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a b s t r a c t

Planar anisotropy carbonyl-iron (PACI) particles were prepared from sphere-shaped carbonyl-iron (SSCI)
materials by a simple ball milling technique. The frequency-dependent complex permeability of paraffin
composites with 50% volume concentration of particles has been investigated in 0.1–18 GHz frequency
range. The as-milled PACI composites show a dramatic enhancement of complex permeability and a
ccepted 12 November 2010
vailable online 20 November 2010
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emagnetizing field

higher resonance frequency compared with SSCI composite. This is due to the PACI particles, which
have an easy magnetization plane and a thickness smaller than their skin depth, suppressing the eddy
current effects. Furthermore, the complex permeability is further improved after the PACI composite was
rotationally orientated in an external magnetic field. The real permeability of oriented PACI composite
reaches a large value of approximate 10.5 at 0.1 GHz, and the resonance frequency shifts to a higher
omplex permeability
otational orientation

frequency range.
© 2010 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, electromagnetic (EM) wave devices over the
igahertz (GHz) frequency range have been widely used in both
ivil and military applications: personal digital assistants, local area
et works, wireless communication tools, radar, etc. However, the

ncreasing usage of EM-wave devices results in serious electromag-
etic interference (EMI) and electromagnetic compatibility (EMC)
roblems. A good way to overcome these problems is exploiting
type of microwave-absorbing materials with strong absorption

1–5].
Among all of microwave absorbing materials, metallic magnetic

aterials are especially focused on because their permeability still
emains high in GHz range due to their high saturation magneti-
ation [6]. As we all know, the high-frequency behavior of metallic

The right part of the expression is defined as Snoek’s con-
stant, where � is the gyromagnetic ratio and Ms is the saturation
magnetization. This limit demonstrates that it is impossible to
enhance the static permeability (�s) and resonance frequency (fr)
at the same time. However, the easy-plane anisotropy picture pro-
vides us a new approach to exceed Snoek’s limit. Based on the
Landau–Lifshitz–Gilbert (LLG) equation [9], no matter what is the
precise origin of the anisotropy, the precession of the magne-
tization around the easy axis in any magnetic materials can be
determined by the anisotropy fields acting on the magnetization.
The fundamental condition of the easy-plane anisotropy picture is
that there is an easy magnetization plane in the magnetic particles,
and hence there are two anisotropy fields Hha and Hea which are the
effective anisotropy fields when the magnetization deviates from
agnetic materials can be well described by Snoek’s limit [7,8]:

�s − 1)fr = 1
3�

�Ms. (1)

∗ Corresponding authors.
E-mail addresses: wtao@lzu.edu.cn (T. Wang), lifs@lzu.edu.cn (F.-s. Li).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.11.074
the easy axis (x direction) in the hard plane (x–z) and in the easy
plane (x–y), respectively, as shown in Fig. 1 [10].

Based on the Landau–Lifshitz–Gilbert (LLG) equation, the prod-
uct of �s and fr for easy-plane anisotropy materials is obtained

[9,10]:

(�s − 1)fr = �Ms

2�

√
Hha

Hea
(2)

dx.doi.org/10.1016/j.jallcom.2010.11.074
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wtao@lzu.edu.cn
mailto:lifs@lzu.edu.cn
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Fig. 2. SEM images of SSCI, PACI with 200 rpm and 500 rpm particles.

magnetic properties. The saturation magnetization (Ms) of SSCI par-
ticles and PACI particles with 200 rpm and 500 rpm is 215.3 emu/g,
203.8 emu/g and 190.4 emu/g. The saturation magnetization of
PACI particles occurred at a much smaller field. It means that
ig. 1. Scheme of the precession of magnetization under the easy-plane anisotropy
icture.

Compared with Eq. (1), the product of �s and fr for easy-plane
nisotropy materials is much larger than that of isotropy parti-
les because of Hha � Hea. For PACI particles, the shape anisotropy
lays an important role in the total anisotropy. Generally speak-

ng, PACI material has two types of magnetic anisotropy [11],
amely out of plane anisotropy and easy magnetization plane
nisotropy, respectively, which satisfy the fundamental conditions
f the easy-plane anisotropy picture. Thus, the as-milled PACI par-
icles can exceed Snoek’s limit. Additionally, the PACI particles
ith a thickness smaller than their skin depth exhibit a higher

omplex permeability in a higher frequency range, as the eddy
urrent effects is effectively restricted [12]. Zhang and his cowork-
rs obtained de-aggregated flake-shaped carbonyl-iron particles by
he high-energy planetary ball milling method and a higher perme-
bility was obtained [13]. Recently, the permeability enhancement
as been observed in flake-shaped Fe, FeCuNbSiB, Fe3Co2, etc.
14–17]. In this paper, we prepare flake-shaped particles with
lanar anisotropy by a simple ball milling technique and inves-
igate the high frequency complex permeability of PACI/paraffin
omposite.

Furthermore, according to previous results [18–21], an enhance-
ent of permeability is obtained after the flake-shaped particles

re rotationally oriented in an external magnetic field. Here, we
se this method to prepare PACI/paraffin composite with rotational
rientation, and present the comparison of complex permeability
etween the oriented and non-oriented PACI composites.

. Experimental procedure

The raw carbonyl-iron powder purchased from Tianyi super-fine metallic pow-
er Co. Ltd. Jiangsu province, China, which is manufactured by decomposition of
e(CO)5 in the gaseous state. The raw powder was milled on a planetary ball mill
ith 200 rpm and 500 rpm for 8 h to obtain PACI particles. In ball milling process

0 ml n-hexane was added as the process control agent. The ball-to-powder weight
atio was 25:1.

The paraffin composites were prepared by mixing particles and paraffin with
0% volume concentration of the particles. The mixture was pressed into a toroidal-
hape with an outer diameter of 7 mm, an inner diameter of 3.04 mm, and a length
f 1.5–3.0 mm for microwave measurement. The oriented composite was fabricated
ith a simple rotational orientation method, in which the powder was first mixed
ith warm and molten paraffin wax, and then the suspension was placed in an

pplied magnetic field and ceaselessly rotated until the paraffin wax solidified.
hrough the rotational orientation, the flake planes of the particles were perpendic-
lar to the axial direction of the toroidal samples.

The complex permeability of the coaxial samples was obtained using an Agi-
ent E8363B vector network analyzer in the 0.1–18 GHz range. The static magnetic
roperties of particles were measured using a vibrating sample magnetometer (VSM
akeshore 7304). The morphology of the samples was analyzed by scanning electron
icroscope (SEM HITACHI S-4800). The planar anisotropy property of the as-milled

articles was characterized by room temperature transmission Mössbauer spectra.
n the transmission geometry, the incident �-ray is parallel to the axis of the oriented
isk.
. Results and discussion

The morphological change of carbonyl-iron particles after ball
illing is shown in Fig. 2. The raw iron powders have a spherical

hape with a size distribution of 1–5 �m. With increasing of ball
Fig. 3. SEM image of the fractured cross-sections of the oriented disk-shaped sam-
ples (500 rpm).

milling speeds, the raw powders are deformed into thin flake par-
ticles. After ball milling SSCI particles with 200 rpm for 8 h, there
are still many spherical particles besides the flakes with the thick-
ness of 500 nm. After ball milling with 500 rpm, the raw particles
are almost deformed into thin flake particles and the typical thick-
ness is approximate 100 nm, which is far less than the skin depth
of carbonyl-iron (about 1 �m in the 1–5 GHz range) [22].

The magnetic hysteresis loops of SSCI and PACI particles in
Fig. 4 were measured at room temperature between −12 KOe and
12 KOe, which exhibit that all three samples have excellent soft
Fig. 4. Hysteresis loops of SSCI and PACI particles.
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The effective static permeability (�s,e) of composite is defined
as the real permeability at frequency of 0.1 GHz. The resonance
frequency (fr) is defined as the corresponding frequency for the
maximum imaginary permeability. According to the Bruggeman’s
ig. 5. Mössbauer spectra of SSCI/paraffin composite (a), oriented disk-shaped PAC
t room temperature.

he static permeability is higher than that of SSCI particles. The
oercive forces Hc for the three samples are about 12.0 Oe, 31.6 Oe
nd 70.4 Oe. The enhancement of the coercivity Hc is originated
rom the disordered crystal structure of as-milled powders due to
he increasing internal strain by ball milling process [21].

Fig. 5 shows the Mössbauer spectra of oriented disk-shaped PACI
omposite produced by milling with 200 rpm and 500 rpm, respec-
ively. The experimental data are fitted by a magnetic splitting
extet. The hyperfine fields of the two kinds of PACI composites are
oth 33.0 T, which is the same as the bulk of �-iron. In Mössbauer
xperiments, the average angle (ˇ) between the incident �-ray and
he magnetization direction can be expressed by the relative inten-
ity ratio [23]:

I2,5

I1,6
= 4 sin2 ˇ

3(1 + cos2 ˇ)
, (3)

here I2,5 and I1,6 are the relative intensity of the 2, 5 and 1, 6
eaks in magnetic splitting sextet, respectively. When the mag-
etic moments of the resonance atom 57Fe, which can be detected,
re distributed randomly, the ratio between 2, 5 and 1, 6 peaks is
/3 (see Fig. 5(a)). For the oriented disk, the relative intensity ratios

2,5/I1,6 for two kinds of PACI particles are 0.89 and 1.17, the angles
ˇ) calculated from formula (1) between the incident �-ray and the

agnetization direction are 63.6◦ and 75.29◦, respectively. These
esults demonstrate that the as-milled PACI particles possess pla-
ar anisotropy and the increase of ball milling speeds results in an
nhancement of planar anisotropy.

The complex permeability (�i = �′ + i�′′) of paraffin compos-
tes with 50% volume concentration of the particles was evaluated
y measuring the reflection coefficient S11 and the transmission
oefficient S21 in an APC7 coaxial mode. Fig. 6 shows the frequency-
ependent complex permeability of SSCI composite and PACI

omposites with 200 rpm and 500 rpm in the 0.1–18 GHz range. It
s evident that the complex permeability of PACI samples is much
igher than that of SSCI one. The real part of complex permeabil-

ty �′ for PACI composites are 8.7 and 8.6 at 0.1 GHz, respectively,
hereas that of SSCI composite is 6.1. The imaginary part of com-
ffin composite (50%, vol%), PACI particles milled with 200 rpm (b) and 500 rpm (c)

plex permeability �′′ for the three kinds of samples increases from
0.3, 0.1 and 0.4 to 2.0, 3.5 and 5.3 in the range of 0.1–3.5 GHz,
0.1–3.7 GHz, and 0.1–4.3 GHz, respectively, and then decreases in
the higher frequency range. The flake-shaped carbonyl-iron parti-
cles with planar anisotropy exhibit a higher permeability in a higher
frequency range compared with the isotropy ones. This is due to the
ratio of thickness to averaged diameter is smaller than 1/10, while
the conventional fillers are spherical in shape. On the other hand,
the fillers have larger dimensions in sizes but are still much smaller
than the wavelength of EM wave, while the conventional fillers are
fine particles with diameters of 1–5�m. Additionally, the eddy cur-
rent effects are effectively suppressed as the thickness of the flaky
particles is smaller than their skin depth. The attenuated perme-
ability for PACI particles with 200 rpm may be due to the change of
aspect ratio. The enhancement of aspect ratio results in a decrease
of eddy current effects [24,25]. The shift of the resonance frequency
towards higher frequency range is attributed to the increase of pla-
nar anisotropy (see Mössbauer results). As the ball milling speed
increases, the planar anisotropy fields add to the total anisotropy
field and consequently increases the resonance frequency.
Fig. 6. The real (left) and the imaginary (right) magnetic permeability spectra for
SSCI composite and PACI composites with 200 rpm and 500 rpm.
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ig. 7. The complex permeability spectra of PACI composites (500 rpm) with and
ithout rotational orientation.

ffective medium theory [26], the static permeability of PACI com-
osite (500 rpm) is approximate 27.5, and the resonance frequency

s 4.3 GHz. The product of the static permeability and the reso-
ance frequency for PACI particles is 114.0 GHz, which is much
igher than the Snoek’s constant 40 GHz for isotropy carbonyl-iron
articles. This result demonstrates that the intrinsic high fre-
uency magnetic properties of the PACI particles exceed the Snoek’s

imit.
Fig. 7 presents the complex permeability of PACI compos-

te (500 rpm) with and without rotational orientation. There is a
emarkable feature that both �′ and �′′ of the oriented sample are
arger than those of non-oriented one. The real part of permeability

′ for the oriented composite reaches a large value of approximate
0.5 at 0.1 GHz, whereas that of the non-oriented one is 8.7. There

s an exceptional increasing by an average factor of 1.2, which is
n good agreement with Ref. [21]. According to Ref. [21], oriented
ron-based amorphous-metal flakes system shows 1.2–1.5 times
igher values of complex permeability than that without orienta-
ion [21]. From our Mössbauer measurement (see Fig. 5(b) and (c))
e know that magnetic moments lie preferentially in the plane of

he flake due to demagnetization effect. The rotational orientation
n an external magnetic field induces that all the planes of flakes
n the composite are perpendicular to the normal of the oriented
isk (Fig. 3). The parallel arrangement of easy planes of the parti-
les results in the higher permeability [27,28]. On the other hand,
he imaginary part of permeability �′′ of the oriented sample has
wider resonance peak and the resonance frequency shifts to the
igher frequency range compared with that of the non-oriented
ne. The mean value of about 4.0 in a broad frequency range from
.5 GHz to 10.6 GHz, whereas that of the non-oriented one is from

.7 GHz to 7.6 GHz. The increase of resonance frequency after rota-
ional orientation is considered as being a direct consequence of
he increase of the microscopic demagnetizing fields in the mixture
n connection with the modifications of dipolar-type interactions
29].

[

[

[
[
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4. Conclusion

In summary, we have investigated the microwave complex per-
meability of as-milled PACI particles embedded in paraffin with 50%
volume concentration of particles. The as-milled PACI composites
exhibit a dramatic enhancement of complex permeability and a
higher resonance frequency compared with SSCI composite, and
thus the intrinsic high frequency magnetic properties of the as-
milled particles with planar anisotropy exceed Snoek’s limit. The
value of the complex permeability is further increased when the
composite containing PACI particles is rotationally oriented in an
external magnetic field. This work suggests that as-milled parti-
cles with planar anisotropy can serve as a good high frequency soft
magnetic material.
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