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a b s t r a c t

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 (Ni0.5Zn0.5)Fe2O4, (Ni0.4Cu0.2Zn0.4)Fe2O4 and (Ni0.4Co0.2Zn0.4)Fe2O4 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 (Ni0.4Co0.2Zn0.4)Fe2O4

spinel ferrite absorber with a thickness of 3 mm achieved a reflection loss below −10 dB (90% absorption)
owder metallurgy
canning and transmission electron
icroscopy

-ray diffraction
agnetic measurements

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 (Ni0.5Zn0.5)Fe2O4 and (Ni0.4Co0.2Zn0.4)Fe2O4

spinel ferrites, respectively, the laminated double layer spinel ferrite absorber with a thickness of 3 mm
achieved a reflection loss below −10 dB at 3.3–12.7 GHz, and the minimum value was −49.1 dB at

11.8 GHz.

. Introduction

Much attention has been focused on microwave absorbing
aterials because of the facts that they can absorb energy from
icrowave and that they can be widely used in the stealth technol-

gy of aircrafts, television image interference of high-rise buildings,
nd microwave dark-room protection, etc. [1–4]. The manufacture
f microwave absorbing materials involves the use of compounds
apable of generating dielectric and/or magnetic losses when
mpinged by an electromagnetic wave. Extensive study has been
arried out to develop microwave absorbing materials with high
fficiency and new absorption materials [1,5–22]. By controlling
he material type (dielectric or magnetic) and thickness, loss fac-
or and impedances, and internal optical design, performance of the

icrowave absorbing material can be optimized for a single narrow
and frequency, multiple frequencies, or over a broad frequency
pectrum [23].
Spinel ferrites have been utilized as absorbing materials in var-
ous forms for many years due to their large magnetic losses and
arge resistivities. However, in the microwave region, the applica-
ions 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 (εr = ε′ − jε′′) and permeability (�r = �′ − j�′′) 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 Fe2O3, NiO, ZnO,
CuO and Co2O3 were sintered at 1250 ◦C for 2 h. The compositions of Ni–Zn spinel
ferrites were tuned by changing the amounts of CuO and Co2O3 in the mixtures.
The particle size of prepared ferrite powders was controlled by passing the grinded

http://www.sciencedirect.com/science/journal/09258388
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In order to investigate the intrinsic reasons for microwave
absorption of the (Ni0.5Zn0.5)Fe2O4, (Ni0.4Cu0.2Zn0.4)Fe2O4 and
(Ni0.4Co0.2Zn0.4)Fe2O4 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
ig. 1. SEM images of (Ni0.5Zn0.5)Fe2O4 (a), (Ni0.4Cu0.2Zn0.4)Fe2O4 (b) and
Ni0.4Co0.2Zn0.4)Fe2O4 (c) spinel ferrites.

owers through a sieve with an average aperture size of 74 �m. The morphology and
icrostructure of the Ni–Zn spinel ferrite and Cu-doped, Co-doped Ni–Zn spinel fer-

ites were observed using a field-emission scanning electron microscopy (FESEM,
itachi S-4700). Their phases and crystalline microstructures were characterized
y X-ray diffraction (XRD), which was carried out in a Rigaku D/MAX-3CX diffrac-
ometer using the K� line of Cu as a radiation source. The compositions of Ni–Zn

pinel ferrite and Cu-doped, Co-doped Ni–Zn spinel ferrites were measured by the
nergy dispersive X-ray (EDX) technique. To measure the microwave electromag-
etic properties (complex permeability and complex permittivity) on a HP8722ES
ector network analyzer, each sample was prepared by mixing the spinel ferrite
owders with paraffin homogenously and was pressed into a ring shape. The inner
ompounds 480 (2009) 634–638 635

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]:

RL = 20 log

∣∣∣ Zin − Z0

Zin + Z0

∣∣∣ (1)

where RL denotes the reflection loss in dB unit. Z0 is the characteristic impedance
of free space. Zin is the input characteristic impedance at the absorber/free space
interface, which can be expressed as

Zin = Z0

√
�r

εr
tanh

(
j

(
2�ft

c

)√
�rεr

)
(2)

where c is the velocity of light, t is the thickness of a ferrite absorber. In this paper, all
t values are in mm unit. εr and �r 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 (Ni0.5Zn0.5)Fe2O4,
(Ni0.4Cu0.2Zn0.4)Fe2O4 and (Ni0.4Co0.2Zn0.4)Fe2O4 ferrites. The
powders are almost spherical with diameters ranging from 0.2 to
4 �m. 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 (Ni0.5Zn0.5)Fe2O4 spinel fer-
rite as well as the (Ni0.4Cu0.2Zn0.4)Fe2O4 and (Ni0.4Co0.2Zn0.4)Fe2O4
spinel ferrites. The main peaks of the prepared samples are at
2� = 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 (Ni0.5Zn0.5)Fe2O4, (Ni0.4Cu0.2Zn0.4)Fe2O4 and
(Ni0.4Co0.2Zn0.4)Fe2O4 spinel ferrites are shown in Fig. 3. Ms and
Hc are 83.48 emu g−1 and 24 Oe for the (Ni0.5Zn0.5)Fe2O4 ferrite,
and 62.18 emu g−1 and 10 Oe for the (Ni0.4Cu0.2Zn0.4)Fe2O4 ferrite,
and 88.91 emu g−1 and 53 Oe for the (Ni0.4Co0.2Zn0.4)Fe2O4 ferrite,
respectively.
Fig. 2. XRD patterns of (Ni0.5Zn0.5)Fe2O4 (a), (Ni0.4Cu0.2Co0.4)Fe2O4 (b) and
(Ni0.4Co0.2Zn0.4)Fe2O4 (c) spinel ferrites.
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ig. 3. Hysteresis loops of (Ni0.5Zn0.5)Fe2O4, (Ni0.4Cu0.2Zn0.4)Fe2O4 and
Ni0.4Co0.2Zn0.4)Fe2O4 spinel ferrites.

arts (�′′) of the complex permeabilities of the (Ni Zn )Fe O ,
0.5 0.5 2 4
Ni0.4Cu0.2Zn0.4)Fe2O4 and (Ni0.4Co0.2Zn0.4)Fe2O4 ferrites are
hown in Fig. 4. The �′ values of the Ni–Zn spinel ferrites in the
requency range of 0.5–1.5 GHz decrease after doped with Cu and
o. In the rest frequency range, such a clear dependence does not

ig. 4. Frequency dependence of �′ (a) and �′′ (b) of the (Ni0.5Zn0.5)Fe2O4/paraffin,
Ni0.4Cu0.2Zn0.4)Fe2O4/paraffin and (Ni0.4Co0.2Zn0.4)Fe2O4/paraffin composites.
Fig. 5. Frequency dependence of ε′ (a) and ε′′ (b) of the (Ni0.5Zn0.5)Fe2O4/paraffin,
(Ni0.4Cu0.2Zn0.4)Fe2O4/paraffin and (Ni0.4Co0.2Zn0.4)Fe2O4/paraffin composites.

exist for the �′ values. As for the �′′-frequency spectra (Fig. 4(b)),
�′′ values of the (Ni0.4Co0.2Zn0.4)Fe2O4 ferrite are bigger than those
of the (Ni0.5Zn0.5)Fe2O4 and (Ni0.4Cu0.2Zn0.4)Fe2O4 ferrites in the
frequency range of 5.5–18 GHz. The real parts (ε′) and imaginary
parts (ε′′) of the complex permittivities of Ni–Zn spinel ferrites are
shown in Fig. 5. The ε′ 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 ε′′ curves of these sam-
ples are very similar and the ε′′ 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 ε′ values are usu-
ally found invariable with frequency, and the ε′′ 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 Eqs. (1) and (2). If the RL val-
ues of an absorber are less than −10 dB (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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Zin(2) =
Z2

[
Zin(1) + Z2 tanh

(
j(2�ft/c)

√
�2rε2r

)]
Z2 + Zin(1) tanh

(
j(2�ft/c)

√
�2rε2r

) = Z0 (3)
ig. 6. Reflection loss of the single layer (Ni0.5Zn0.5)Fe2O4, (Ni0.4Cu0.2Zn0.4)Fe2O4 and
Ni0.4Co0.2Zn0.4)Fe2O4 spinel ferrites and the matching thickness tm.

f view, we can say that Zin and Z0 approximately match each
ther. When the impedances match, the matching thickness tm

an be defined as the thickness associated with the minimum
L value in a RL–frequency curve. Here, the microwave absorb-

ng frequency band (AFB) is defined as the frequency range,
n which the RL values are less than −10 dB. The RL spectra
f the single layer (Ni0.5Zn0.5)Fe2O4, (Ni0.4Cu0.2Zn0.4)Fe2O4 and
Ni0.4Co0.2Zn0.4)Fe2O4 spinel ferrites are shown in Fig. 6. Compared
ith other samples, the (Ni0.5Zn0.5)Fe2O4 spinel ferrite has bet-

er performances, no matter in terms of the AFB or the matching
hickness: its AFB is 5.2 GHz (3.3–5.5 and 9.7–12.7 GHz), while tm

s 2.97 mm. The RL values of the single layer (Ni0.5Zn0.5)Fe2O4,
Ni0.4Cu0.2Zn0.4)Fe2O4 and (Ni0.4Co0.2Zn0.4)Fe2O4 spinel ferrite
bsorbers with the same thickness of 3 mm are calculated and com-
ared in Fig. 7. Under this circumstance, in terms of the RL values,
he (Ni0.4Co0.2Zn0.4)Fe2O4 ferrite has better microwave absorb-
ng performance. The single layer (Ni0.4Co0.2Zn0.4)Fe2O4 ferrite
bsorber 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
as −17.01 dB at 6.1 GHz.
An easier way to tune the microwave absorbing performances is
o laminate an absorber with different spinel ferrite layers. In each
ayer, the ferrite has different complex permeability and complex
ermittivity values. We laminated an absorber with two layers of

ig. 7. Reflection loss of the single layer (Ni0.5Zn0.5)Fe2O4, (Ni0.4Cu0.2Zn0.4)Fe2O4 and
Ni0.4Co0.2Zn0.4)Fe2O4 spinel ferrites with the same thickness of 3 mm.
ompounds 480 (2009) 634–638 637

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]:
Fig. 8. Reflection loss of the laminated absorbers with double ferrite layers with the
same thickness of 3 mm (t1 and t2 are the thicknesses of ferrites, the inset shows the
sequence of ferrites).
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here

in(1) =
√

�1r

ε1r
tanh

(
j
(

2�ft

c

)√
�1rε1r

)
(4)

nd

2 =
√

�2r

ε2r
(5)

in(1) is the input impedance at the interface between the first layer
L1) and the second layer (L2). Zin(2) is the input impedance at the
nterface between the free space and the outside ferrite layer (L2).

Fig. 8 shows the reflection loss of the laminated absorbers with
ouble spinel ferrite layers with the same thickness of 3 mm. The
rst layers (L1) are (Ni0.5Zn0.5)Fe2O4, (Ni0.4Cu0.2Zn0.4)Fe2O4 and
Ni0.4Co0.2Zn0.4)Fe2O4 spinel ferrites in Fig. 8(a–c), respectively.
ompared with the performances of the single layer absorber
Figs. 6 and 7), not only the matching frequencies were shifted
o higher values, but also the AFBs were expanded. When the
rst layer (L1) and the second layer (L2) are (Ni0.5Zn0.5)Fe2O4
nd (Ni0.4Co0.2Zn0.4)Fe2O4 ferrites, respectively, the AFB is 9.4 GHz
3.3–12.7 GHz) and the matching frequency is 11.8 GHz (Fig. 8(a)).

. Conclusions

Ni–Zn spinel ferrite and Cu-doped, Co-doped Ni–Zn spinel fer-
ites were prepared by a conventional ceramic processing method.
he single layer (Ni0.4Co0.2Zn0.4)Fe2O4 spinel ferrite absorber with

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

ingle layer spinel ferrite absorbers, not only the matching fre-
uencies of the double layer spinel ferrite absorbers were shifted to
igher values, but also the microwave absorbing frequency bands
ere expanded. When the first layer and the second layer are

Ni0.5Zn0.5)Fe2O4 and (Ni0.4Co0.2Zn0.4)Fe2O4 ferrites, respectively,
he laminated double layer spinel ferrite absorber with a thickness
f 3 mm achieved a reflection loss below −10 dB at 3.3–12.7 GHz,
nd the minimum value was −49.1 dB at 11.8 GHz. The reflection
oss calculations show that the prepared Ni–Zn spinel ferrite and
u-doped, Co-doped Ni–Zn spinel ferrites are good electromagnetic
ave absorbers in the microwave range.
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