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To explore the mechanism of carbonyl iron flake composites for microwave complex permeability, this paper

investigates the feature of the flakes. The shape anisotropy was certified by the results of the magnetization hysteresis

loops and the Mossbauer spectra. Furthermore, the shape anisotropy was used to explain the origin of composite

microwave performance, and the calculated results agree with the experiment. It is believed that the shape anisotropy

dominates microwave complex permeability, and the natural resonance plays main role in flake.
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1. Introduction

The complex permeability spectrum via frequency
in gigahertz is one of typical measurements utilized to
characterize microwave properties. The magnetic ma-
terials with high values of complex permeability are
possible to design thinner absorbers.!) Consequently,
there is considerable interest in exploiting the large
4w My of soft ferromagnetic alloys to fabricate mag-
netic objects for linear inductive sensor and mag-
netic effective media that operate at microwave fre-
quencies, which is ascribed to their higher Snoek’s
limit.2=! Nevertheless, the high-frequency permeabil-
ity of metallic magnetic materials may decrease due
to the eddy current phenomenon induced by electro-
magnetic (EM) wave interference.(® Tt is better to use
smaller, thinner and isolated metallic particles with
a size less than the skin-depth (1 pm for iron in the
1-5GHz range) for suppressing the eddy current phe-
nomenon to enhance an effective incidence to EM wave
absorbers.[©]

In this paper we are interested in flakes of mag-
netic elements such as Carbonyl iron,["® Alnico,!
Fe-Ni,[10] Fe-Co,!'] ete. In the past few years, sev-
eral models of microwave resonance were built up

by introducing magnetocrystalline anisotropy into dy-

namic magnetization in spherical particles, for in-
stance spinel ferrites and hexaferrites.'? However,
magnetic resonance is well known to be very sensitive

1.3 Shape anisotropy is con-

to the shape of materia
sidered to root with in each single flake for soft mag-
netic metal. Thus, magnetic resonance is expected
to be sensitive to shape anisotropy field. Considering
static magnetic, microscopic magnetic and structural
properties, this work analyses the microwave complex
permeability of flakes-resin composites. During this
study, exploring the mechanism of microwave reso-
nance, we pay attention to the characterization of
carbonyl iron flakes-resin composites, especially the

shape anisotropy of flake on the microwave properties.

2. Experimental

In this work, the raw material is purchased from
Tianyi Superfine Metallic Powder Co. Ltd. Jiangsu
province. The flakes were fabricated by milling for
16 h with 3207 /min using the high-energy planetary
ball milling in hexane, and then dried. Aligned com-
posites were prepared by mounting on a motor which
rotates the cylindrical-shaped compact around its axis

in a perpendicular magnetic field of about 0.6 T, until
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the epoxy resin solidifies. This process ensures that
the basal planes are aligned to each other and c-axis
is also parallel to the axis of cylinder. The phase was
examined by using x-ray diffraction (XRD) using Cu
Ka radiation on Philips X’perts diffractometer. The
morphology was analysed by scanning electron micro-
scope (SEM) (HITACHI S-4800).

Magnetization hysteresis loops and Mossbauer
spectra was performed on the aligned composites
to determine the easy-magnetization direction. The
magnetization hysteresis loops recorded by a vibrat-
ing sample magnetometer (Lakeshore 7304) parallel
and perpendicular to the c-axis of the cylindrical-
The
Moéssbauer spectra are obtained at room temperature

shaped composites at room temperature.

on a constant-acceleration spectrometer which utilized
cobalt-57 source (Pd) and was calibrated at room tem-
perature with a-iron foil. In the transmission geom-
etry, the incident v photon is parallel to the axis of
cylinder.

The epoxy resin composites were prepared by
epoxy resin with 40 vol.% flake composites and
pressing into toroidal shape (pous: 7.00mm, @out:
3.04mm). The scattering parameters (S11, Sa1) were
measured on the toroidal-shape samples by a network
analyser (Agilent Technologies E8363B) in the range
of 0.1-18 GHz.

(ur) was determined from the scattering parameters.

The relative complex permeability

3. Results and discussion

Figure 1(a) shows an XRD spectrum of random
ball-milled carbonyl iron particles. The XRD pattern
exhibits diffraction peaks from the (110), (200) and
(211) plane of bec Fe. There are well-defined a-Fe
peaks and there is no detectable secondary phase for
particles. The XRD of the aligned composites is shown
in Fig.1(b) which exhibits peak ratios same as those
of random powders. Mean crystallite size of the car-
bonyl iron particles were evaluated to be about 13 nm
from the line broadening of the XRD peaks by using
the Scherrer’s formula. The pattern of achieved flake-
shaped carbonyl iron particles is presented in Fig.2.
The thickness of flakes is 0.4 pm, which is far less than
the skin depth of iron (1 pm for iron in the 1-5 GHz
range).ll

Figure 3 shows the magnetization hysteresis loops
of the cylindrical-shaped composites. It is obvious
that it is easy to magnetize composites perpendicular

to the c-axis, but hard to magnetize the composites
parallel to the c-axis. Figure 4 shows the Mdssbauer
spectra of the cylindrical-shaped composites. The ex-
perimental data are fitted by a magnetic splitting sex-
tet. The hyperfine field is 33.1 T, which is the same
as the bulk of a-iron.
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Fig.1. XRD spectrum of a random ball- milled particles
and b the aligned composites.

Fig.2. SEM image of carbonyl iron flakes.
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Fig.3. Magnetization hysteresis loops of the aligned com-
posites at room temperature.
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Fig.4. Mossbauer spectra of the aligned composites at
room temperature.

In Mossbauer experiments, the angle (/3) between
the incident ~y-photons and the magnetization direc-
tion can be assessed by the relative intensity ratio:[*4

Ls  4sin®p )
Lig  3(1+cos2B)’

where I, 5 and I ¢ are the relative ratio of the 2, 5 and
1, 6 peaks in magnetic splitting sextet respectively.
When the magnetic moments of the resonance atom
5TFe, which can be detected, are arrayed randomly,
the ratio between 2, 5 and 1, 6 peaks is 2/3.

Since the relative intensity ratio I 5/I1 ¢ is 1.1, so
the angle (8) is 72°. So the magnetic moments lean to
the direction perpendicular to the c-axis of the com-
posites. From Figs.3 and 4, we know that it is easy
to magnetize the composites parallel to the plane of
the flakes resulted from the demagnetization field of
flaked shape. Therefore, the magnetic moments lean
to the direction parallel to the plane of carbonyl iron
flakes.

Generally speaking, magnetic materials with
flaked shape have two types of shape anisotropy,
namely c-axis anisotropy and basal plane anisotropy,
respectively.  For c-axis anisotropy, the magnetic
field required for rotation of magnetization vector
from basal plane to c-axis direction is defined as the
anisotropy field. On the other hand, for basal plane
anisotropy, an effective anisotropy field is introduced.
When a magnetic field is applied, the magnetization
vectors can be rotated from one to another easy mag-
netization direction in two ways: through the c axis
or in the basal plane. The corresponding magnetic
fields required are defined as anisotropy fields Hy and
Hy, respectively, for the planar anisotropy. With the

magnetic moments leaning to the direction parallel to

the plane of carbonyl iron flake, c-axis anisotropy Hy
approximately equal to 4w M resulted from the de-
magnetization field.

Figure 5 shows the relative complex permeability
for the epoxy resin composites with 40 vol.% carbonyl
iron between 0.1 and 18 GHz. The real part of per-
meability p. declined from 6.78 to around 1.00 with
increasing the frequency in the 0.1-18 GHz range. The
imaginary part of permeability p! firstly increased
from about 0.00 to 2.47 at 4.1 GHz over the low fre-
quency region, and decreased gradually in the higher
frequency range.
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Fig.5. The experimental and calculated complex effective
permeability of the composites with 40 vol.% of carbonyl
iron flakes.

In general, the microwave magnetic loss of mag-
netic materials originates mainly from hysteresis, do-
main wall resonance, natural ferromagnetic resonance,
and the eddy current loss. The hysteresis loss is
mainly caused by the time lags of the magnetization
vector behind the external electromagnetic field vec-
tor and is negligible in weak applied field. The domain
wall resonance occurs usually only in the 1-100 MHz
range and the thickness of carbonyl iron flakes is far
less than the skin depth of iron 1 um. The eddy cur-
rent loss contribution to the imaginary part perme-
ability is related to thickness (d) and the electric con-

ductivity (o):[15-17

2
W' = Smuo(p)*d fo, (2)

where g is the permeability of vacuum. Eq.(2) can

transfer to

2
W) = gmped’e (3)

If the magnetic loss only results from eddy current
loss, the values of left-hand side of Eq.(3) should be
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constant when frequency is varied, we can call this
the skin-effect criterion. Figure 6 shows the value
of u"’(u')=2f~t for the carbonyl iron flake compos-
ites, as we can seen, the values of p”(u')~2f~! for
flakes markedly increase with increasing frequency at
2-18 GHz, and the changing extent is bigger than 0.17.
Therefore, it means that the magnetic loss in flake par-

ticles is mainly caused by the natural resonance.
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Fig.6. Values of p/'(u/)~2f~1 for the flake composites vs
frequency.

Concerning magnetic metal, Refs.[8] and [18] re-
ported the theoretical studies for behaviour of mag-
netization in microwave magnetic field. The magnetic
flakes with a random spatial distribution of normal
direction are considered to calculate the complex per-
meability of magnetic flake materials and its analyti-
cal model is derived from the Landau-Lifshitz—Gilbert
equation and Bruggeman’s effective medium theory.!®!

From the experimental data of magnetization hys-
teresis loops, the saturation magnetization 4wMy is
20kGs.
imental complex permeability curves are compared

The theoretical fitting curves and exper-
also in Fig.5. It is found that the experimental
data are in good agreement with the theoretical line.
The fitting result shows that a = 0.4 and Hy =
48000 A/m. For bulk a-iron materials, the magne-
tocrystalline anisotropy field is 72000 A /m,'¥ so the
calculated effective basal plane anisotropy field is less
than the magnetocrystalline anisotropy field. The cal-
culated damping coefficient « is the same as the one of
spherical carbonyl iron powders.!8! This demonstrates
the validity of our idea in the above section that the

magnetic loss in flake particles is mainly caused by
the natural resonance. The effective permeability and
the resonance frequency can be adjusted by the form
of the basal plane and c-axis anisotropy field resulted
from the shape of flake materials and polycrystalline
isotropy frame. This result also indicates that the skin
effect can be neglected which is caused by the thinner
thickness of carbonyl iron flakes.

Comparing our results with those of the published
ones in this field, we find that the obvious features are
as follows.

(1) The flaked shape carbonyl iron particles have
been presented in SEM image. Meanwhile, the mag-
netization hysteresis loops and the Mossbauer spectra
prove that the magnetic moments lean to the direction
parallel to plane of the flakes. The results demonstrate
that the orientation of magnetic moments is caused by
the demagnetization field from the flaked shape.

(2) For carbonyl iron flakes, good microwave mag-
netic properties have been obtained in the range of
0.1-18 GHz.
lated results by using the combination of the LLG

The skin-effect criterion and the calcu-

equation and Bruggeman’s effective medium theory
demonstrate that the magnetic loss mechanism is
mainly caused by the natural resonance. The status
that the magnetic moments lean to the direction par-
allel to plane of the flakes induces the shape anisotropy
and the excellent microwave magnetic properties. The
theoretical calculations agree with the experimental
results.

4. Conclusions

In summary, we have investigated the microwave
magnetic properties of carbonyl iron flakes embedded
in epoxy resin. Our results reveal that the good agree-
ment between calculated and experimental values in-
dicates that the magnetic loss mechanism in flakes is
mainly caused by the natural resonance. In our knowl-
edge, this is the first study to demonstrate the origin
of better microwave complex permeability for flake al-
loys which has shape anisotropy from experiment and
calculation. The carbonyl iron flake with higher com-
plex permeability might be used for thinner electro-
magnetic wave absorber.
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