Journal of Alloys and Compounds 480 (2009) 634-638

Contents lists available at ScienceDirect

Journal of

ALLOYS
AND COMPOUNDS

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jallcom

Fabrication and microwave absorbing properties of Ni-Zn
spinel ferrites

Dong-Lin Zhao*, Qiang Lv, Zeng-Min Shen

State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology, Beijing 100029, China

ARTICLE INFO ABSTRACT

Article history:

Received 23 November 2008

Received in revised form 29 January 2009
Accepted 30 January 2009

Available online 10 February 2009

Ni-Zn spinel ferrite and Cu-doped, Co-doped Ni-Zn spinel ferrites were prepared by a
conventional ceramic processing method. Microwave absorption, complex permittivity and
permeability of the (NigsZngs)Fe;04, (Nigs4CugzZng4)Fe;04 and (Nig4Cop2Zng4)Fe;04 spinel
ferrites within the frequency range of 0.5-18 GHz were investigated. The reflection loss calcula-
tion results show that the prepared Ni-Zn spinel ferrite and Cu-doped, Co-doped Ni-Zn spinel ferrites
are good electromagnetic wave absorbers in the microwave range. The single layer (Nip.4C002Zng 4)Fe;04
spinel ferrite absorber with a thickness of 3 mm achieved a reflection loss below —10 dB (90% absorption)
at 3.9-11.5 GHz, and the minimum value was —17.01 dB at 6.1 GHz. Compared with the performances of
the single layer spinel ferrite absorbers, not only the matching frequencies of the double layer spinel
ferrite absorbers were shifted to higher values, but also the microwave absorbing frequency bands
were expanded. When the first layer and second layer are (NipsZngs)Fe;04 and (Nig4C0g2Zno.4)Fe;04
spinel ferrites, respectively, the laminated double layer spinel ferrite absorber with a thickness of 3 mm
achieved a reflection loss below —10dB at 3.3-12.7 GHz, and the minimum value was —49.1dB at
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11.8 GHz.
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1. Introduction

Much attention has been focused on microwave absorbing
materials because of the facts that they can absorb energy from
microwave and that they can be widely used in the stealth technol-
ogy of aircrafts, television image interference of high-rise buildings,
and microwave dark-room protection, etc. [1-4]. The manufacture
of microwave absorbing materials involves the use of compounds
capable of generating dielectric and/or magnetic losses when
impinged by an electromagnetic wave. Extensive study has been
carried out to develop microwave absorbing materials with high
efficiency and new absorption materials [1,5-22]. By controlling
the material type (dielectric or magnetic) and thickness, loss fac-
tor and impedances, and internal optical design, performance of the
microwave absorbing material can be optimized for a single narrow
band frequency, multiple frequencies, or over a broad frequency
spectrum [23].

Spinel ferrites have been utilized as absorbing materials in var-
ious forms for many years due to their large magnetic losses and
large resistivities. However, in the microwave region, the applica-
tions of spinel ferrites are limited at the lower end of microwave
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frequency (1-3 GHz) because of their lower natural resonance fre-
quencies in comparison with those of other types of ferrites, such as
hexaferrites [24-32]. Within the gigahertz range, the permittivity
of a ferrite is almost a constant with its imaginary part close to 0.
Therefore, the dielectric loss is almost negligible, and its absorbing
performance mainly depends on the magnetic loss. One of the fre-
quently used methods to tune the complex permeability of spinel
ferrites is to dope the ferrites with many metallic ions, such as Cu,
Zn, Co, Li, Mn, Mg, etc. [33-38]. For this purpose, some attempts
were made to verify the correlation between the material constants,
permittivity (& =¢’ —je”) and permeability (u;=u’ —ju”) and the
microwave absorption in the sintered ferrites that contain divalent
metal ions [1,33-44].

In order to further exploit the potentials of spinel ferrites in
microwave absorbing applications, in our present work, we investi-
gated the fabrication process of Ni-Zn spinel ferrite and Cu-doped,
Co-doped Ni-Zn spinel ferrites and their microwave absorbing
properties, and the possible microwave absorbing mechanisms
were discussed.

2. Experimental

Ni-Zn spinel ferrite and Cu-doped, Co-doped Ni-Zn spinel ferrites were fabri-
cated by a conventional ceramic processing method. The mixtures of Fe; 03, NiO, ZnO,
CuO and Co,03; were sintered at 1250°C for 2 h. The compositions of Ni-Zn spinel
ferrites were tuned by changing the amounts of CuO and Co,03 in the mixtures.
The particle size of prepared ferrite powders was controlled by passing the grinded
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Fig. 1. SEM images of (NigsZngs)Fe;04 (a), (Nig4Cup2Zng4)Fe;04 (b) and
(Nip4Co02Zng4)Fe;04 (c) spinel ferrites.

powers through a sieve with an average aperture size of 74 pm. The morphology and
microstructure of the Ni-Zn spinel ferrite and Cu-doped, Co-doped Ni-Zn spinel fer-
rites were observed using a field-emission scanning electron microscopy (FESEM,
Hitachi S-4700). Their phases and crystalline microstructures were characterized
by X-ray diffraction (XRD), which was carried out in a Rigaku D/MAX-3CX diffrac-
tometer using the Ko line of Cu as a radiation source. The compositions of Ni-Zn
spinel ferrite and Cu-doped, Co-doped Ni-Zn spinel ferrites were measured by the
energy dispersive X-ray (EDX) technique. To measure the microwave electromag-
netic properties (complex permeability and complex permittivity) on a HP8722ES
vector network analyzer, each sample was prepared by mixing the spinel ferrite
powders with paraffin homogenously and was pressed into a ring shape. The inner

and outer diameters of ring samples are 3 and 7 mm, respectively. The weight ratio
of ferrite/paraffin was kept as a constant as 6:1 for each sample. The frequency range
selected for the electromagnetic measurements was 0.5-18 GHz. Based on the mea-
sured complex permittivity and permeability, we assumed that a single layer of
ferrites/paraffin composites was attached on a metal plate. Then, the microwave
absorbing performances were evaluated by the following equation [33]:

Zin—Zo

RL = 20log 777
n

M

where RL denotes the reflection loss in dB unit. Zj is the characteristic impedance
of free space. Z;, is the input characteristic impedance at the absorber/free space
interface, which can be expressed as

Zin :ZOQ / l:—: tanh (] (Z%ﬂ’) A/ I»Lrsr) (2)

where cis the velocity of light, t is the thickness of a ferrite absorber. In this paper, all
t values are in mm unit. & and u; are the measured relative complex permeability
and permittivity, respectively.

3. Results and discussion

Ni-Zn spinel ferrite and Cu-doped, Co-doped Ni-Zn spinel
ferrites were prepared by a conventional ceramic processing
method. Fig. 1 shows the SEM micrographs of (Nip5Zng5)Fe;0y,
(Ni0'4CL10_2Zl‘10.4)F8204 and (Ni0'4C007221‘10'4)F8204 ferrites. The
powders are almost spherical with diameters ranging from 0.2 to
4 wm. These powders are polydisperse and some of them agglom-
erated due to magneto-dipole interactions between powders.

Fig. 2 shows the XRD patterns of the (Nig5Zng 5)Fe;O4 spinel fer-
rite as well as the (Nig 4Cug2Zng 4)Fe;04 and (Nig 4C0g2Zng 4)Fe;04
spinel ferrites. The main peaks of the prepared samples are at
20=18.31°, 30.11°, 35.45°, 37.08°, 43.08°, 53.44°, 56.96°, 62.54°,
70.97°,73.99°,74.98°, 78.96°, 86.74° and 89.64°, which exhibit typ-
ical spinel structure (space group Fd3m). No other phases have been
detected.

Saturation magnetization Ms, remanent magnetization Mr
and coercivity Hc are the main technical parameters to charac-
terize the magnetism of a ferromagnetic particle sample. The
hysteresis loops of (Nigs5Zngs)Fe;04, (Nig4Cug2Zng4)Fe;04 and
(Nig4C0g2Zng 4)Fe;04 spinel ferrites are shown in Fig. 3. Ms and
Hc are 83.48emug-! and 24 0Oe for the (NigsZngs)Fe,0, ferrite,
and 62.18 emu g~! and 10 Oe for the (Nig 4Cug>Zng 4)Fe, 04 ferrite,
and 88.91 emu g~! and 53 Oe for the (Nig 4Cog>Zng 4 )Fe, 0, ferrite,
respectively.

In order to investigate the intrinsic reasons for microwave
absorption of the (NigsZngs)Fe;04, (Nig4Cug2Zng4)Fe;04 and
(Nig4C0g2Zng4)Fe;04 spinel ferrites, the complex permittivities
and permeabilities of the ferrite/paraffin composites were mea-
sured by the coaxial line method. The real parts (') and imaginary
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Fig. 2. XRD patterns of (NigpsZngs)Fe;04 (a), (Nip4Cup2Co04)Fe;04 (b) and
(Nip4C002Zng4)Fe; 04 (c) spinel ferrites.
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Fig. 3. Hysteresis loops of (NigsZngs)Fe;0s4, (NigaCug2Zng4)Fe;04 and
(Nip4C002Zng 4)Fe, 04 spinel ferrites.

parts (u”) of the complex permeabilities of the (Nip5Zng5)Fe;0y4,
(Nio,4Cu0‘ZZn0,4)Fe204 and (Ni0_4C00'22[10_4)F6204 ferrites are
shown in Fig. 4. The ' values of the Ni-Zn spinel ferrites in the
frequency range of 0.5-1.5 GHz decrease after doped with Cu and
Co. In the rest frequency range, such a clear dependence does not
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Fig. 4. Frequency dependence of ' (a) and " (b) of the (Nig5Zng5)Fe;04/paraffin,
(Nig.4Cug2Zng 4 )Fe;04/paraffin and (Nip4Coo2Zng 4 )Fe; 04 /paraffin composites.
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Fig. 5. Frequency dependence of &' (a) and &” (b) of the (Nips5Zngs)Fe;04/paraffin,
(Nip.4Cup2Zng 4 )Fe;04/paraffin and (Nip4Coo2Zng 4 )Fe;04/paraffin composites.

exist for the ' values. As for the p”-frequency spectra (Fig. 4(b)),
" values of the (Nig 4Cog2Zng 4 )Fe, 04 ferrite are bigger than those
of the (Nigs5Zngs5)Fe;04 and (Nig4CugZng 4)Fe;04 ferrites in the
frequency range of 5.5-18 GHz. The real parts (&') and imaginary
parts (&”) of the complex permittivities of Ni-Zn spinel ferrites are
shown in Fig. 5. The ¢’ values of the Ni-Zn spinel ferrite are bigger
than those of the Co-doped Ni-Zn spinel ferrite, but smaller than
those of the Cu-doped Ni-Zn ferrite. The ¢” curves of these sam-
ples are very similar and the ¢” values are around 0. Therefore, the
microwave absorptions of the Ni-Zn spinel ferrite and Cu-doped,
Co-doped Ni-Zn spinel ferrites result mainly from magnetic loss
rather than dielectric loss. According to the ordinary permittivity
dispersion spectra for polycrystalline ferrites in GHz range, there
are two mechanisms responsible for the permittivity dispersion:
electron polarization and ion polarization. The ¢’ values are usu-
ally found invariable with frequency, and the ¢” values are found
very close to zero [45]. Therefore, the dielectric losses for all pre-
pared samples are almost equal to zero. Our results in Fig. 5 are
consistent with this well-accepted phenomenon. So only the real
parts of permittivities affect the impedance-matching conditions
of the Ni-Zn spinel ferrite and Cu-doped, Co-doped Ni-Zn spinel
ferrites.

To evaluate the microwave absorbing performances, the RL in
dB unit can be calculated based on Egs. (1) and (2). If the RL val-
ues of an absorber are less than —10dB (90% absorption), then
we can say that the absorber works very well for the absorb-
ing purposes. In other words, from the impedance-matching point
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Fig.6. Reflection loss of the single layer (Nig5Zng 5 )Fe; 04, (Nig4Cug2Zng 4 )Fe; 04 and
(Nip4Co02Zng 4 )Fe;04 spinel ferrites and the matching thickness tp,.

of view, we can say that Z;, and Zp approximately match each
other. When the impedances match, the matching thickness tp
can be defined as the thickness associated with the minimum
RL value in a RL-frequency curve. Here, the microwave absorb-
ing frequency band (AFB) is defined as the frequency range,
in which the RL values are less than —10dB. The RL spectra
of the single layer (Nigs5Zngs)Fe;04, (Nig4CugZng4)Fe;04 and
(Nig.4Cog2Zng 4)Fe; 04 spinel ferrites are shown in Fig. 6. Compared
with other samples, the (Nigs5Zngs)Fe;04 spinel ferrite has bet-
ter performances, no matter in terms of the AFB or the matching
thickness: its AFB is 5.2 GHz (3.3-5.5 and 9.7-12.7 GHz), while ty,
is 2.97 mm. The RL values of the single layer (Nips5Zng5)Fe;0y4,
(Nio,4Cu0,ZZn0.4)Fe204 and (Ni0'4C00.2Zn0'4)F6204 spinel ferrite
absorbers with the same thickness of 3 mm are calculated and com-
pared in Fig. 7. Under this circumstance, in terms of the RL values,
the (Nig4Cog2Zng4)Fe;04 ferrite has better microwave absorb-
ing performance. The single layer (Nig4Cog2Zng4)Fe;04 ferrite
absorber with a thickness of 3 mm achieved a reflection loss below
—10dB (90% absorption) at 3.9-11.5 GHz, and the minimum value
was —17.01dB at 6.1 GHz.

An easier way to tune the microwave absorbing performances is
to laminate an absorber with different spinel ferrite layers. In each
layer, the ferrite has different complex permeability and complex
permittivity values. We laminated an absorber with two layers of
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Fig. 7. Reflection loss of the single layer (Nig5Zng 5 )Fe204, (Nig.4Cup2Zng 4 )Fe; 04 and
(Nig.4C00.2Zng 4 )Fe;04 spinel ferrites with the same thickness of 3 mm.

ferrites. Theoretically, for an absorber with two layers of magnetic
materials, the following impedance-matching conditions should be
satisfied for the best absorbing performances [46]:
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Fig. 8. Reflection loss of the laminated absorbers with double ferrite layers with the
same thickness of 3 mm (t; and ¢, are the thicknesses of ferrites, the inset shows the
sequence of ferrites).
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where
[ 27ft
Zin(1) = A/ l;l: tanh (J (Tf) \/,ulrglr) (4)
and
Z == (5)

Zin(1) is the input impedance at the interface between the first layer
(Ly) and the second layer (L). Ziy(2) is the input impedance at the
interface between the free space and the outside ferrite layer (L;).
Fig. 8 shows the reflection loss of the laminated absorbers with
double spinel ferrite layers with the same thickness of 3 mm. The
first layers (L;) are (Nigs5Zngs)Fe;04, (Nig4CugzZng4)Fe;04 and
(Nig4C0g2Zng4)Fe;04 spinel ferrites in Fig. 8(a—c), respectively.
Compared with the performances of the single layer absorber
(Figs. 6 and 7), not only the matching frequencies were shifted
to higher values, but also the AFBs were expanded. When the
first layer (L;) and the second layer (L) are (NigsZngs)Fe;04
and (Nig 4Cog2Zng 4 )Fe; 04 ferrites, respectively, the AFB is 9.4 GHz
(3.3-12.7 GHz) and the matching frequency is 11.8 GHz (Fig. 8(a)).

4. Conclusions

Ni-Zn spinel ferrite and Cu-doped, Co-doped Ni-Zn spinel fer-
rites were prepared by a conventional ceramic processing method.
The single layer (Nig4Cog2Zng 4)Fe;04 spinel ferrite absorber with
a thickness of 3mm achieved a reflection loss below —10dB
(90% absorption) at 3.9-11.5GHz, and the minimum value was
—17.01dB at 6.1 GHz. Compared with the performances of the
single layer spinel ferrite absorbers, not only the matching fre-
quencies of the double layer spinel ferrite absorbers were shifted to
higher values, but also the microwave absorbing frequency bands
were expanded. When the first layer and the second layer are
(Nig5Zng5)Fe204 and (Nig4Cog2Zng 4)Fe,04 ferrites, respectively,
the laminated double layer spinel ferrite absorber with a thickness
of 3 mm achieved a reflection loss below —10dB at 3.3-12.7 GHz,
and the minimum value was —49.1dB at 11.8 GHz. The reflection
loss calculations show that the prepared Ni-Zn spinel ferrite and
Cu-doped, Co-doped Ni-Zn spinel ferrites are good electromagnetic
wave absorbers in the microwave range.
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