typical pulsed laser deposition system. (Courtesy of PVD Inc, Wilmington, MA 01887; http://www.pvdproducts.com/
default.aspx)

Fig. 3. (a) Magnetic induction 4pM vs. static external magnetic ﬁeld H for a PLD grown 0.85 mm thick BaM ﬁlm. The ﬁeld was applied perpendicular to plane or in-plane.
The points show the data and the lines show spline ﬁts as a guide to the eye. (b) Expanded view of the absorption derivative vs. static external ﬁeld H at 60.3 GHz for the
main ferromagnetic resonance mode. The closed circles show the data. The solid line shows a ﬁt to the data based on a Lorentzian absorption response with resonance ﬁeld
of 9653 Oe, half power linewidth of 27 Oe, and 11% baseline shift. (Ref. [20]. Reproduced with the permission of the authors).

on a-cut sapphire aligned in the ﬁlm plane parallel to the c-axis of
the substrate [22].
A long sought goal of the ferrite community has been the
integration of ferrite-based microwave passive devices with
semiconductor electronics. This requires the growth of ferrites
on semiconductor substrates. Oriented hexaferrite ﬁlms deposited
on semiconductor substrates are made difﬁcult by the high
temperatures required to grow a ferrite having low microwave
loss. Further difﬁculties arise from the formation of native oxides
on the substrate surface leading to a loss of epitaxy when growing
the ferrite. Liu et al. reported in 2005 the growth of oriented BaM
ﬁlms on silicon substrates with an MgO buffer layer [23]. Chen et
al. reported in 2006 the growth of oriented BaM thin ﬁlms on
6H–SiC substrates with and without a MgO buffer layer [24,25].
The latter studies included the growth of BaM having perpendicular magnetic anisotropy and an FMR linewidth (peak-to-peak in
the power derivative) of less than 100 Oe at 53 GHz [136].
Besides BaM, many hexaferrite materials have been deposited
by PLD. Other M-type hexaferrites, strontium and lead hexaferrites (SrM and PbM), have been studied as ﬁlms [26,27].
Scandium-doped BaM ﬁlms were deposited to control the
magnetic anisotropy, [28] whereas cobalt and titanium co-doped
BaM and aluminum-doped SrM ﬁlms were deposited for the
optimization of the magneto-optical properties [29,30].
Growth of spinel ferrites using PLD was ﬁrst realized by Tanaka
et al. in 1991. In this work, nickel zinc ferrite (NixZn1xFe2O4)
polycrystalline ﬁlms were deposited on glass substrates [31].
Johnson et al. reported in 1999 the growth of nickel ferrite
(NiFe2O4) on ccut sapphire substrates using both PLD and ATLAD
[32]. Chinnasamy et al. reported in 2007 the PLD growth of
Ni-ferrite ﬁlms on MgO (111) substrates. In this study, as in

others, post-annealing was found to enhance the magnetic
properties of the ﬁlms, including increasing the magnetization
and reducing the FMR linewidth [33].
Balestrino et al. reported in 1995 the PLD growth of lithium
ferrite (Li0.5Fe2.5O4) and Mn-and Zn-doped lithium ferrite ﬁlms
[34]. Cillessen et al. reported in 1996 the epitaxial growth of
MnZn-ferrite ﬁlms on SrTiO3 with and without BaZrO3 buffer
layers [35].
Guyot et al. reported in 1996 the growth of cobalt ferrite ﬁlms
[36]. In 2004, Terzzoli et al. reported the growth of Co-ferrite ﬁlms
on Si (1 0 0) substrates with a strong (111) crystal texture in spite
of the formation of a native oxide layer at the substrate surface.
Yang et al. illustrated enhanced magnetization in PLD Cu-ferrite
ﬁlms as a function of working gas pressure-induced cation
disorder [37].
A variant to conventional PLD involves the sequential ablation
of atomic layers from multiple targets. This allows one to control
cation distribution in the unit cell leading to the stabilization of
ferrites having far from equilibrium structures. This technique has
been referred to as alternating target laser ablation deposition or
ATLAD. In recent years, ATLAD has been used by Zuo et al. [38],
and Yang et al. [39], to realize far from equilibrium cation
distributions within the spinel lattice for Mn- and Cu-ferrite ﬁlm
systems, respectively. In the case of Mn-ferrite ﬁlms, low oxygen
pressure processing lead to a low cation inversion and large single
ion anisotropy, increasing HA from 20 to 41000 Oe. In contrast,
at high pressures the cation inversion increases, distorting the
cubic structure, breaking the crystal symmetry, and stabilizing a
perpendicular magnetic anisotropy ﬁeld of 1000 Oe. This affords
these ﬁlms unique potential for microwave applications at higher
frequencies than normally associated with spinel ferrites. In the
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Cu-ferrite ﬁlm system, Yang et al. was able to redistribute the Cu
ions from predominantly octahedral sites (85%) to predominantly tetrahedral sites (60%). This created an imbalance of spins
between the A- and B-sublattices resulting in a magnetization
increase of 65% (see Fig. 4a–c). Such a signiﬁcant increase was
predicted by Zuo et al. from ﬁrst principles band structure
calculations [40].
Recent studies by Geiler et al. [138] demonstrated the
construction of unique ATLAD-deposited Mn-doped BaM ﬁlms in
which the Mn cation site occupancy was simulated, controlled and
conﬁrmed. This work was made possible in part by Yang et al. [137]
who ﬁrst applied diffraction ﬁne structure spectroscopy (DAFS) to
ferrites allowing for the determination of element-speciﬁc and sitespeciﬁc cation occupancy and valency that allow improved control
over cation engineering in ferrites include the application of
diffraction ﬁne structure spectroscopy (DAFS) to measure the
element-speciﬁc, site-speciﬁc cation distribution in spinels [137],
and the demonstration by Geiler et al. to design, fabricate, and
verify cation placement in Mn-substituted BaM ﬁlms [138].
Limitations of PLD and ATLAD ferrite ﬁlm fabrication include
ﬁlm thickness, typically o2 mm, and high-temperature processing, typically 4700 1C. At these thicknesses the ﬁlms are not
well-suited for device applications, while at these high tempera-
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tures the process is incompatible with semiconductor device
fabrication. As a result, PLD remains a valuable research tool but
does not adequately address the materials needs of the microwave
device community. During the last decade, Abe and coworkers
have developed a wet chemistry deposition technique, spin spray
ferrite plating, which allows low-temperature processing of
thicker ferrite ﬁlms. We next discuss the advantages and
disadvantages of this technique.

2.2. Spin spray ferrite plating
In spin spray plating (SSP) the nucleation and growth of a solid
phase ﬁlm is facilitated by hydrolysis without pyrolysis. Abe et al.
ﬁrst began developing SSP during the mid 1980s as a means of
processing ferrite ﬁlms at low temperatures [41]. The advantages
of SSP include rapid growth rates, thick dense ﬁlms, and the lowtemperature processing on a myriad of substrate materials that
range from plastics to ceramics. The technique is pictured in
Fig. 5a and b and involves the spraying of metal acid solutions
(commonly metal chloride solutions) and oxidizing agents
(commonly sodium nitrite solutions) via nebulizers onto rotating
substrate materials held at temperatures ranging from room

Fig. 4. The saturation magnetization is plotted as a function of (a) oxygen pressure used during deposition, (b) the ratio of laser shots incident on CuO and Fe2O3 targets,
and (c) inversion parameter (i.e. the percentage of Cu residing at B-sites). (Ref. [39]. Reproduced with the permission of the authors).

Reaction
solution

Oxidizing
solution

Substrate

90°C
Spinning table
Fig. 5. (a) Schematic of a conventional spin spray apparatus, a chemical method for the preparation of ferrite ﬁlms from aqueous solutions. (b) A variant of SSP that allows
for the ferrite plating of rolls of polymer materials.
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temperature to 90 1C. By ferrite plating one can prepare polycrystalline ﬁlms having the spinel structure ((M,Fe)3O4, M ¼ Fe,
Co, Ni, Zn, Mn, etc.) directly from an aqueous solution. This
technique has recently been extended to the deposition of ferrites
onto rolls of plastic sheet [42].
Requiring no post-deposition heat treatments, SSP has made
available depositing ferrite ﬁlms on such non-heat-resistant
materials as semiconductor substrates [43] and polymer sheets
[44] for EMI suppression and other purposes.
The Abe research group has developed NiZn-ferrite noise
suppressors, which absorb electromagnetic currents by magnetic
losses before they radiate as noise, for applications in the low
microwave bands. In one approach, ferrite ﬁlms are deposited
onto polyimide sheets, which are cut and pasted onto noise
sources. A second approach, NiZn-ferrite ﬁlms are deposited
directly onto printed circuit boards, covering potential noise
sources such as ICs and conducting wires [45].
SSP NiZn-ferrite ﬁlms, 3 mm thick, have been shown to suppress
GHz noise more effectively than commercialized noise suppressors
consisting of composite sheets in which ﬁne magnetic metal ﬂakes
are embedded in polymer sheets. The sheet type noise suppressors,
made by the roll spray ferrite plating process (Fig. 5b), have
attractive properties, including surface resistivities higher than
1 105 O/cm2, stability to temperatures greater than 260 1C (i.e. the
lead-free soldering temperature [42]), and the ability to withstand
the standard bend test (JIS C5016): no peel-off occurred after one
million cycles of bending at a 3 mm radius of curvature [46]. Spin
sprayed NiZnCo ferrite ﬁlms have been shown to have very high
natural resonance frequencies from 3 to 5 GHz and values of m0
from 5 to 8 up to a few GHz. These ﬁlms are promising as magnetic
ﬁeld shielding to improve, for example, the sensitivity of 900 MHz
RFID tags for next generation applications [47].
Even with the thicker ﬁlms one obtains in using SSP, these
samples still fall short of the needs for many microwave device
applications. The FMR linewidths of SSP ﬁlms are higher than
those processed by PLD with the losses attributed to contaminants from the chemical processing. Liquid phase epitaxy (LPE) is
a technique that has been shown to provide both thick ﬁlms and
high crystal quality. We next examine the magnetic and structural
properties of LPE grown of ferrites.

2.3. Liquid phase epitaxy
In liquid phase epitaxy, oxide compounds such as ferrites are
mixed and dissolved in solvents or ﬂuxes (i.e. common ﬂuxes
include boron oxide (B2O3), barium oxide (BaO) and B2O3, lead
oxide (PbO), or a mixture of B2O3/PbO). In general, the composition of the ﬂux mixtures is chosen so that the melt temperature
for most ferrites is less than 1000 1C. The substrate acts as a seed
onto which the ferrite ﬁlm grows when the melt temperature is
lowered below the liquidus. Appropriate lattice matching between ﬁlm and substrate is considered to minimize straininduced crystal defects.
LPE was ﬁrst employed to produce high-quality yttrium iron
garnet (YIG: Y3Fe5O12) ﬁlms by Linares in 1968 [48]. LPE grown
garnets continue to receive a great deal of attention for highfrequency applications such as microwave and millimeter wave
devices and optical Faraday isolators [49–53]. Growth rates in LPE can
be greater than 50 mm/h leading to ﬁlm thicknesses of 200 mm or
more [54]. This is a deﬁnite advantage over other deposition
techniques including physical or chemical vapor deposition methods.
In all ﬁlm deposition processing methods that aim to maintain
epitaxy a common difﬁculty is the lattice mismatch between ferrites
and crystal substrates. A favored substrate for the deposition of
garnets, gadolinium gallium garnet (GGG) has the garnet crystal

structure with a close match to the thermal expansion coefﬁcient of
YIG, in addition to a lattice mismatch of only 0.06% [49,54]. Further,
GGG is among the highest quality, commercially available, crystal
substrates having wafer diameters up to 3 in. Although the lattice
mismatch is exceedingly small compared to the mismatches of many
epitaxial semiconductor materials or oxides (i.e. spinels and hexaferrites), these mismatches can have deleterious effects upon ﬁlm
structure and properties. However, the growth of YIG by LPE on
double-sided GGG provides a cancellation of the in-plane tensile
stress that allow for the growth of ﬁlm to thicknesses in excess of
200 mm. These ﬁlms have been measured to have FMR linewidths of
less than 1 Oe at 9 GHz [54]. The success of LPE in the growth of
high-quality YIG ﬁlms lead to similar LPE processing of spinel ferrite
ﬁlms. A number of spinel ferrites have been grown by LPE [55–59],
but crystal quality and thickness of the ﬁlms has yet to reach the level
of the garnets. This may be due to crystal defects resulting from
mismatches in substrate lattice parameters and/or thermal expansion
coefﬁcients. As a result, it has been difﬁcult to consistently deposit
high quality and reasonably thick spinel ferrite ﬁlms, such as LiFe2O4,
having linewidths consistently below 20 Oe [58]. Notwithstanding
these challenges, the smallest recorded FMR linewidth for LPE grown
Li-ferrite is below 10 Oe [74].
LPE grown hexagonal ferrites, especially barium hexaferrite,
have received great attention [60–65]. The smallest linewidths
obtained for LPE grown epitaxial barium hexaferrite on single
crystal hexagallate (SrGa12O19) substrates were 45 Oe at 60 GHz
[66]. These values should be compared with DHo10 Oe for the
best barium hexaferrite single crystal sphere [54,67,68] and a
value of 10 Oe predicted for Mn-doped hexagonal ferrite [69,70].
Recently, hexagonal ferrite ﬁlms having the c-axis perpendicular
to the substrate plane have been grown by LPE on PLD grown seed
layers on commercially available substrates [71–75]. The best DH
value, 28 Oe, was measured from a 45 mm ﬁlm grown on doublesided (111) MgO [72]. Alternatively, a 200 mm BaM ﬁlm with the
c-axis aligned along the in-plane direction, grown on double-sided
m-plane Al2O3 [73–75], had a DH of 70 Oe at 60 GHz.
The LPE technique has clear advantages over other physical and
chemical deposition techniques, producing very thick ﬁlms
(4200 mm) having high crystal quality that in some cases
approaches that of single crystals. These ﬁlms are very well-suited
for microwave and millimeter wave devices that require low losses.
However, they continue to require biasing magnets to saturate the
ﬁlm during operation, thus adding size, weight, and assembly cost
to devices and systems. We next examine a technique that provide
ﬁlm thicknesses in the 100s of microns but has traditionally offered
poor crystalline quality and high microwave losses.

2.4. Screen printing
In general, large area thick ﬁlms can be achieved by physical
processes such as tape casting, screen printing, etc. Due to
simplicity and cost-effectiveness, the screen printing technique
has been extensively used in mass production of multilayer chip
inductors, transformers, ceramic thick ﬁlm circuits, and magnetic
sensors and actuators [76–78].
It is anticipated that the next generation of magnetic microwave devices will be planar, self-biased and low-loss. Additionally,
these materials must be realized through cost-effective processing
at industrial scales. Self-biasing is an important property that
eliminates the need for the permanent bias magnet and reduces
the size, weight, and cost of microwave devices [79]. In addition to
high remanent magnetization and low microwave losses, thickness of the ferrite ﬁlms from 100 to 500 mm may be required.
Yuan et al. [80] reported screen-printed SrM ﬁlms on
alumina substrates by hydrothermal synthesis. The work detailed
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Fig. 6. Scanning electron microscopy image of the surface of an optimally prepared screen printed BaM ﬁlm. The lower inset is an SEM image of the ﬁlms cross section
showing the stacking of hexagonal platelet grains. The upper inset plot is hysteresis loops collected with the applied magnetic ﬁeld aligned parallel (hollow symbols) and
perpendicular (solid symbols) to the plane of the ﬁlm. The hysteresis loops indicate both perpendicular magnetic anisotropy and self-bias properties. (Ref. [83]. Reproduced
with permission of the authors).

inﬂuences of original powders and sintering processes on static
magnetic properties. Because of thicknesses ranging from 8 to
15 mm and the low value of M vs. H loop squareness (Mr/Ms), 77%,
these ﬁlms failed to meet the requirements of self-biased
microwave electronic devices.
Chen et al. [81,82] demonstrated the processing of BaM thick
ﬁlms (100–500 mm), which were prepared by screen printing
followed by sintering heat treatments. Structural, magnetic and
microwave measurements conﬁrmed that the polycrystalline
thick ﬁlms were suitable for applications in self-biased microwave
devices in that they exhibited a large remanence (4pMr ¼ 3800 G),
high hysteresis loop squareness, Mr/Ms ¼ 0.96, and relatively low
microwave loss (derivative linewidths of 310 Oe at 55.6 GHz)
[83]. Among those mechanisms contributing to the losses, an
extrinsic linewidth broadening (DHex ¼ 274 Oe) was clearly
dominant. This linewidth contribution arose predominantly from
pores and the misalignment of grains. Subsequently, a narrower
linewidth, DH ¼ 212 Oe at 53.5 GHz, was measured for screenprinted thick ﬁlms by including a hot-press sintering step [84].
Fig. 6 shows a scanning electron microscopy (SEM) image with the
cross-section as the inset of the BaM ﬁlm having 250 mm
thickness. The second inset is a plot of hysteresis loops illustrating
the high remanent magnetization providing self-bias properties.
Although the ﬁlm still contains pores and misaligned grains, the
results have demonstrated that the screen printing technique is
capable of processing thick, self-biased, and low-loss BaM ﬁlms in
a scalable and cost-effective manner; an integral step in the
processing of planar microwave magnetic devices. Paradoxically,
the existence of pores plays an important role in providing the
required coercivity to maintain a high remanent magnetization.
The removal of the pores leads to improved linewidth at the
expense of self bias properties.

2.5. Highly oriented and quasi-single crystal compacts
For devices which operate at fo40 GHz, Sc- or In-doped BaM or
SrM hexaferrites are primarily considered due to their low FMR
frequencies. For example, BaFe11ScO19 ferrites, prepared by

conventional ceramic processing, demonstrated a magnetization
squareness of 83% and anisotropy ﬁeld of less than 10 kOe.
Unfortunately, the X-band FMR derivative linewidths were
measured to be more than 800 Oe [85].
Most recently, low microwave losses and high squareness of
the hexagonal Sc-doped Ba ferrites, also having low magnetocrystalline anisotropy ﬁelds (HA ¼ 4–10 kOe), have been successfully achieved. Chen et al. made use of a polymer network-assisted
alignment processing (PNAAP) technique to effectively align
hexaferrite particles in high magnetic ﬁelds to realize a highly
dense oriented Sc-doped Ba ferrite compact [86]. A two-step
temperature treatment of the resulting compact lead to FMR
linewidths of 500 Oe at X- and Ka-band and high magnetization
squareness, Mr/Ms,92%. These materials have unique potential
for use in self-biased microwave and millimeter devices at
frequencies from 1 to 40 GHz.
A quasi-single crystal (QSC) BaFe12O19 ferrite has also been
realized and attracted interest from the microwave engineering
community [87]. The material was fabricated by a single solidstate reaction technique that includes the alignment of the ferrite
seed crystals. This technique is cost-effective in producing future
microwave devices compared with those that employ BaM single
crystals. The QSC ferrite bulk samples show similar static
magnetic properties to those of single crystals. However, its FMR
linewidths are 300 Oe at U-band frequencies, broader than Ba
ferrite single crystals, o100 Oe. Nevertheless, a 300 Oe linewidth
is believed to be acceptable for many practical device applications.

3. Next generation microwave and millimeter wave devices
The above section reviewed some of the processing methods
and properties of ferrite ﬁlms and compacts. This section will
review the applications of ferrites in microwave and millimeter
wave devices. In particular, we focus on recent developments
in (i) microwave circulators, (ii) microwave signal processing,
(iii) electromagnetic noise suppression, and (iv) new devices
based upon negative index metamaterials incorporating ferrites.
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The initial work in ferrites as microwave materials was
motivated by the need for magnetic insulators in high-frequency
inductor cores. Carried out by Snoek [88,89] and collaborators in
1930s and 1940s, this research focused on the development of
high permeability materials without the losses associated with
eddy currents. Seeking to take advantage of the dielectric
properties of this family of ferromagnetic oxides, as early as mid
1950s a wide variety of microwave ferrite devices, including spinel
ferrite-based circulators, isolators, phase shifters, directional
couplers, power limiters, etc. were reported [90]. It was well
understood in the early stages of high-frequency ferrite device
development that the magnetic loss and the performance of such
devices were highly dependent on the FMR linewidth, a measure
of damping in the spin relaxation process [91]. The introduction of
a new family of rare-earth ferrites of the garnet crystal structure
in 1956 was, therefore, very signiﬁcant, since this class of
materials possesses narrower FMR linewidths than any spinel
ferrite [92–94]. Ferrites of hexagonal crystal structure were
identiﬁed as candidates for applications at high frequencies due
to the high uniaxial magnetic anisotropy ﬁeld that can be utilized
to bias these materials in the microwave and millimeter-wave
regions [95].

3.1. Microwave non-reciprocal passive components: the circulator
The circulator is one of the most frequently utilized ferrite
devices in modern microwave systems. It is a passive nonreciprocal multi-port device that exhibits low insertion loss in
the forward direction of wave propagation and high insertion loss
in the reverse direction. It is used to control the power ﬂow and to
isolate various components in high-frequency systems. For example, Y-junction circulators, depicted schematically in stripline

conﬁguration in Fig. 7(a), are often utilized in multiple transmit–receive (T/R) modules that shape and steer the beam of phased
array radar systems [96]. T/R modules, the simpliﬁed block diagram
of which is shown in Fig. 7(c), combine monolithic microwaveintegrated circuits (MMIC) and digital circuitry implemented on
high-frequency semiconductor substrates, such as gallium–arsenide and gallium nitride, to produce high-performance, highefﬁciency, low-weight, low-cost, and small-size modules [97].
First waveguide Y-junction circulators were reported in the late
1950s [98,99] with stripline designs following soon thereafter [100].
The ﬁrst monolithic microstrip circulator on a garnet substrate was
introduced in 1965 [101]. The theory of stripline Y-junction circulators
was developed by Bosma [102,103] in 1962, and Fay and Comstock
[104] in 1965. These theories explained the non-reciprocal behavior of
the ferrite-loaded stripline Y-junction in terms of the splitting of the
counter-rotating dielectric resonance modes in the ferrite material
due to the off-diagonal elements of the permeability tensor proposed
by Polder [105,106]. Typical electric ﬁeld conﬁguration in the ferriteloaded stripline Y-junction, computed by ﬁnite element methods, is
shown in Fig. 7(b). The conditions necessary for circulation over a full
octave bandwidth in microstrip devices were demonstrated by Wu
and Rosenbaum [107] in 1974. The extensive literature on circulator
theory and design is reviewed in the annotated bibliography by Knerr
[108] and in books by Von Aulock and Fay [109] and Helszajn [110].
The need to miniaturize circulator devices, to facilitate broader
integration with monolithic microwave circuits and to extend the
applicable frequency range into the millimeter-wave regime,
motivated studies utilizing the unique properties of hexagonal
ferrites. As mentioned earlier, textured polycrystalline hexagonal
ferrites, such as barium and strontium hexaferrite, can be
produced with permanent magnet properties such that they will
remain in a stable magnetized state in the absence of an external
bias ﬁeld (i.e. self-biased). High uniaxial magnetic anisotropy

Fig. 7. (a) Components of a stripline Y-junction circulator. Permanent magnets provide the magnetic ﬁeld necessary to bias the ferrite-loaded junction. (b) Magnitude of the
electric ﬁeld in the stripline Y-junction circulator calculated by ﬁnite element methods. Low insertion loss in the forward direction of propagation (port I–port II) and high
isolation in the reverse direction (port I–III) are observed. (c) Simpliﬁed block diagram of a T/R module. Switches and a circulator are utilized to guide the high-power
transmitted signal to the antenna in the transmit mode and to guide the low-power signal from the antenna to the low-noise ampliﬁer and the receiver in the receive mode.
The circulator also serves to protect the high-power ampliﬁer by dissipating the power reﬂected from the radiating antenna in the load.
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3.2. Applications of ferrite ﬁlms in microwave signal processing
The above section has reviewed topics related to the role of
ferrites in conventional microwave passive devices with emphasis
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ﬁelds in these materials (up to 20 kOe) can be utilized to decrease
or eliminate the external biasing ﬁeld requirement according to
Kittel’s [111] resonance equation that incorporates both dipolar
and magnetocrystalline anisotropy interactions.
Polycrystalline-textured strontium hexaferrite (SrM) with a remnant magnetization of approximately 3.5 kG, uniaxial anisotropy ﬁeld
of 18.4 kOe, and FMR linewidth of approximately 2 kOe was utilized to
develop a self-biased waveguide junction circulator operating at
73.5 GHz by Akaiwa and Okazaki in 1974 [112]. The reported insertion
loss at center frequency was 1.1 dB with isolation exceeding 20 dB
over a 2.4 GHz bandwidth. In 1989, polycrystalline SrM was utilized
by Weiss et al. to develop a self-biased waveguide circulator operating
at 30.7 GHz with an insertion loss of less than 1 dB and isolation of
more than 20 dB over a 1% bandwidth [113]. In the same paper, a selfbiased microstrip design was also reported. Insertion loss of less than
2 dB and isolation over 20 dB were observed in a band of 5%. In 1992,
a textured barium/strontium ferrite with remanent magnetization of
3.5 kG and uniaxial anisotropy ﬁeld of 21 kOe was utilized by Zeina
et al. to design microstrip and stripline circulators operating at 37 and
32 GHz, respectively [114]. In 2001, an integrated self-biased microstrip circulator was fabricated by Oliver et al. through bonding of
textured SrM platelets to silicon substrates in a low-temperature
process compatible with semiconductor fabrication requirements
[115]. Insertion loss of 2.8 dB and isolation of 33 dB were measured at
28.9 GHz with a 20 dB bandwidth of 1%. Circulator designs utilizing
single crystal platelets of ScM with saturation magnetization of 3.9 kG,
uniaxial anisotropy ﬁeld of 8.7 kOe and linewidth of 100 Oe
embedded into glass-microwave integrated circuit wafers resulted
in operation at 22.2 GHz with a minimum insertion loss of 2 dB and
isolation of 21 dB. This performance was obtained by Shi et al. with
ferrite platelets partially saturated by an externally applied magnetic
ﬁeld of 2 kOe (55% saturation) [116].
Another important circulator design that has the potential for
monolithic microwave circuit integration and self-biased operation is the ferrite-coupled-line (FCL) circulator. Discovered
experimentally in 1980s, in contrast to Y-junction circulators,
FCL circulators utilize longitudinally magnetized ferrite materials
to couple the modes between closely spaced wave guiding lines
[117]. The non-reciprocity of ferrite-coupled waveguides was
explained in terms of coupled mode theory by a number of
researchers [118–120]. FCL circulators have the potential advantages of broad bandwidths, planar layouts, and smaller biasing
ﬁelds [121,122]. Self-biased designs utilizing hexagonal ferrites
have also been reported [123]. Due in part to a lower demagnetizing factor associated with a longitudinally magnetized ﬁlm, selfbiased epitaxial hexaferrite ﬁlms are easier to produce at
thicknesses necessary for device fabrication [73]. Therefore, while
most self-biased Y-junction circulator designs fall in the quasimonolithic category, where the ferrite is bonded or embedded in
the dielectric or semiconductor substrate by various means, selfbiased FCL circulators have the potential for true monolithic
integration where the ferrite ﬁlm is deposited and metallized with
proper circuitry during one of the steps of the device fabrication
process. There is no doubt that circulator designs, brieﬂy
described in this paper, as well as other high-frequency ferrite
devices, will continue to beneﬁt from further advances in ferrite
materials and their integration with semiconductor substrates.
Low-loss textured polycrystalline hexagonal ferrites may play an
important role in device miniaturization due to their potential for
self-biased operation leading to volumetric and weight reduction.
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Fig. 8. (a) Schematic set up for spin wave pulse cloning experiments. (b)
Representative output signals.

placed on the circulator. This section covers three recent
applications of low-loss ferrite ﬁlms for high-frequency signal
processing applications. The topics reviewed here concern spin
wave parametric pumping and nonlinear spin waves in feedback
rings. The speciﬁc work was done with single crystal YIG thin
ﬁlms due to their ultra low microwave loss properties. Similar
devices can be realized using other categories of low-loss ferrites.

3.2.1. Cloning
The use of YIG ﬁlms and parametric pumping techniques to
clone spin wave pulses have been demonstrated recently [124].
Fig. 8(a) shows the basic arrangement. One starts with a YIG ﬁlm
strip with two transducers for the excitation and detection of spin
waves. The ﬁlm strip is placed inside an open dielectric resonator.
The part of the ﬁlm strip inside the resonator comprises the
pumping region. A rectangular waveguide is used to deliver the
pump power to the resonator. The cloning process occurs as
follows. (1) A signal pulse at some carrier frequency, os, is applied
to the excitation transducer. (2) This signal produces a spin wave
pulse in the ﬁlm strip that travels toward the detection
transducer. (3) Just before the spin wave pulse exits the pumping
region, a pumping pulse with a carrier frequency at op ¼ 2os is
applied to the resonator. (4) The parametric interaction between
the spin wave pulse and the pumping pulse ampliﬁes the forward
traveling spin wave pulse and creates a new reversed spin wave
pulse as well that travels back toward the excitation transducer.
(5) Right before the new reversed pulse exits the pumping region,
a second pumping pulse is applied to the resonator. (6) The
parametric process repeats and another new reversed spin wave
pulse is produced that travels toward the detection transducer.
This second reversed pulse is actually a clone of the initial spin
wave pulse. One can use more pumping pulses to produce
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Fig. 9. (a) Schematic of the magnetic ﬁlm feedback ring system. (b) Representative signals for soliton self-generation. (c) Representative signals for Fermi–Pasta–Ulam
recurrence.

additional clones. Fig. 8(b) shows an output signal obtained under
the application of properly timed four pumping pulses [124].

shows representative signals for such a soliton self-generation
regime.

3.2.2. Feedback rings
In recent years, ferrite ﬁlm-based active feedback rings have
shown great promise for high-frequency applications [125–128].
Fig. 9(a) shows a typical YIG ﬁlm strip feedback ring arrangement.
The output signal from the detection transducer is fed back to the
excitation transducer through an adjustable microwave attenuator and a microwave ampliﬁer. This ring system can have a
number of resonance eigenmodes that exhibit low decay rates
[126]. For low values of the ring gain, all of the eigenmodes
experience an overall net loss and there is no spontaneous signal
in the ring. If the ring gain is increased to a certain threshold level,
the eigenmode with the lowest decay rate will start to selfgenerate and one will obtain a continuous wave response at this
eigenmode frequency. A further increase in the ring gain results in
the generation of additional modes through a four-wave process.
In the time domain, this corresponds to the formation of a spin
wave pulse that circulates in the ring. The power of the circulating
spin wave pulse increases with the ring gain. At some secondary
gain threshold, at which the nonlinearity-induced pulse narrowing is strong enough to balance the dispersion-induced pulse
broadening, the pulse evolves into an envelope soliton. Fig. 9(b)

3.2.3. Fermi–Pasta–Ulam (FPU) recurrence
With a further increase in the ring gain, the pulse power
becomes too high to maintain a single soliton state and the pulse
breaks up into two separated solitons with different speeds. The
slow overtake and subsequent collision of these two solitons leads
to the reconstruction of the initial single pulse, namely, a
recurrence of the initial state. Such a recurrence is called a
Fermi–Pasta–Ulam recurrence. This effect was demonstrated
recently with the same feedback ring conﬁguration as in Fig.
9(a). Fig. 9(c) shows full cycle of pulse responses that show FPU
recurrence. These data were obtained at a ring gain of 0.6 dB
higher than the self-generation threshold.
The above-reviewed phenomena or techniques have high
potential for microwave signal processing applications. The spin
wave cloning technique can be used to develop a new type of
microwave pulse multiplexers. The active feedback rings can work
as a microwave or millimeter oscillator, a phase-locked frequency
comb generator, or a microwave short pulse oscillator [127]. The
phenomenon of FPU recurrences in feedback rings may lead to a
new scheme for secure communications [128].
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The above results represent only a small part of the progress in
recent years in the use of ferrite ﬁlms for high-frequency signal
processing. Nevertheless, they demonstrate that the ferrite ﬁlms
have high potential for signal processing applications in radar and
communication systems, among others. In terms of future
developments, it is expected that these and similar device
structures will make use of low-loss high anisotropy hexagonal
ferrite thin ﬁlms for the blossoming ﬁeld of millimeter wave
ferrite devices. It is also anticipated that new classes of multifunctional magneto-electric thin ﬁlm materials and heterostructures, as in Ref. [129], will lead to new capabilities that involve the
low-power electric ﬁeld tuning of these and similar highfrequency magnetic devices.

low-temperature process. This is a signiﬁcant advance in our ability
to eliminate or signiﬁcantly reduce EMI by the use of ferrite coatings.
3.4. Ferrite-based tunable negative index metamaterials in
microwave electronics
Recent advances in metamaterials possessing negative index of
refraction (NIM) and strong dispersion characteristics with high
values of dn/do (y ¼ noDL/c) (TEM mode wave propagation
assumed) has enabled a new generation of novel microwave
technologies. Here n is the index of refraction, y is the phase
change of the signal through the material, DL is the length of the
material and c is the velocity of light. A signiﬁcant recent
development in the ﬁeld of NIMs is the fabrication of tunable
negative index materials (TNIMs) utilizing high-quality ferrite
materials [132–135]. The tunability and low losses observed in the
NIM make them ideal materials for designing tunable, compact,
and light weight phase shifters (among other devices).
Phase shifters are critical elements in several electronically
tuned microwave systems in defense, space, and commercial
communication applications. Excessive cost and weight of the
phase shifters have limited the deployment of electronically
scanned antennas in some aero-space applications. While digital
diode based phase shifters may withstand high power of the order
of a few tens of watts, by virtue of their nature, the accuracy in
phase shift is limited. Hence, there is signiﬁcant demand in the
microwave industry for affordable, light weight, and high-power
phase shifters. Microwave ferrite phase shifters can generally
handle higher power than competing technologies. For example,
commercial ferrite phase shifters can operate at an average power
of up to 100 W and a peak power up to 2000 W. In ferrite phase
shifters, a change in permeability by the application of magnetic
ﬁeld causes a change in the phase velocity of the microwave signal
traveling through the phase shifter.
Traditional ferrite phase shifters operate at frequencies far
from the FMR in order to avoid absorption losses near the FMR
frequency. As a result, the real part of the complex permeability,
m0 , is necessarily small as illustrated in Fig. 10(a). It was previously
reported both experimental and theoretical investigations of ﬁeld
tunable negative refractive index metamaterial (TNIM) using
yttrium iron garnet ﬁlms and an array of copper wires in
waveguides that demonstrated a key feature of magnetic ﬁeld
tunability of the NIM in the microwave frequency region
[132–135]. Transmission passbands were realized in the negative
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Traditionally, ferrite beads have been extensively used in the
industry to suppress unwanted high-frequency electromagnetic
noise. The driving idea for these noise suppressors is the
mediation of the rf magnetic ﬁeld, which is generally a maximum
near the conductor, by the placement of a material that has large
magnetic losses in close proximity. The key properties regarding
this application are permeability losses, m00 (o), at high frequencies
f ¼ o/2p. Sintered ferrite beads are convenient when dealing with
wires, but when dealing with noise suppression in printed and
integrated circuits, planar materials or sheets that can be easily
cut to the shape of the radiating component are needed.
Composites based on oriented ferromagnetic ﬂakes within an
insulating matrix have been developed for that purpose. But, it
has also been found that non-sintered ferrite ﬁlms could be
produced with excellent permeability levels at elevated frequencies [130]. In a ﬁrst approach, the efﬁciency of the noise
suppression is proportional to the real part impedance of the
magnetic materials placed near the conductor. The inductance
depends on the geometry, and is proportional to the magnetic
permeability of the noise suppressor. As a consequence, the
quantity o  m00 (o) is a relevant ﬁgure of merit for EMI
suppressors. It has been shown that the integral of this quantity
over the whole spectrum is proportional to the square of the
saturation magnetization [131]. Hexagonal ferrites may achieve
higher ﬁgure of merits. In the previous section, we discussed
recent advances in ferrite materials processing methodologies,
notably spin spray ferrite plating, that now allow for the coating
of IC components with ferrite ﬁlms and coatings fabricated in a
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Fig. 10. (a) The effective permeability of a ferrite ﬁlm near FMR illustrating the working frequency regions of both traditional ferrite phase shifter and NIM phase shifter.
And the inset shows the schematic plot of a tunable NIM composite in a transmission line. The ferrite ﬁlms are positioned together with periodic metal wires and a bias
~ (b) The measured insertion phase shift and insertion loss (|S21|) vs. external magnetic ﬁeld at 24 GHz. The inset demonstrates the magnetic ﬁeld tuning
ﬁeld was applied,H.
of the NIM pass band. And the arrow indicates the direction that the pass band moves on when increasing the ﬁeld.
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refractive index region that could be tuned by an external
magnetic ﬁeld. The permeability of the NIM was simultaneously
tuned along with refractive index. The change in permeability or
refractive index leads to a change in the phase velocity of the
signal and, therefore, the phase of the transmission coefﬁcient.
The advantage of using a ferrite NIM material for phase shifter
applications is that it allows the use of a ferrite in the negative m0
region near the FMR when m0 is relatively high and still maintains
low losses [135]. Near the FMR frequency, the magnitude ofm0 is
larger than that at frequencies away from it. Assuming the loss
factor to be about the same for the NIM and the conventional
ferrite phase shifter, we would expect a much improved ﬁgure of
merit using the NIM composite, since the phase shifts would be
signiﬁcantly higher due to higher differentialm0 as illustrated in
Fig. 10a. In the ﬁeld tunable NIM, the effect of the YIG ﬁlm was to
provide a tunable negative permeability over a continuous range
of frequencies on the high-frequency side of the FMR. Complementary negative permittivity, e0 , is achieved using a single
periodic array of copper thin ﬁlm wires deposited on a KaptonTM
substrate. The inset of Fig. 10a shows a schematic diagram of the
side view of a tunable NIM in a transmission line. The composite
structure consisted of periodic thin metal wires and high-quality
ferrite ﬁlms. In the work of He et al. [135], a negative refractive
index region of 0.5 GHz width in K-band was determined from
measurements. Although theoretically YIG has a negative m0
region with a band width of up to 2.5 GHz, the small negative
refractive index region was due to the small volume factor of the
YIG slabs. However, increasing the volume of the YIG will increase
the absorption. Therefore, there is a tradeoff between wide band
width for negative index region and low loss. In addition, the
dielectric permittivity of the YIG slabs reduces the effective
negative permittivity obtained from the plasmonic copper wires.
The phase shift of a 1 cm long sample NIM composite, as well
as the insertion loss performance of the 8 mm long sample, are
shown in Fig. 10b. The inset illustrates the ﬁeld tuning of the
passband corresponding NIM region. At 24 GHz, when the applied
magnetic ﬁeld was varied from 6.0 to 7.0 kOe, the phase varied
1601 with the insertion loss varying from 4.3 to 6.3 dB. At the
lower ﬁeld side, the phase change was smaller. The phase shifter
was operated at the frequency above the ferromagnetic antiresonance with a positive permeability with the material having a
positive refractive index. At higher ﬁelds, the phase was more
sensitive to ﬁeld tuning and the insertion loss was even smaller,
which corresponded to the negative refractive index region as
illustrated in Fig. 10a. Overall, the insertion loss had a variation of
2 dB, as a result of variation in wave impedance due to changes in
the permeability. In summary, it has been demonstrated a
waveguide ﬁeld tunable phase shifter using a ferrite-based NIM
composite. Continuous and rapid phase tunability of 1601/kOe
was realized with an insertion loss of 4–7 dB at 24 GHz. Recently,
these studies have been extended to realize the ﬁrst microstrip
TNIM-based phase shifter [139]. The co-development of multiferroic transducer heterostructures will allow for electric ﬁeld
tunability of phase shifters and other microwave EM devices
[140,141].

4. Outlook
Ferrite materials have been studied since the 1930s and their
application in microwave device technology dates to the 1950s.
For this reason ferrites are considered a mature technology with
the implication being that anticipated advances will be incremental. This, in fact, is far from reality. Advances in materials
processing and devices taking place during the last 10 years have
been dramatic and signiﬁcant.

Alternating target laser ablation deposition has been shown to
allow the manipulation of cations within a unit cell providing
opportunities to fabricate far from equilibrium structures and
ultimately to tailor magnetic, electronic, and microwave properties for speciﬁc applications. Screen printing has been shown to be
an effective tool in the processing of thick, self-biased, and lowloss ferrite ﬁlms. These breakthroughs could prove to be
disruptive advances in monolithic microwave-integrated circuits
technology. Still, when nothing less than single crystal quality,
low-loss ferrites are needed, LPE and QSC compacts provide thick
ﬁlms with low FMR linewidths. Further work is needed to
optimize the growth of Li-ferrites using these techniques to
address the needs of low-frequency device applications (e.g. C-, S-,
and X-bands).
In addition to material advances, we ﬁnd that new devices
having enhanced performance, reduced size, and in some
instances added functionality, have been realized. The ability to
process thick ﬁlm ferrites having perpendicular magnetic anisotropy and self-bias properties allows for the redesign of conventional microwave passives as light weight planar constructs.
Likewise, low-temperature processing of ferrite coatings on
plastics allow for a wide range of improved EMI suppression.
New devices based upon spin wave parametric pumping and
nonlinear spin waves in feedback rings employ ferrite ﬁlms for
high-frequency signal processing. Finally, NIM constructs employing low-loss ferrites, allow for a new class of tunable microwave
electronics that are small in size, proﬁle, and weight. The codevelopment of multiferroic transducer substrates will allow for
electric ﬁeld tunable microwave electronics giving rise to such
enhanced performance as dynamic band widths and voltage
turned phase shifting.
In lieu of these advances, it appears that the microwave
materials and device technologies are in a state of signiﬁcant
positive change with the potential to greatly impact a wide range
of technologies that involve the sending, receiving, and manipulation of electromagnetic signals.
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