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Abstract

Ba2ZnZCo2�ZFe12O22 hexaferrites with Z=0.0, 0.4, 1.2, 1.6 and 2.0 were prepared at temperature 1100 �C for 5 h by citrate sol-

gel process. The complex dielectric constant and complex permeability of hexaferrite–paraffin wax composites had been measured
by the transmission/reflection coaxial line method in the range from 100 MHz to 6 GHz. The results show that both the complex
dielectric constant and dielectric loss decrease as measuring frequency increases, the dielectric loss were near to zero at high fre-
quency. It also shows that the real part of permeability decreases as the frequency increases in the whole range of measuring fre-

quency. The natural phenomenon is observed in m00 spectrum for Zn0.4Co1.6Y, Zn1.2Co0.8Y, Zn1.6Co0.4Y and Zn2Y hexaferrites. The
substitution of Zinc ions had a close effect on the microwave properties of Ba2ZnZCo2�ZFe12O22 ferrites, the higher the Zinc ions
content, the lower the natural resonance frequency is. # 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Hexaferrites are classified into five main types depend-
ing on chemical formula and crystal structure. These are
the M-type (BaFe12O19), W-type (BaMe2Fe16O27), Y-type
(Ba2Me2Fe12O22), Z-type (Ba3Me2Fe24O41) and X-type
(Ba2Me2Fe28O46). Among them, Y-type ferrite is con-
structed from basic units of hexagonal barium M ferrite
and cubic spinel ferrites, which retain a hexagonal
structure, usually with the direction of magnetization
parallel to the c-axis. However, if the metal M=Cobalt
II, or Zinc II, then Co2Y, Zn2Y are formed, known as
ferroxplana ferrites, so called because they possess an
easy plane (basal plane) of magnetization perpendicular
to the c-axis.1,2 This results in a reduction of applied
magnetic field required for ferromagnetic resonance and
thus provides an ideal material for use at GHz fre-
quency. The spinel ferrites can be only used up to 300
MHz.3 Because of this, the ferroxplana ferrites are com-
mercially important materials to be used for inductor
cores, u.h.f. communications and other high frequency

applications.4 The magnetic permeability has been studied
for the Y-type hexaferrites Ba2Ni2�xZnxFe12O22

5,6 while
the ferromagnetic resonance linewidths in single crystals
of Mn-doped Ba2Zn2Fe12O22 has been measured as a
function of frequency (0.01–40 GHz) and temperature
(4–300 K).7

The classical ceramics method for preparing Ba2Me2
Fe12O22

8,9 ferrite requires a high calcining temperature,
which induces aggregation of the particles. Afterwards,
the milling process generally yields nonhomogeneous
mixtures on a microscopic scale and introduces lattice
strains in the materials. To achieve homogeneity of ions at
atomic level in the precursor, the sol-gel technique is used
for preparing a series of Y-type Ba2ZnZCo2�ZFe12O22
hexaferrites with more perfect crystallography. More-
over, a narrow size distribution has been achieved in
this paper. The effect of composition on complex per-
meability and complex dielectric constants and their
dependences on frequency have been studied.

2. Experimental procedure

2.1. Preparation of hexaferrite powder

A series of ferrite samples of Ba2ZnZCo2�ZFe12O22
with Z=0.0, 0.4, 1.2, 1.6 and 2.0 were prepared by using
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a citrate sol-gel technique. A stoichiometric amount of
ferric citrate and barium carbonate was dissolved in a
citric acid aqueous solution at 80 �C, and then a stoi-
chiometric amount of cobalt nitrate and zinc nitrate was
added, yielding a completely homogenous transparent
solution within a few seconds. These solutions were
slowly evaporated until a highly viscous residue was
formed. A dried gel was developed by heating the resi-
due in the temperature range of 120–140 �C. The dried
gel was first preheated at 450 �C for 5 h. Then the
obtained amorphous precursor was thermally processed
to attain Ba2ZnZCo2�ZFe12O22 ferrite crystalline by the
heat-treatment at 1000, 1100 and 1200 �C for 5 h, respec-
tively, using a heating rate of 5 �C/min. A schematic of the
preparation process is shown in Fig. 1.

2.2. Preparation of samples

The complex permeability (�*) and complex dielectric
constant ("*) spectrum of the Ba2ZnZCo2�ZFe12O22
hexaferrite powders were measured using the following
technique. The ferrite powders were randomly dispersed
in paraffin wax with volume fraction 25%. The ferrite
powder and wax mixtures were die-pressed to form
cylindrical toroidal specimens with 3.0 mm inner dia-
meter, 7.0 mm outer diameter, and 2–4 mm thick.

2.3. Microwave measurements

The transmission/reflection coaxial line method was
used to measure the microwave complex permeability

and permittivity of the ferrite–wax mixture samples. A
gold-plated coaxial airline with a connector interface of
7 mm in precision was used to hold the samples to be
measured. An HP8753E vector network analyzer was
used to measure the transmission and reflection coeffi-
cients of the samples over the frequency range of 0.1–6.0
GHz. The relative complex permeability and permittivity
of the samples were calculated from the measured trans-
mission and reflection coefficients using the theoretical
formulas described by Weir.10

2.4. Structure characterization

The powders fired at 1000, 1100 and 1200 �C for 5 h
were investigated by means of X-ray diffractometer,
using Fe Ka radiation, to characterize the phase struc-
ture. The microstructure was observed using scanning
electronic microscopy (SEM). For this purpose the pre-
cursor powders preheated at 450 �C for 5 h were pressed
into disc-shaped samples with diameter 10 mm and
thick 3 mm under a pressure of 10 kPa. Then the disc-
shaped samples were sintered at 1200 �C for 5 h and
slowly cooled to room temperature. Finally, the samples
were ground, polished and etched by HF acid.

3. Results and discussion

The XRD patterns of Ba2Zn1.2Co0.8Fe12O22 Y-type
hexaferrite samples synthesized by the citrate sol-gel
route are shown in Fig. 2. The standard diffraction data

Fig. 1. Schematic diagram of the preparation of Ba2ZnZCo2�ZFe12O22 powder.

836 Z. Haijun et al. / Journal of the European Ceramic Society 22 (2002) 835–840



of pure M, Y-type (Zn2Y) hexaferrites and the XRD
results of samples annealed at 1100 and 1200 �C with 2�
from 0 to 70� are shown in Table 1. Which results show
that Y-type phases and few of M-type hexaferrite are
present in the sample when precusor is calcined at 1000 �C
for 5 h. As the firing temperature is increased to 1100
and 1200 �C, the only crystalline phase detected by
XRD is Y-type hexaferrite. The temperature applied is
much lower than that of classical ceramics method to
synthesize Ba2Zn1.2Co0.8Fe12O22 ferrite.
The microstructure of eroded surface of Ba2Zn1.2-

Co0.8Fe12O22 ferrite calcined at 1200
�C for 5 h in air is

shown in Fig. 3. It indicates that the Y-type hexaferrite
particles fired at 1200 �C are homogeneous hexagonal
column-shaped crystals, with an even size of 1.0 by 5.0
mm, also in a narrow distribution.
Fig. 4 shows the variation of complex dielectric con-

stant "* with frequency for all Ba2ZnZCo2�ZFe12O22
ferrite samples (Z=0.0, 0.4, 1.2, 1.6 and 2.0) heat-treated
at 1200 �C for 5 h and measured by the transmission/
reflection coaxial line method. The general behavior of
"0 and "00 with frequency can be summarized as follows.
At low frequencies the values of "0 and "00 are high, and

then they decrease with increasing frequencies, finally
becoming unchangeable at 6 GHz. It is also found that the
values of "0 and "00 depend on composition, with a max-
imum value for the hexaferrite samples with Z=1.2.
Fig. 5 illustrates the frequency dependence of the real

part and imaginary part of permeability for all samples
in the range 0.1–6.0 GHz. It can be observed that the
real part of permeability (�0) decreases monotonically
with increase of frequency for samples with Z=0.0, 0.4,
1.2, 1.6 and 2.0, however, this decrease is more rapidly
at low frequencies than at high frequencies. It also can
be noticed that there is a very obvious resonance phe-
nomenon in FMR spectrum, corresponding to natural
resonance, for Zn2.0Y (fr=489 MHz), Zn1.6Co0.4Y (fr=
848 MHz) and Zn1.2Co0.8Y (fr=1.32 GHz) hexaferrites,
with a very small resonance peak at 3.36 GHz for
Zn0.4Co1.6Y hexaferrite. However, no resonance phe-
nomenon can be observed in the FMR spectrum curve
for Co2Y hexaferrite, i.e. the natural resonance peak
may appear at higher frequencies beyond measuring
range. It also shows that natural resonance frequency has
a close relation with Zinc ion content. The resonance peak
is shifted toward lower frequencies (from over 6 GHz to

Fig. 2. X-ray diffraction pattern of Y-type hexaferrite Ba2ZnZCo2�ZFe12O22 powders heated at 1000, 1100, and 1200
�C for 5 h (Z=1.2).
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489 MHz) as Zinc ions content is increased from Z=0.0
to Z=2.0.
In materials with planar anisotropy, the natural FMR

frequency will be determined by the rotational stiffness of
the magnetization within the preferred plane as well as by
the rotational stiffness of the magnetization out of the
preferred plane. The resonance condition is given by,

2�fres ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffi
H�H�

p
ð1Þ

whereH� andH� are the corresponding anisotropy fields,
respectively. H� is connected with crystal anisotropy

constant K1, K2 which have very high values; H� is
connected with the crystal anisotropy constant K3,
which is a measure of the stiffness of the rotation in the
preferred plane. If K3 is small, then H� can be deter-
mined by stress anisotropy and shape anisotropy. The
anisotropy field H� is usually 1000 times smaller than

Table 1

The standard diffraction data of pure M, Y-type hexaferrites and the XRD results of samples annealed at 1100 and 1200 �C with 2� from 0 to 70�

M-type JCPDS 43-0002 Y-type JCPDS 44-0207 Sample powder annealed at 1100 �C Sample powder annealed at 1200 �C

d Value Int. d Value Int. d Value Int. d Value Int.

2.9460 45 2.9378 100 2.9398 100 2.9417 100

2.8978 15 2.8787 28 2.8824 36 2.9006 42

2.8552 9 2.8013 81 2.7962 65 2.7980 67

2.7779 89 2.7249 29 2.7217 30 2.7461 39

2.6262 100 2.6558 45 2.6528 35 2.6543 35

2.5513 9 2.5391 10 2.5433 25

2.5359 5 2.5115 77 2.5116 67 2.5333 65

2.5198 7 2.4793 22 2.4780 22 2.4794 22

2.4227 47 2.4428 26 2.4416 36 2.4429 36

2.2352 30 2.1974 63 2.1974 59 2.1974 53

2.1290 19 1.6966 17 1.6990 31 1.6990 25

1.6666 37 1.6681 25 1.6659 25 1.6857 17

1.6320 21 1.6548 15 1.6532 24 1.6565 25

1.6248 43 1.6364 21 1.6370 35 1.6327 37

1.4730 44 1.4692 44 1.4705 55 1.4692 54

Fig. 3. SEM photograph of the eroded surface of Ba2Zn1.2Co0.8
Fe12O22 sintered at 1200

�C for 5 h.

Fig. 4. Frequency dependence of "0 and "00 of Ba2ZnZCo2�ZFe12O22
(1200 �C/5 h)–wax composite.
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H�. Assuming that �0 is due solely to rotations, H� will
be related to �0 according to Eq. (2),

ð�0 � 1Þ

4�
ffi

MS

3H�
ð2Þ

where �0 is the static initial permeability and MS is the
saturation magnetization. Literature values for H� and
H� will give an indication of FMR frequency expected for
Y hexaferrite studied here. Typically, H� is much larger
than H� for Co2Y, H�=2.2�10

6 Am�1 1 and H�

	2.71�104 Am�1 1 resulting in fres=8.65 GHz according
to Eq. (1). For Zn2Y hexaferrite, H�=7.166�10

6 Am�1,
H� can be estimated from Eq. (2) and is about 845
Am�1, which results in fres=487 MHz by Eq. (1). It is in
well agreement with the measurement results. The ani-
sotropy of Y-type hexaferrite becomes smaller as the
zinc content increases, thus natural FMR resonance of
these ferrite decreases with increase of zinc ions content.
Fig. 6 shows the frequency dependence of dielectric

loss and magnetic loss in the range of 0.1–6 GHz for all
samples. The dielectric loss is very small and decreases
with frequency. The decrease is more rapid at low fre-
quencies than at high frequencies. The maximum value
of "00/"0 is observed in dielectric constant spectrum of
Zn1.6Co0.4Y. It also illustrates that the magnetic loss

almost increases with frequency monotonically in the
measuring frequency range for all samples but
Zn1.6Co0.4Y and Zn2Y hexaferrite. However, for the
latter two samples the magnetic loss increases with fre-
quency in the beginning, until reaching a small peak at
about 800–1000 MHz, after which �00/�0 decreases a lit-
tle at first, and then increases with frequency.
According to transmission line theory, the reflection

coefficient (dB) is a function of the normalized input
impedance at the surface of a single layer material
backed by a perfect conductor, which is expressed as
shown below,

R ¼ 20lg 	j j ¼ 20lg
Zin Nð Þ � Z0
Zin Nð Þ þ Z0

����
���� ð3Þ

where Z0 is the characteristic impedance of free space,

Z0 ¼

ffiffiffiffiffiffi
�0
"0

r
ð4Þ

Zin is the input impedance at free space and material
interface,

Zin ¼

ffiffiffiffiffiffiffiffiffi
�0�

"0"

r
tanh j2�f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�0�"0"d

p� �
ð5Þ

Fig. 5. Frequency dependence of �0 and �00 of Ba2ZnZCo2�ZFe12O22
(1200 �C/5 h)–wax composite.

Fig. 6. Frequency dependence of dielectric and magnetic loss of

Ba2ZnZCo2�ZFe12O22 (1200
�C/5 h)–wax composite.
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where f and d are the frequency of electromagnetic wave
and the thickness of the material, respectively. The
reflection coefficients can be calculated by using Eqs.
(3)–(5). Obviously, the reflection coefficient is negative,
and the lower the reflection coefficient, the higher the
absorption is. The calculated microwave reflection coef-
ficients of Ba2ZnZCo2�ZFe12O22 in the frequency range
from 0.1 to 6 GHz are shown in Fig. 7. It can be seen
that reflection loss increases with frequency for all of the
samples, and there is a maximum reflection loss for
Zn1.2Co0.8Y hexaferrite at 6 GHz, which is about 15 dB.

4. Conclusions

A series of Ba2ZnZCo2�ZFe12O22 hexaferrite are pre-
pared by citrate sol-gel technique at the temperature
1100 �C for 5 h with precursors of ferric citrate, barium
carbonate and metal nitrates. The Y-type hexaferrite
particles fired at 1200 �C are column-shaped, with an
even size of 1.0 by 5.0 mm. The complex permittivity and
complex permeability spectrum of all samples have been
measured by using transmission/reflection coaxial line
method. The results in the frequency range from 0.1 to 6

GHz show that the complex permittivity decreases with
increase of frequency; the higher the Zinc ions content,
and the smaller the permittivity is. It is also found that
Zinc ions content strongly affects the natural resonance
frequency of Ba2ZnZCo2�ZFe12O22 hexaferrite. The
resonance frequency shifts towards lower frequency
from over 6 GHz to 489 MHz as the Zinc ions content
increases from Z=0.0 to Z=2.0.
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