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The complex electrical permittivity and magnetic permeability of composite materials made of a poly-
mer binder filled with micron-scale carbonyl iron powder (CIP) are measured between 0.1 and 39 GHz.
Permeability is measured in overlapping frequency subbands using two different techniques: a free-space
method from 3 to 39 GHz and a coaxial impedance cell from 0.1 to 5 GHz. The dependence on filler
concentration is studied for composites based on phosphated CIP R-100F-2. It is found that the static per-
mittivity and permeability of the composites increase logarithmically with increasing percentage of CIP
volume loading; this corresponds to Lichtenecker’s law for a mixture of two components. It is demon-
strated that by using the R-100F-2 type CIP it is possible to produce single-layer radar-absorbing materials
with a relatively small thickness (less than 1.5 mm) and a deep and broad normal-incidence reflectivity
minimum (less than −20 dB) from 10 to 30 GHz.
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I. INTRODUCTION

Microwave composites and metamaterials have been
the focus of significant interest in recent years driven by
the increasing demand for highly effective electromag-
netic absorbing materials for use with modern radar and
electronics technology [1–4]. Composite materials with
controlled complex electrical permittivity and magnetic
permeability are of considerable technological importance
for antenna miniaturization [5], magnetic sensors [6], non-
reciprocal devices [7], and microwave absorbers [8]. A
variety of metallic magnetic materials have been success-
fully fabricated to increase the complex permeability of
composites, including ferromagnetic microwires [9], elec-
troplated wires [10], flakelike particles with large planar
anisotropy [11,12], and core-shell structures with tunable
magnetic and dielectric loss mechanisms [13–15]. Obvi-
ously, the focused synthesis and design of such materials
and coatings cannot be achieved without characterization
of their electrodynamic parameters over the frequency
band of interest and, in general, the wider this band is the
better.

Microwave absorption can be achieved using two
loss mechanisms, namely, dielectric loss and magnetic
loss. Due to their large complex permeability, magnetic
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absorbers are used at lower frequencies, which lead to
excellent absorption properties. However, the complex
permeability is known to decrease with increasing fre-
quency, in accordance with Snoek’s law [16]. This restricts
the use of magnetic absorbers in the higher gigahertz
bands. Dielectric absorbers are used in higher-frequency
ranges, but they require high matching thicknesses, which
limit their practical application [17,18]. Ferromagnetic
multilayers have been intensively studied for both funda-
mental research and for application in microwave devices
[19–21]. In terms of device applications, having a multi-
layer instead of just a monolayer provides more degrees
of freedom for tailoring the intrinsic electromagnetic
(EM) properties. Significant effort has been devoted to
the development of multilayered structures incorporating
ferromagnetic layers, such as hollow reduced graphene
oxide microspheres embedded with Co nanoparticles [22],
cobalt/polypyrrole (Co/PPy) nanocomposites [23], and
CoNi/TiO2 microspheres with wideband absorption prop-
erties [24]. These multicomponent structures can achieve
tunable reflection loss and improved impedance matching
by tailoring the parameters of the magnetic and dielectric
layers.

The ideal microwave-absorbing material should have
low density, small thickness, good chemical stability, and
strong EM absorption across a wide-frequency band. Cur-
rently, many ways to develop radar-absorbing materials

2331-7019/21/16(1)/014062(15) 014062-1 © 2021 American Physical Society

https://orcid.org/0000-0003-2060-2597
https://orcid.org/0000-0002-1951-1965
https://orcid.org/0000-0001-9750-9732
https://orcid.org/0000-0001-5406-0162
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.16.014062&domain=pdf&date_stamp=2021-07-27
http://dx.doi.org/10.1103/PhysRevApplied.16.014062


VLADIMIR N. SEMENENKO et al. PHYS. REV. APPLIED 16, 014062 (2021)

FIG. 1. Microphotography of the microscopic section of a
carbonyl iron grain [26].

(RAMs) and coatings are known. For example, RAMs
based on ferrites (ferrite-garnets, ferrite-spinels, hexafer-
rites, etc.) are designed for meter and decimeter wave-
lengths. The value of the relative magnetic permeability
of such materials can vary from tens to hundreds in the
long-wave region of the spectrum, which is especially
important for the development of RAMs with small thick-
nesses at megahertz frequencies. However, ferrites suffer
from having a decreasing dependence of the effective mag-
netic permeability with increasing frequency, according to
Snoek’s law [16,25], which is given by

μ = 1 + γ 4πMs

f
, (1)

where γ is the gyromagnetic ratio (γ = 2.8 GHz/kOe), MS
is the saturation magnetization of the material, and f is
the operating frequency. This present study concerns the
frequency dependence of both complex electrical permit-
tivity and magnetic permeability of composite materials
with magnetic fillers based on different brands of carbonyl
iron powder (CIP) produced by Sintez-CIP Ltd. (Russian
Federation) and BASF SE (Germany). Measurements of
material parameters of the composites are carried out from
0.1 to 39 GHz using free-space and coaxial techniques.
Special attention is paid to the study of the dependence of
permittivity and permeability on the concentration of the
R-100F-2 brand CIP embedded into a polymer matrix.

The feedstock carbonyl iron (hard) powder consists of
spherical particles with an “onion-skin” layered structure
(Fig. 1). This is obtained by thermal decomposition at
temperatures of 200–250 °C and a pressure of 150 atm of
Fe(CO)5 (iron pentacarbonyl) with subsequent refining in
hydrogen [26].

II. COMPOSITE SAMPLES

Thin sheets of materials made of two-component com-
posites are used as samples for the measurements. The

(a) (b)

(c) (d)

FIG. 2. SEM images of CIP particles of the following brands:
(a) R-100F-2, (b) HL, (c) EN, (d) EW.

initial composite is a homogeneous highly viscous sus-
pension of soft magnetic filler in the form of CIP intro-
duced into a solution of an organosilicon polymer. Samples
are made by air-spray paint technology. This production
method allows one to readily increase the number of lay-
ers of material. At the same time, it is relatively easy to
make samples with a uniform thickness over an area of
many cm2, which helps to minimize measurement error of
the material’s parameters.

Morphology, microstructure, and particle size distribu-
tion of CIP are investigated by means of scanning electron

Mean diameter (µm)

FIG. 3. Size distribution of CIP particles of R-100F-2, EN,
HL, and EW.
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FIG. 4. EDX analysis of CIP R-100F-2.

microscopy (SEM). Photomicrographs of micron-sized
particles of CIP R-100F-2, EN, HL, and EW, obtained
using a Zeiss LEO 982 microscope, are presented in Fig. 2.
These photographs reveal that the particles of CIP con-
stitute granules of approximately the same near-spherical
shape with a limited range of diameters.

For a more precise evaluation of the average particle
size, a granulometric analysis of the fractional composi-
tion of the powders is carried out using a Fritch Analysette
22 laser diffractometer. From the distribution curves shown
in Fig. 3, it can be seen that the particle size distribution
functions have a Gaussian form with a maximum corre-
sponding to the average particle diameter. This varies from
2 to 5 µm, depending on the type of CIP.

The performed granulometric analysis shows that
the average particle size generally corresponds to data
declared by the manufacturers. It is worth mentioning that
the powders R-100F-2 and HL are almost identical in their
fractional compositions.

Structural characterization results for CIP, obtained by
energy-dispersive x-ray spectroscopy (EDX) of CIP R-
100F-2 using a SEM JCM-7000 instrument, are presented
in Fig. 4. These results show that the volume loading of Fe
in the powder is about 86%, the volume loading of P does
not exceed 0.3%, and the volume loading of C is about
13.7%.

III. MEASUREMENT TECHNIQUES AND
EXPERIMENTAL DATA

The static magnetic properties of composite samples
comprising of R-100F-2 CIP with different volume con-
centrations of powders are measured with a vibrating sam-
ple magnetometer (Fig. 5). All measurements are carried
out at room temperature in the range of applied field from
−15 to 15 kOe. All composite samples exhibit excellent
soft magnetic properties with a coercivity (Hc) of less than
15 Oe.

The saturation magnetization, 4πMs, of the CIP com-
posite samples increases linearly from 0.095 to 0.652 T
with an increase in the volume loading of the CIP powder
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FIG. 5. Hysteresis loops of R-100F-2 composite samples for
different volume loadings of CIP.

from 6.3 to 40.3%, as shown in Fig. 6, where the points
are experimental data and the solid line is a linear fit. The
dashed line in Fig. 6 is the calculated saturation magneti-
zation, 4πMs, for composites loaded with pure Fe particles
extracted using 4πMs = 2.15 T [27] for pure bulk Fe. A
comparison of saturation magnetization of pure Fe and
R-100F2 CIP leads to the conclusion that R-100F-2 CIP
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FIG. 6. Saturation magnetization of R-100F-2 CIP composites
versus volume loading of CIP.
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has approximately 67% in the magnetic phase and 33% in
the nonmagnetic phase (phosphate shells with carbides and
nitrides of Fe in the onion boundary layers).

The complex electrical permittivity and magnetic per-
meability of composites are measured using two funda-
mentally different techniques: a coaxial cell and free space.
The frequency range of measurements consists of three
overlapping subbands: 0.1–5, 3–24, and 22–39 GHz.

Measurements of material parameters of the compos-
ites in free space are carried out over the two frequency
subbands 3–24 and 22–39 GHz. One of the key features
of this technique is the use of circular metal diaphragms
with specific RAMs as a part of the measurement bench
[8]. Thin films of sheet composite materials with linear
dimensions of 200 × 200 mm2 and 0.5 mm in thickness
are used as the samples. To determine the permittivity and
permeability of these samples, two parameters are mea-
sured: the normal-incidence transmission coefficient (S21)
of a sample backed by a matched load and the reflection
coefficient of a metal-backed sample (SM

11). The values
of the complex reflection and transmission coefficients
of a magnetodielectric sample at normal incidence of a
plane electromagnetic wave (EMW) are expressed by the
commonly used Fresnel formula [28]:

SM
11 = x

y
, S21 = x + y

1 − y2 , (2)

where x = iZ sin ϕ + cos ϕ; y = iZ sin ϕ − cos ϕ; Z =√
μ/ε is the wave impedance of the sample; ϕ = kd

√
εμ

is the phase advance while an EMW travels through a sam-
ple; k = 2π

√
εμ/λ is the wave number, where λ is the EM

wavelength in free space; d is the thickness of the sample.
To determine ε and μ of the sample under investigation,

first, the analytical solution of the system of Eq. (2) relative
to variables x and y must be found, then wave number k
and impedance Z of the sample are calculated by

k = 1
d

arccos
(

x − y
2

)
, Z = y + cos ϕ

i sin ϕ
. (3)

After performing calculations with Eq. (3), the permittivity
and permeability of the sample are found by solving

ε = ck
(2π fZ)

, μ = ckZ
(2π f )

, (4)

where f = c/λ is the frequency of the EMW.
The measurement bench is constructed using a four-port

vector network analyzer, ZVA40. Two sets of transmit-
ting or receiving wideband-lens horn antennas operating
at subbands 3–24 and 22–39 GHz are used for measure-
ments. A schematic diagram of the measurement bench is
presented in Fig. 7. Since the linear dimensions of the mea-
sured samples are smaller than the size of the aperture of

Lens horn
antennas

Lens horn
antennas

Metal diaphragms
with RAM

Test sample

FIG. 7. Block diagram of measurement bench.

the antennas, the aperture is diaphragmed using specially
designed circular metal diaphragms of various sizes with a
broadband RAM coating.

A test sample is placed at the aperture of the metal
diaphragm positioned in the near field of the lens horn
antenna to minimize the impact of diffraction at the edges
of the test sample and at the edges of the horn antenna.
When measuring the reflection coefficient, a matched load
is mounted in the area behind the diaphragm, namely, a
RAM in the form of a three-dimensional pyramid-type
block with a low value of reflectivity in the operating band-
width (at least, −50 dB), to exclude undesirable parasitic
reflections from the surroundings. To reduce the measure-
ment error of the S parameters of the test samples, a set of
special calibrations with an echo cancellation is used.

Due to the length and imperfection of the measuring
path (roughly 10 m, including measuring cables), sev-
eral peaks are introduced into the measured values due
to rereflections between the inhomogeneities present in
the measuring path. To overcome this, a clutter-reflection
time-domain analysis is performed during digital-signal
processing to eliminate these multiple rereflections. In
addition, digital-processing methods are applied to sup-
press signal oscillations at the edges of the frequency range
caused by the Gibbs phenomenon [29,30].

Images of a test sample for measuring complex per-
mittivity and permeability in free space are shown in
Fig. 8: the low-frequency section of the bench is shown
in Fig. 8(a) and the high-frequency section is shown in
Fig. 8(b).

The calibration procedure for reflection measurements
(SM

11) consists of two different measurements: Rbgr mea-
sures the reflection signal from the pure diaphragm loaded
with pyramidal absorbing material (used in anechoic
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(a) (b)

FIG. 8. Sample under investigation for measurements of
complex permittivity and permeability in free space: (a)low-
frequency segment of the bench, (b) high-frequency segment of
the bench.

chambers) with a reflectivity of less than −50 dB over the
operating frequencies, and Rrsp measures the reflection sig-
nal from the metal polished plate being tested (reflectivity
equals 100%). The calibration procedure for transmis-
sion measurements (S21) consists of two other measure-
ments: Tbgr measures the transmission signal through the
diaphragm loaded by a metal plate coated with magnetic
absorbing material to minimize radiation seepage through
the gap between the diaphragm and plate, and Trsp mea-
sures the transmission signal through a pure diaphragm
(transmission is equal to 100%). After measuring the
reflection signal, R and transmission signal, T of the sam-
ple under investigation, the scattering parameters of the
sample can be retrieved from the results of the near-field
measurements:

SM
11 = (R − Rbgr)

(Rrsp − Rbgr)
,

S21 = (T − Tbgr)

(Trsp − Tbgr)
.

These calibration procedures with background subtrac-
tions, using phase-correcting lenses in the horn antennas;
relative measurements; and accurate positioning of the
sample on the diaphragm allow us to obtain quasiplane
fronts of EMWs in the near field of the diaphragms and
then apply basic Eq. (2), which is valid for plane waves.
The accuracy of the reflection and transmission measure-
ments of the samples under investigation in free space can
be demonstrated by the frequency dependencies of reflec-
tion and transmission coefficients (modulus and phase) of
the 3.45-mm-thick test quartz-glass plate in the frequency
range from 3 to 39 GHz, as presented in Figs. 9 and 10, cor-
respondingly. The calculation of the scattering parameters
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FIG. 9. Calculated (solid lines) and measured (dashed lines)
frequency dependences of the modulus and phase of the reflec-
tion coefficient of the test quartz-glass plate.

for quartz glass is made for the well-known reference val-
ues for fused quartz (ε′ = 3.80; ε′′ ≈ 0 in the microwave
band) by using Eq. (2). The calculated values of the reflec-
tion (transmission) coefficient of the test quartz glass are
presented as solid lines; the measured values are given as
dashed lines.

The results presented in Figs. 9 and 10 demonstrate
that calculated and measured data are close to each other.
Therefore, the high accuracy of the measurement of scat-
tering parameters for the sheet samples using the free-
space method in the frequency range from 3 to 39 GHz
is proven.
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FIG. 10. Calculated (solid lines) and measured (dashed lines)
frequency dependences of the modulus and phase of the trans-
mission coefficient of the test quartz-glass plate.

The frequency dependence of the relative complex per-
mittivity of the test sample of quartz glass is obtained from
Eqs. (2)–(4) using the measured results of the frequency
dependence of the transmission coefficient of quartz glass
given in Fig. 10. The measured frequency dependences of
the real and imaginary parts of the relative permittivity of
test quartz glass in the frequency range from 3 to 39 GHz
are presented in Fig. 11.

The squares on the graph in Fig. 11 correspond to mea-
surement results; the solid straight line corresponds to the
reference values for fused quartz. The measurement error
of the real part of quartz permittivity is less than 3%;
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FIG. 11. Measured frequency dependences of the real and
imaginary parts of the relative permittivity of test quartz glass
over the frequency range from 3 to 39 GHz.

the measurement error of the imaginary part of the mate-
rial permittivity without losses is significant (however, the
average value is ε′′ ≈ 0), but such a material is not under
investigation in this study.

A second technique, using a coaxial line cell with a
cross section of inner diameter 3.04 mm and outer diame-
ter 7.00 mm, is used to measure the complex permeability
of samples under investigations from 0.1 to 5 GHz. Sam-
ples for the coaxial line cell are made of the same thin films
as those used in the free-space method. To fill the cell as
much as possible, the sample shape is a disk about 0.5 mm
in thickness with a hole in its central part, which fits very
tightly to the coaxial line. A diagram of the coaxial line
cell is presented in Fig. 12.

The permeability of each sample is calculated by using
the standing-wave method [31] on the results of measure-
ments of the reflection coefficient, R0, of the sample in
short-circuit mode, which is described in more detail in
Ref. [32]. The relationship between R0 and the perme-
ability, μ, of the sample with thickness d is expressed

Outer electrode

Inter electrode

Metal base

Test sample
Union nut

FIG. 12. Schematic of the coaxial line cell.
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by [30]

R0 = (1 − 2π idμ/λ)

(1 + 2π idμ/λ)
.

It is worth noting that, in spite of utilizing the calibration
of the measuring path, the coaxial method of measuring
the material’s parameters has one very significant poten-
tial systematic error. This is the possibility of air gaps
between the outer and inner electrodes and the sample.
Such gaps, in which the electrical field may be concen-
trated (because of the continuity of the normal component
of electric induction) leads to systematic and unknown
underestimates of the determined permittivity. Due to this
issue, the frequency dependence of the complex permittiv-
ity of the samples obtained from measurements with the
coaxial line cell are not given here.

Notably, when measuring the permeability of the sam-
ple, these errors do not occur because the presence of small
air gaps does not lead to a change in the distribution of the
magnetic field around the sample. The magnetic field in
the coaxial line is parallel to the walls and then the errors in
measuring of the sample permeability are absent. Thus, the
free-space values of permeability of the sample and those
extracted from coaxial line measurements are close to each
other over the common frequency range from 3 to 5 GHz.

IV. MEASURED RESULTS FOR COMPOSITES
WITH A HIGH VOLUME LOADING OF CIP

First, we present experimental results for composites
containing CIP as a magnetic phase with a high volume
loading (about 44.3%), which is the limit for maintain-
ing acceptable mechanical properties of the composites.
The complex permittivity of the composites based on
CIP EN, HL, EW, and R-100F-2 are shown in Fig. 13,
where the squares are experimental data, and the solid and
dashed lines are fits of the experimental data by Cole-Cole
relaxation expressed by [33]

ε(f ) = ε∞ + A
[1 + i(f /f0)γe]

, (5)

where ε∞ is the relative optical permittivity, A is the relax-
ation amplitude, f0 is the relaxation frequency, and γe is the
dielectric relaxation parameter (γe ≈ 0.1, . . . , 1.0).

The fitting parameters of the Cole-Cole relaxation for
composites based on CIPs EN, HL, EW, and R-100F-2 are
presented in Table I.

These results show that the permittivity of all compos-
ites is weakly dependent on the frequency over bandwidths
of 3–39 GHz, indicating low dielectric losses, which are
explained by the very low static conductivity of the sam-
ples (the sheet resistance is more than 10 M�/�) and
the Kramers-Kronig relationship for an analytical complex
function of permittivity [34,35].
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FIG. 13. Measured frequency dependence of the real and
imaginary parts of the relative permittivity of composites based
on CIP EN, HL, EW, and R-100F-2 for a volume loading of CIP
of 44.3% in the frequency range from 3 to 39 GHz.

For the composite with the EN filler, which is character-
ized by the largest fraction (4–5-µm diameter particles) of
the studied composites, the highest values of the real part
of the relative permittivity of about 20 are observed. The
imaginary part of the relative permittivity of all samples is
no more than 0.9 and weakly depends on frequency.

In contrast to the permittivity, the permeability of the
composites is characterized by a strong frequency disper-
sion over the frequency range of 0.1–39 GHz. The results
for the real and imaginary parts of the relative permeability
of composites are represented in Figs. 14 and 15. The dots
indicate experimental data; the solid lines indicate a model
dispersion dependence, which is the superposition of five
magnetic Lorentz resonances [36]:

μ(f ) = μ∞ +
∑

k

Bkνkfk
f 2
k − f 2 − iνkf

. (6)

TABLE I. Fitting parameters of experimental data for the rel-
ative permittivity of composites based on different CIP types
(Fig. 13).

CIP type ε∞ A f 0 (GHz) γ e

EN 19.08 1.45 7.59 0.52
EW 14.64 0.69 14.40 0.42
HL 15.01 0.71 23.31 0.39
R-100F-2 11.88 0.71 2.08 0.59
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FIG. 14. Measured frequency dependence of the real part of
the relative permeability of composites based on CIP EN, EW,
HL, and R-100F-2 for a volume loading of CIP of 44.3% over
the frequency range from 0.1 to 39 GHz. Continuous lines are
best fits using Eq. (6).

Here, μ∞ is the optical relative permeability; Bk, fk, and νk
are the amplitudes, natural frequencies, and half-widths of
the magnetic resonances; k = 1,. . . , 5. The fitting parame-
ters of the magnetic Lorentz resonances for different types
of CIP (Figs. 14 and 15) are presented in Table II. These
parameters show that all composites based on different CIP
types possess resonance peaks above 20 GHz with a Q
factor above one.

It is known [37,38] that the frequency dependence of
permeability can be described by the following physi-
cal phenomena: domain-wall resonance (DWR), natural
ferromagnetic resonance (FMR), and the skin effect in
conducting inclusions. The relative contribution of these
mechanisms to magnetic losses depends on the form,
composition, and concentration of the inclusions, the fre-
quency, and many other factors. Methods for quantifying
the contributions of the various mechanisms to the effec-
tive permeability of a composite material have not been
fully developed yet and are not discussed further here.

Looking at Figs. 14 and 15, one can see that for the
composites based on CIPs EN and EW the frequency
dependence of the imaginary part of the complex rela-
tive permeability shows a broad maximum, within which,
at least for composites based on CIPs HL and R-100F-2,
there are three clear resonant features. The primary max-
imum is at about 2 GHz (see Table I). This is caused by
the skin effect in magnetic inclusions [38]. It is the skin
effect that forces the maximum of the magnetic losses to
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FIG. 15. Measured frequency dependence of the imaginary
part of relative permeability of composites based on CIP EN,
EW, HL, and R-100F-2 for a volume loading of CIP of 44.3%
over the frequency range from 0.1 to 39 GHz. Continuous lines
are best fits using Eq. (6).

be located not at the FMR frequency, but at frequencies
where the minimum size of the inclusions (for spherical
particles, in our case, it is the diameter of the grain) is equal
to the thickness of the skin layer. As a result of the spread
in particle sizes within the samples, this frequency peak of
magnetic losses is broadened substantially, particularly for
the larger particle sizes of composites based on CIPs EN
and EW. Of all studied fillers, CIPs EN and EW are char-
acterized by both the largest grain size and a very wide
particle size distribution.

It should be noted that composite, filled with CIP EN,
in addition to having the highest value of permittivity, also
has the highest value of permeability (maximum values of
static permeability and imaginary part of complex perme-
ability in the frequency range under investigation) among
all measured composites. This is because the magnetic
filler EN has a maximum average granule size of about
4.5 μm (Fig. 3).

Composites based on CIPs HL and R-100F-2 show more
peaks in the frequency-dependent imaginary relative per-
meability. Granulometric analysis of these CIPs, together
with measurements of the material parameters of compos-
ites based on them, shows that these fillers have similar EM
properties and can be considered as analogues. However,
it is worth noting that composite, based on CIP R-100F-2
(phosphated iron powder), has the lowest value of rela-
tive permittivity among all samples under study, namely,
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TABLE II. Fitting parameters of experimental data for the rel-
ative permeability of composites based on different CIP types
(Figs. 9 and 10).

CIP µ∞ k Bk fk (GHz) νk (GHz)

EN 0.90 1 0.91 3.28 7.17
2 0.63 9.22 14.88
3 0.19 12.72 9.77
4 0.31 22.19 14.91
5 0.31 32.61 104.01

EW 1.44 1 0.56 2.17 3.33
2 0.75 8.38 20.33
3 0.40 8.39 15.46
4 0.22 14.89 15.83
5 0.33 22.55 13.83

HL 1.07 1 0.72 2.21 2.04
2 0.41 12.20 8.38
3 0.52 14.32 48.49
4 0.50 20.92 11.06
5 0.22 23.51 22.44

R-100F-2 1.11 1 0.71 2.26 2.26
2 0.51 7.50 13.96
3 0.46 12.09 6.40
4 0.84 21.82 15.90
5 0.18 24.29 381.62

ε′ = 12. This is due to the formation of a significant insu-
lating film of iron phosphate on the particles during treat-
ment of the feedstock iron powder with orthophosphoric
acid.

V. CONCENTRATION DEPENDENCE OF THE
COMPLEX RELATIVE PERMITTIVITY AND

PERMEABILITY OF COMPOSITES BASED ON
CIP R-100F-2

The frequency dependence of the complex relative per-
mittivity and permeability of composites with different
volume loadings of CIP R-100F-2, varying from 3.3 to
40.3%, in a polymer binder are presented in Figs. 16
and 17.

From Fig. 16, it can be seen that ε′(f ) and ε′′(f )

obtained by measuring samples in free space over band-
widths of 3–39 GHz are weakly dependent on frequency.
This frequency dependence is well approximated by Cole-
Cole relaxation, Eq. (5).

The fitting parameters of the Cole-Cole relaxation for
CIP R-100F-2 with different volume loadings (Fig. 16) are
presented in Table III.

In contrast, the frequency dependences of the microwave
relative permeability of the composites under study, as
shown in Figs. 17 and 18, are characterized by signifi-
cant dispersion, with five distinct resonance modes. The
low-frequency resonance mode is a homogeneous FMR. If
the carbonyl iron grains are homogeneous spheres, then, in
accordance with Snoek’s law, Eq. (1), the frequency of the
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FIG. 16. Relative complex permittivity of composites based
on CIP R-100F-2 with increasing volume loading of CIP over
the frequency range from 3 to 39 GHz.

natural FMR should be in the megahertz range; estimates
give values of the FMR frequency in the range from 200
to 600 MHz. However, since carbonyl iron particles con-
stitute a complex layered structure, in which the Fe grains
form highly anisotropic shells, alternating with thin dielec-
tric layers, the resonance frequency of the FMR is shifted
to higher frequencies and takes a value of about 2 GHz.
High-frequency modes of carbonyl iron are at frequencies
exceeding the frequency of the homogeneous FMR and are
characteristic of homogeneous magnetically isolated par-
ticles, the magnetic moments of which are not correlated
with each other.

The fitting parameters of the magnetic Lorentz reso-
nances for CIP R-100F-2 with different volume loadings
(Figs. 17 and 18) are presented in Table IV.

From Fig. 17, it can be seen that all curves for the
real part of relative permeability cross at nearly the same
so-called cross frequency, fc, located between 21 and
22 GHz, independently of the volume loading of CIP. This
cross frequency, fc, can be extracted from the fundamental
Kramers-Kronig relationship [39] (causality principle) for
composite permeability:

μ′(fc) = 1 +
(

1
π

) ∫ ∞

0

[
μ′′(f )

(f − fc)

]
df ≈ 1.1. (7)
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FIG. 17. Frequency dependence of the real part of the complex
relative permeability of composites based on CIP R-100F-2 with
increasing volume loading of CIP over the frequency range from
0.1 to 39 GHz.

The numerical solutions of Eq. (7) for different loadings of
CIP reveal that the frequency fc is distributed over a small
range from 21 to 22 GHz, independent of the volume load-
ing of CIP. The important fact is that fc < f5 (see Table II)
for all CIP loadings.

High-frequency modes of carbonyl iron are described in
Refs. [12,36,40]. Ref. [36] presents a physical model of
carbonyl iron, in which high-frequency resonance modes
are proposed to be considered as Aharoni exchange [41]
modes.

The excitation of exchange modes in isolated parti-
cles can arise when at least one geometric dimension
approaches the nanometer size range. The frequency, ω,
for the exchange resonance in spherical particles is given

TABLE III. Fitting parameters of experimental data for the
relative permittivity of composites based on CIP R-100F-2
(Fig. 16).

Volume loading (%) ε∞ A f 0 (GHz) γ e

3.3 3.07 0.19 11.95 0.45
6.3 3.53 0.15 11.42 0.75
11.9 4.36 0.15 10.62 0.50
21.2 5.71 0.40 14.63 1.26
28.5 6.92 0.49 15.82 1.21
35.0 8.90 0.61 17.71 0.65
40.3 11.45 0.61 26.49 0.43
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FIG. 18. Frequency dependence of the imaginary part of the
relative permeability of composites based on CIP R-100F-2 with
increasing volume loading of CIP over the frequency range from
0.1 to 39 GHz.

by [41]

ω = γ

(
Cμ2

kn

R2
2Ms

+ Hz

)
(8)

where C is the exchange constant, R2 is the outer radius,
μkn are the eigenvalues, and γ Hz is the ferromagnetic
resonance frequency. For a magnetic spherical shell with
inner radius R1, applying the pinned boundary condition
∂mi/∂r + 2KSmi/C = 0 on the outer surface, the eigen-
values, μkn, are calculated from [42]
[
μkn

R2

∂jn(μkn)

∂μkn
+ 2Ks

C
jn(μkn)

] [
∂yn(ρ)

∂ρ

]
ρ= μknR1

R2

−
[
μkn

R2

∂yn(μkn)

∂μkn
+ 2Ks

C
jn(μkn)

] [
∂jn(ρ)

∂ρ

]
ρ= μknR1

R2

= 0,

(9)

where i = x, y; Ks is the surface anisotropy constant; and jn
and yn are spherical Bessel functions of the first and second
kind, respectively. In the limit of a very thin film or shell,
it has been shown that the shape anisotropy reduces to a
simple local anisotropy, which favours in-plane orientation
of the magnetization [43]. In this situation, the shape and
surface anisotropy are often difficult to distinguish exper-
imentally, and constant Ks can be treated as an effective
magnetic anisotropy that incorporates the two anisotropy
terms. The presence of pinning on the surface of the par-
ticle removes degeneracy between the lowest exchange
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TABLE IV. Fitting parameters of experimental data for the rel-
ative permeability of composites based on CIP R-100F-2 with
different volume loadings (Figs. 17 and 18).

Volume
loading (%) µ∞ k Bk fk (GHz) νk (GHz)

3.3 1.07 1 0.017 4.08 2.51
2 0.021 11.68 15.32
3 0.016 17.75 13.90
4 0.004 20.00 2.38
5 0.069 25.04 5.10

6.3 1.05 1 0.054 4.82 7.28
2 0.086 13.82 10.44
3 0.024 19.17 2.54
4 0.105 23.00 18.23
5 0.108 24.69 2.94

11.9 1.39 1 0.147 2.04 3.39
2 0.131 11.77 9.83
3 0.021 13.25 3.69
4 0.20 22.16 12.23
5 0.143 24.46 2.75

21.2 1.81 1 0.27 1.64 3.62
2 0.27 12.19 8.02
3 0.079 18.81 2.57
4 0.29 22.40 12.11
5 0.16 23.90 3.32

28.5 2.20 1 0.36 1.41 3.37
2 0.40 11.96 8.83
3 0.18 18.87 3.78
4 0.25 22.90 3.37
5 0.21 23.56 12.04

35.0 1.40 1 0.46 2.41 2.18
2 0.39 7.47 12.59
3 0.58 12.69 7.55
4 0.78 19.80 13.72
5 0.13 23.30 3.41

40.3 1.49 1 0.65 2.28 2.26
2 0.54 7.55 13.36
3 0.72 12.50 7.45
4 0.95 19.41 13.66
5 0.12 22.96 2.89

mode, μ10, and the uniform ferromagnetic resonance and
increases the sensitivity of the exchange modes to varia-
tions in shell size and thickness. When the internal energies
favor highly nonuniform magnetization states, it has been
shown that multidomain magnetization configurations can
also play an important role in broadening EMW absorption
[44]. Nonuniform magnetization configurations are shown
to exhibit multiple high-frequency modes that can reach
frequencies of 20 GHz for Fe shells [45,46] and can poten-
tially manifest as several high-frequency resonance bands
in the microwave absorption spectrum.

Figure 19 shows the dependence of the natural loga-
rithm of the static relative permittivity (indicated in the

Volume loading (%)

FIG. 19. Natural logarithm of static relative permittivity and
permeability as a function of percentage volume loading for
composites based on CIP R-100F-2.

graph by number 1) and permeability (indicated by num-
ber 2) of composites as a function of the volume loading
of CIP R-100F-2. The logarithmic increase in the static
relative permittivity and permeability of composites with
increasing filler volume loading is in good agreement
with Lichtenecker’s law for a mixture of two components
[47]. The values of parameters ε′ = 2.82 and μ′ = 1 at a
zero concentration of CIP in the composite material are
obtained directly by the free-space method, when measur-
ing the sample in the form of a thin polymer film. Points
on the graphs correspond to experimental results; solid and
dotted lines are linear approximations of the experimental
results.

VI. RADAR-ABSORBING PROPERTIES OF
COMPOSITE MATERIALS BASED ON CIP

R-100F-2

For a more detailed exploration of the radar-absorbing
properties of CIP R-100F-2, with particular regard to its
practical application, we calculate the frequency depen-
dence of normal-incidence reflectivity for a number of
composites with different volume loadings of the filler
deposited onto a metal substrate. These calculations are
based on the measurements of the dielectric and magnetic
parameters given in Sec. V.

In this case, the practical task is to develop a RAM with
a reflection coefficient below −20 dB, with the ability to
control the frequency of the minimum but maintain the
depth of the peak. Numerical simulations show that, to get
such effect, one has to change both key parameters: the

014062-11



VLADIMIR N. SEMENENKO et al. PHYS. REV. APPLIED 16, 014062 (2021)

CIP concentration and the RAM thickness. By changing
only the concentration of CIP, the frequency dependence
can be achieved; however, the depth of the absorption peak
will not be preserved. It is found that, using the original
material, CIP R-100F-2, it is possible to maintain such a
low absorption depth of the reflection coefficient in the fre-
quency range of 10–30 GHz, with only minimal variation
to the thickness, not exceeding 1.5 mm. In our opinion,
this is quite an important practical result. For CIP parti-
cles of other types, a similar criterion for the choice of
concentrations and thicknesses led to different frequency
bands. Next, we will show how the calculations are carried
out.

According to the theory of long electrical lines, the
input impedance, Zin, of a single-layer metal-backed radar-
absorbing material with impedance Z = √

μ/ε and thick-
ness d under normal incidence of an EMW is given
by

Zin = −iZ tan(kd). (10)

The modulus of the reflection coefficient, Rm, of a metal-
backed magnetodielectric sample for a normal incidence
of a plane EMW is written as

Rm = 20 log10

∣∣∣∣ (Zin − 1)

(Zin + 1)

∣∣∣∣ . (11)

The calculated frequency dependences of the normal-
incidence reflectivity of various thicknesses of composites
filled with CIP R-100F-2 of different volume concentra-
tions are shown in Fig. 20.

For the case of an ideal RAM with perfect matching,
Z = 1, the optimum values of thickness of composites are
also determined, at which the deep minimum of reflectiv-
ity at the matching frequency is achieved. For practical
reasons, the lower limit of the vertical axis on the graph
in Fig. 20 is limited to −50 dB. The RAM thickness, d,
is optimized in numerical simulations by minimizing the
following function:

δ = d + 5000
, (12)

where 
 = min(R − Rd), Rd is the designed modulus of
the reflection coefficient, and R is a minimum of the mod-
ulus of the reflection coefficient. Minimization is carried
out using the standard Nelder-Mead algorithm (simplex
method) [48].

As shown in Fig. 20, a shift of the absorption peaks in
the low-frequency spectrum to the matching frequency of
10.6 GHz is observed with increasing percentage volume
loading of CIP R-100F-2 in a polymer binder. A matching
frequency of 10.6 GHz corresponds to the maximum CIP
filling of 42.6%. On the contrary, with a decrease in the
filler concentration, a shift in the millimeter wavelength

Volume loading
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d = 1.11 mm
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FIG. 20. Frequency dependence of the normal-incidence
reflectivity of metal-backed composites with increasing percent-
age volume loading of CIP R-100F-2 with different thicknesses.

range is observed. With a decrease in volume loading of the
filler to 21.2%, one can see a tendency to form two minima
of reflectivity (curve 2 in Fig. 20). Numerical simulations
show that, with a further decrease in the concentration of
CIP, it is impossible to obtain an equally deep minimum
of the reflection coefficient. For a volume loading of 12%,

FIG. 21. Two-dimensional dependence of the normal-
incidence reflectivity of metal-backed composites with CIP
R-100F-2 filling of 21.2%.
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achieved by varying the RAM thickness from 1 to 2 mm,
it is possible to provide the lowest value of reflectivity of
−14 dB in terms of magnitude (see curve 1 in Fig. 20).

Figure 21 demonstrates the two-dimensional depen-
dences of the normal-incidence reflectivity of metal-
backed composites with CIP R-100F-2 filling of 21.2% on
the frequency of the EMW and the thickness of the sample.

Perfect matching for a single-layer quarter-wavelength
absorber with CIP R-100F-2 filling of 21.2% (Fig. 21 and
curve 2 in Fig. 20; two deep minima of the reflection
coefficient at resonant frequencies f 1 = 23.61 GHz and
f 2 = 27.84 GHz) is due to the proper frequency dispersion
of real and imaginary parts of permeability at frequencies
above the cross frequency, fc. In other words, the real part
of relative permeability is practically independent of fre-
quency, and the imaginary part of the relative permeability
has a decreasing dependence with increasing frequency.
The minimum values of the reflection coefficient (Rm ≈ 0)

correspond to [49]

πd(ε′μ′′ + ε′′μ′)
λμ′ = 1, (13)

which may be simplified to (in our case ε′′ ≈ 0)

πdf ε′μ′′

cμ′ = 1. (14)

Equation (14) is true for both resonant frequencies f 1 and
f 2 of the reflection coefficient, so ε′(f1) ≈ ε′(f2) ≈ 5.8 and

f1μ′′(f1)
μ′(f1)

≈ f2μ′′(f2)
μ′(f2)

. (15)

FIG. 22. Angle dependence of the reflectivity of metal-backed
composites with CIP R-100F-2 filling of 21.2% for s-polarized
radiation.

FIG. 23. Two-dimensional dependence of the reflectivity of
metal-backed composites with CIP R-100F-2 filling of 21.2% for
p-polarized radiation.

As a result, by using the model of a single-layer RAM
with a relatively small thickness (approximately 1.2 mm),
it is shown that composite materials filled with CIP of type
R-100F-2 with a volume loading of 21.2% can provide
broadband matching (metal-backed reflection coefficient
is less than −20 dB) in the frequency range from 22.3 to
29.8 GHz, that is, approximately 30% relative to a central
frequency of 25.3 GHz.

Thus far, only the normal incidence of the electromag-
netic wave on the composite RAM has been investigated;
however, RAMs may be used under conditions of different
illumination angles. The angular and frequency depen-
dences of the reflection coefficient of a metal-backed com-
posite sample filled with CIP of type R-100F-2 with a
volume loading of 21.2% are presented in Fig. 22 for
s-polarized radiation and in Fig. 23 for p-polarized radia-
tion. This metal-backed composite sample possesses a low
reflectivity of less than −20 dB in both incidence planes
for incidence angles of the EMW from normal to 40° over
a wide frequency range, approximately from 22 to 30 GHz.

VII. CONCLUSIONS

The frequency-dependent complex relative permittivity
and permeability of composite materials composed of an
organosilicon polymer filled with fine fractions of CIP are
measured by using two independent techniques that over-
lap in free space (3–39 GHz) and in a coaxial line cell
(0.1–5 GHz).

The concentration dependences of the relative permittiv-
ity and permeability of composites filled with phosphated
CIP R-100F-2 (average grain size is about 2 µm) are inves-
tigated. It is shown that the relative permeability of such
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composites has a multimodal structure, which is a super-
position of FMR, DWR, and several high-frequency spin-
exchange resonances. The relative permittivity and per-
meability of the composites increase logarithmically with
increasing percentage volume loadings of CIP; this agrees
with Lichtenecker’ law for a mixture of two components.

It is demonstrated that a single-layer RAM based on CIP
of type R-100F-2 with a volume filling of 21.2% and a
small thickness (no more than 1.2 mm) on a metal plate
gives a reflectivity minimum of less than −20 dB over a
wide frequency range from 22.3 to 29.8 GHz. This broad-
band minimum is approximately 30% with respect to the
central operating frequency. This minimum is maintained
for angles of incidence up to about 30°. These good absorp-
tion properties of the CIP composite over a wide frequency
range and angles of incidence arise from both the anoma-
lous variation of the permeability of the CIP composite
for frequencies above the cross frequency, fc, and the low
value of composite permittivity and dielectric losses.
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