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The main objective of the paper is to overview of the actual and potential capabilities of some complex multi-
layers to enhance, and control the microwave absorption. Going through available literature data we emphasize the
role of interphase coupling, and material resonances in enhancing phenomena of importance for internal scattering,
diffusions, and intrinsic material absorption of propagating EM wave, especially in microwave and mm wave ranges.
The theoretical background is consequently formulated in terms of transmissions line approach.
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1. Introduction

Microwave absorbing composites are mostly used in
military applications, such as reduction of radar visibil-
ity in different types of targets. This is also known as
stealth technology. With the rapid development of per-
sonal electronics in use today it becomes also essential
to shield circuits from unwanted interference in a broad
range of electromagnetic frequencies. Furthermore, the
ongoing downscaling trend in electronics requires the ab-
sorbing material to be thin, lightweight, easy to manu-
facture, and cheap.

At radar frequencies a reduction in reflection from an
object can be achieved by one of two mechanisms: (1) ab-
sorption, and (2) cancellation. Coatings, also referred as
resonant absorbers, reduce radar cross-section (RCS) by
the cancellation of multiple reflections. Absorption is as-
sociated with a transfer of incident wave’s energy to the
material. The primary property of a radar absorbing ma-
terial is to dissipate the energy of the incident wave into
heat. These materials have constitutive parameters that
are complex numbers.

The loss mechanisms are accounted for in the permit-
tivity € and permeability p of the material. When ex-
pressing complex permittivity, and permeability, the rel-
ative permittivity, and the relative permeability ., pu,,
which are normalized by the free space values gq, po are
used.

It is well known that material’s conductivity, complex
permittivity, and permeability are frequency dependent
parameters that govern the propagation of electromag-
netic waves inside of the material. The engineering chal-
lenge is to design an absorber that provides low reflec-
tivity in a wide range of microwave frequencies, and is
lightweight, cheap, and easy to produce. Stacking mate-
rials with different permittivities/permeabilities on top
of each other is an effective way to build a broadband
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radar absorbing materials (RAM). However, for classical
materials the trade-off is the dramatic increase of RAM’s
thickness, and weight. Nanomaterial due to their high
aspect ratio, and unique electrical, and mechanical prop-
erties is considered to be a promising alternative.

We consider a geometry where the material parameters
are constants as functions of = and y, but may depend
on z, which is considered as the main propagation direc-
tion. This corresponds to a laminated structure, z being
the lamination direction.

The best known are both purely dielectric absorbers
with a magnetic permeability equal to unity, and mag-
netic dielectrics with both dielectric €/ and magnetic p'
permeabilities differing from unity [1]. Absorbing coat-
ings may consist of one, two, or several layers of different
materials or may be graded.

Non-conducting wideband absorbing materials are im-
portant for improving immunity of electronic equipment,
and solving various problems of electromagnetic compat-
ibility. Application of absorbing materials for the de-
sign of shielding enclosures, coatings or filtering patches
is preferable, compared to metal structures for several
reasons. Typically enclosures of electronic equipment
are made of highly conducting metal to achieve the re-
quired shielding levels. However, requirements to make
electronic devices of smaller size and weight necessitate
substitution of metal by electrically conducting compos-
ites and polymers. Moreover, if a conducting surface
has sharp edges, slots, and apertures, currents on this
surface may drive unintentional antennas and enhance
noise coupling paths as culprits of undesirable emis-
sions [2]. One of the ways to eliminate this problem
is to use absorbing materials, including applications of
magneto-dielectric composite materials for electromag-
netic shielding purposes.

For applications in high-speed digital electronic de-
signs, the materials that would absorb electromagnetic
energy in RF, microwave, and mm wave bands, are of
special interest. The necessity of using absorbing ma-
terials becomes more and more important, since oper-
ating frequencies of electronic devices increase, package
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density grows dramatically, and the number of electronic
equipment and devices of mass production continues to
increase. Thin absorbing noise-suppressing composite
sheets and coats are of special interest for such applica-
tions, especially because of miniaturization trends, and
of convenience to apply directly on the surfaces to be
protected, as well as their broadband performance.

The efficiency of magneto-dielectric absorbers is high
because the real parts (¢’ and p') of their complex di-
electric (¢ = ¢’ — j&'') and magnetic (u = ' — ju'") per-
meabilities differ from unity, and are, occasionally, large,
and the imaginary parts (¢” and p”) differ from zero.
As a result, the coating thickness being on the order of
the wavelength in the material (A//e1/), decreases by
Ve times, and the dielectric ¢” and magnetic u’ losses
ensure even large absorption of the incident radiation.

In our opinion, the most promising microwave ab-
sorbing materials are magneto-dielectrics. The mag-
netic component of absorption, u”, allows one to improve
matching, broaden the range of working frequencies, in-
crease attenuation, and reduce the thickness of the pro-
tective coating [3, 4].

For passive absorbers, a wider bandwidth may be ob-
tained by utilizing multiple resistive layers, as in the Jau-
mann absorber; in a similar manner, the tuning range of
the active Salisbury screen may be extended by incor-
porating multiple controllable frequency selective surface
(FSS) layers, and a typical result for the two FSS case,
together with the two layer passive case reported in [5].

It should be noticed that last layer could be air, or a
perfect electric conductor (PEC) as a function of the ab-
sorber, we are interested to optimize. Usually in typical
RAM application PEC is applied since is assumed that
such absorber needs to be applied like a coating on an
existing metal based structure.

One particular area in which microfabrication technol-
ogy can have a definitive impact is the design of wide-
band electromagnetic wave absorbers. A number of ap-
plications, such as stealth technologies for RCS reduc-
tion and control, critically depends on the performance
of antireflection composites. Traditional designs of elec-
tromagnetic absorbers described in the open literature
include the Salisbury/Dallenbach screens, and Jaumann
absorbers, as well as ferrite-based absorbers. The main
limitations of classical designs are narrowband perfor-
mance, and their dependence on geometric properties of
the coated surface. The greater flexibility in the design of
electromagnetic wave absorbers can be achieved through
the addition of extra degrees of freedom on the constitu-
tive parameters, e.g., magneto-electric effects [6].

Some new advanced absorbers represent another
equally important area that can benefit from using
magneto-dielectric composites and metamaterials, being
capable to reducing the radar cross-section of large ob-
jects [7].

The ability to optimize the design parameters of these
thin planar composite metallo- and magneto-dielectric
structures allows for the synthesis of both, low-loss

matched impedance magneto-dielectric layers for pla-
nar antenna miniaturization, and high-loss matched
impedance layers for absorber applications with precise
control of the homogeneous bulk material properties, and
operation frequency [8].

2. Exemplary material resonances of use in

RAM

2.1. Resonance-type dielectric behavior
in ferroelectric materials

The low frequency “background” dielectric loss and the
microwave dielectric loss proportional to frequency are
consequences of the same resonance interpretation. The
monotonic increase of dielectric loss with temperature is
viewed as a manifestation of anharmonic lattice vibra-
tions (multiphonon processes), and thermal modification
of the optically active lattice vibrations. It is interesting
that impurities and imperfections introduce electric mo-
ments which cause large increases in the “background”
losses at low temperatures and low frequencies, as well
as introducing strong coupling to the acoustic spectrum.
Then the resonance description implies that these dielec-
tric losses are of a general nature, forming a useful supple-
ment to the “classical” models of relaxation dispersions.

2.2. Magnetic materials

Magnetic absorbers have been based on carbonyl iron
and hexaferrites. These materials have absorbing res-
onances in the MHz and GHz ranges. The resonance
frequency is also related to particle size.

To a large extent, the theoretical and experimental ef-
forts designed to provide microwave absorbers are asso-
ciated with two important features of their electromag-
netic properties. The first is based on enhanced magnetic
losses due to, for example, resonance phenomenon in the
higher frequency region (> 300 MHz). Additionally, it
has been argued that the second feature is related to en-
hanced dielectric losses. Considerable research has been
devoted to developing artificial composite media using a
wide range of polymers filled with M-type hexaferrites
possessing large tunable anisotropy field [9, 10]. Ad-
vances in ferrite technology have given experimentalists
a control over gyromagnetic resonance characteristics for
selective frequencies or over a narrow frequency range,
paving the way to fabrication of radar absorbers [11].

2.3. “Gyromagnetic” resonance

In general, when an EM wave is irradiated into a fer-
romagnetic, the gyromagnetic effect leads to resonance,
which is called a “natural resonance”. In a ferromag-
netic material with a magnetic anisotropy, the direction
of magnetization is restricted around the magnetic easy-
-axis. Once an external magnetic field tilts the magneti-
zation, then the magnetization starts to precess around
the easy-axis due to the gyromagnetic effect. When this
precession of magnetization resonates with an applied
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EM wave, a natural resonance occurs, and EM wave
absorption is observed [12]. The natural resonance fre-
quency (f;) is proportional to the magneto-crystalline
anisotropy (H,), which is expressed by f, = (v/27)Ha,,
where 7 is the gyromagnetic ratio. Common magnetic
materials such as spinel ferrite show EM wave absorp-
tion in a few GHz region. These materials can be tuned
to absorb at higher frequencies (520 GHz) based on par-
ticle size.

3. Some absorbing properties of multilayered
magneto-dielectric RAS

3.1. Matched impedance of thin composite
magneto-dielectric layers

It is of importance that the power of the wave in
magneto-dielectric material decays exponentially with
distance, x, by the factor exp(—ax). « is the attenuation
constant of the material, and can be expressed as [13]:

a = —\/UpEow (a2 + b2)1/4 sin (; tan™! (—Z)) ,
(3.1)
where a = ejul. — el pl, and b= elpl + el pl.

To get a large amount of attenuation in a small thick-
ness « must be rather large, which implies that e],e/, ul
and p) must also be large. It was noticed [14] that this
condition must be tempered with the condition, describ-

ing the reflection coefficient at an interface
_ns—no _ Zs— Zo

ns+mn  Zs+Zy’
with 7 — admittance of the propagating medium (sub-
script O for incident medium or air, and S for the sub-
strate) (Z = 1/n), where large values of permittivity, and
permeability would result in a large reflection coefficient.

The surface impedance encountered by a propagating
plane wave normally incident upon the composite struc-
ture can be expressed in the form

Zs = Rs + jXs. (33)
Moreover, a thin slab of homogeneous magneto-dielectric
layer, backed by PEC, with thickness d, permeability pu,
(where p, = pl — ju!), and permittivity e, (where
g = €, — je) would have the surface impedance

Zmateh = 205y tanh(jw\/ MOEOnsd)a
where Zj is the vacuum impedance.
Considering the scenario where the surface impedance
of the PEC backed magneto-dielectric material is
matched to free space (u; = &) such that Z, = 1, and
(3.4) simplifies to
Zmatch = Z(] tanh(jﬁonsd)u (35)
with By = w./10€0 and ng = /i€, is the index of refrac-
tion.
Setting Zg equal to Zyaten using (3.3), and (3.5), re-
spectively, one can obtain [15]:

r

(3.2)

(3.4)

7
tanh(jBonsd) = Z—z.

Solving (3.6) for ng yields

(3.6)

1 [ Zs
Ng = Uy = Ep = — tanh ™! () , 3.7
a jBod Zy 3.7

which suggests that the real and imaginary parts of the
complex permeability can be expressed as [15]:

1 _1( Zs
;zRe{, tanh1<>},
8 jBod Z

1 Z
:’ = Im{ - tanh™* (S) } .
a jBod Zy

These equations relate the permeability (and permittiv-
ity) of the homogeneous magneto-dielectric material to
the surface impedance of the composite metamaterial
structure.

Finally, utilizing (3.3), it is possible to derive indepen-
dent equations for Rg and Xg in terms of p] and pu.:

(3.8)

Re — Zo sinh(28pdp!’)
572 cosh? (Bodpu!") — sin®(Bodpu’)’
N Zo smh(QﬁOd,u;)

"2 cosh® (o) — sin? (Godi) (39)

3.2. Resonances at interphase boundary

Employing the FE free energy density for the tetrago-
nal phase of BaTiOj [16], for zero E-field, we have

Frg = %Pf + gpf (3.10)

and the FM free energy density for a uniaxial crystal in
an external magnetic field

K,
M3
The position of the spectral peak for the case of

Fen = — 5 (M.)? — oM x Hx(t). (3.11)

zero ME coupling follows from [17] %w}res(é =0) =
MOHLEFLES = %\Z} M, + poH,es according to which
toHyes (0 = 0) = 0.087 T, and for E # 0:
1 2K,
MOHres = ;w‘res(é 7é O) — WMZ + (SPZ (312)

This relation reveals that the resonance condition de-
pends on the orientation of the surface polarization. In
the above § is the ME coupling coefficient.

3.8. The case of magneto-dielectric Jaumann-type
absorber

Each layer is defined by three parameters: the thick-
ness (d,), complex permittivity (g,), and permeabil-
ity (pn)-

A recursion formula is used to calculate the reflectivity
at the air/absorber interface. In this strategy the layers
are numbered 1 to n starting at the first layer next to the
PEC, and the interfaces are numbered 0 to n starting at
the PEC/first layer interface (Fig. 1).

The recursion formula, expressed below, starts by cal-
culating the reflectivity from interface : =1, 2, 3, ... n,
where at interface n the reflectivity coefficient from the
whole absorber, is obtained [14]:
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Fig. 1. Reflectivity from Jaumann absorber layers.

f’i + I e 2jki—1di
i = = - for
1+ 505 e—2jki—1di—1
where k; is the component of the wave vector normal to
the interface,

k‘i = WA/ Wi&; — sin2 Hi. (314)

I; is the reflection coefficient from interface 7, and is de-
pendent on the polarization such that [14]:

pi—1k; — piki—1

i>0, (3.13)

e =2t VAT for >0, 3.15
’ fi—1ki + priki_q (3.15)
~ ki1 —ei—1k; )
pM o Sifinl T St 0. 3.16
! giki—1 +ei1k; ot ( )
For the PEC/first layer interface,
PPEMM — 1 for i =0. (3.17)

3.4. Some physical limitations relating to thickness

In the paper [18] the ultimate thickness to bandwidth
ratio of radar absorbers is discussed. Based simply on
the assumption of linear materials and the principle of
causality, the following result was obtained:

o 1
In( —— ) dA <272 pgd;,
(ot 22

where p; is the static relative permeability of layer 4
and d; is the thickness of the corresponding layer. For
nonmagnetic media, the right-hand side is simply 272d,
where d is the total thickness of the absorber.

This relation states that the reflection coefficient can
be small only in a limited band. This can be estimated
by choosing a reflection profile which is constant I in
the band A; < A < Ao, indicating (for non-magnetic ab-
sorbers)

1
In( — ) (A2 — A1) <27%d.
1 (1) 00 <20
This can be expressed as a bandwidth in frequency

through Ao — X1 = ¢/ fo — ¢/ f1 = c(f1 — f2)/ f1fo-

(3.18)

(3.19)

4. New materials in RAM

The development of microfabrication technology in re-
cent years has made possible, particularly in two dimen-
sions, the controlled design of novel material composites

on scales down to tens of angstroms. Motivated by such
advances, entirely new classes of novel materials with
superior electromagnetic properties in the microwave/
millimeter wave range have been recently proposed, in-
cluding materials with voltage tunable dielectric permit-
tivity, ultrahigh dielectric materials (e.g., carbon nano-
tubes), photonic band-gap materials, antiferroelectrics,
magneto-dielectrics, and also some metamaterials.

To achieve a broadband performance a multi-layered
absorbing structure containing a combination of various
absorbing materials can be designed [15]. Each layer then
would have a unique set of electromagnetic properties
causing an absorption resonance at a certain frequency.
However, the “hybrid” RAMs suffer from their thickness
and weight. Nanoscale structures with their high surface-
-to-volume ratio and adjustable electromagnetic proper-
ties can be potentially used to resolve the trade-off [19].

Composites based on polymers and carbon nanofillers
have gained notable attention of researches due to their
high mechanical, electrical, and thermal properties at
relatively low concentrations. Due to the outstanding
electrical properties of carbon nanotubes (CNT), such
composites are ascribed to the high aspect ratio which is
generally in the range 10-1000. Such high aspect ratio
enable electrical percolation of the CNT within polymers
to occur at very low contents.

To a large extent, the theoretical and experimental ef-
forts designed to provide microwave absorbers are asso-
ciated with two important features of their electromag-
netic properties. The first is based on enhanced mag-
netic losses due to, for example, resonance phenomenon
in the higher frequency region (> 300 MHz). It has
also been argued that the second feature is related to
enhanced dielectric losses. Other forms of C-based ab-
sorbers with good absorption characteristics have cur-
rently appeared, due to advances in synthesis techniques,
and optimized design approaches [20-23]. Most recently,
graphene joined the C family for microwave absorbing
applications [24].

Also materials with multiferroic (magnetic, electric,
and/or elastic) orders, called multiferroics (MF), have at-
tracted increased attention again [25-28], mainly due to
the discovery that the notoriously small multiferroic cou-
pling in bulk matter may well be increased by a controlled
engineering of low dimensional compounds, opening thus
the way for the design of qualitatively new device con-
cepts [29-31]. Interesting new possibilities for devicing
microwave absorbing materials are offered by so called
seignettomagnets (SM), a relatively new family of mate-
rials combining ferro-, antiferro-, or ferrielectric proper-
ties with ferro-, antiferro-, or ferrimagnetic properties in
a certain temperature range [32].

5. Conclusions

In the discussion presented above we tried to revisit
some problems, which in our opinion, have potential to
influence, in a greater or lesser degree, the radar absorb-
ing technology.



On Current and Prospective Use of Binary Thin Multilayers . . . 455

The overview presented above deals with chosen prob-
lems of interest in RAM techniques, and by no means
does not claim to be a complete coverage of the topic.

We focused on several points, which can be of use as
design elements or even some building blocks of analyt-
ical treatment, together with trying to get some insight
into physical mechanisms of actual or potential impor-
tance in an optimization of radar absorbing structures.
The main emphasis was paid on complex superlattices,
as exemplified by planar magneto-dielectric composites
which, in our opinion, have potential for providing new
design structures even without PEC, being essentially ca-
pable to enhance microwave absorption. Some analogous
property presents carbon-based nanomultilayers includ-
ing those using graphene in various structural configura-
tions. We also draw particular attention to resonance ab-
sorption, of different physical origins, especially in many
phase composite configurations such as antiferromagnetic
(being distinctive for resonances in GHz range) or ferroic
superlattices.

The separate role of resonances seems to be not fully
realized by most of researchers, and still needs deeper
analysis, also at first principles level.
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