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Abstract

The complex permeability and complex permittivity of Co,Z hexagonal ferrite and

the microwave properties of ferrite composite material consisting of Co,Z and

yttrium iron garnet (YIG) slabs have been discussed in this paper. Negative permittivity
is obtained in the semiconductive Co,Z, and Zn doping can further enhance the dielectric
resonance. However, the high conductivity prevents Co,Z from producing negative
permeability that originates from ferromagnetic resonance, i.e. double negative
properties cannot be obtained in semiconductive or metallic ferromagnet. When

Co,Z is combined with YIG, the composite structure shows magneto-tunable
left-handed properties where Co,Z provides negative permittivity and YIG

provides negative permeability.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Left-handed materials (LHMs) that are of negative permittivity
and negative permeability simultaneously have attracted
considerable attention due to their exotic physical properties
and potential applications in optical and microwave devices
[1-6]. Since the first LHM consisting of split-ring resonators
(SRRs) and metallic rods was made in 2000, similar artificial
structures have been well developed and optimized [7-13].
However, their left-handed properties originate from the
structure rather than deriving directly from the materials’
nature; thus it becomes a challenging and interesting subject
to realize left-handed properties using the materials’ intrinsic
properties. In recent years, some LHMs based on continuous
media, such as ferrites and ferroelectric ceramics, were
studied in theory and made in experiment [14—19]. In the
LHMs composed of ferrites, ferrites were used to produce
negative permeability through the ferromagnetic resonance
(FMR) and were combined with metallic wires with negative
permittivity [16, 17].

0022-3727/09/025403+05$30.00

Ferrites are a type of magnetic media with complex
permeability and complex permittivity simultaneously, whose
dielectric properties are closely associated with the conduction
mechanism. It was reported that ferrites could become
semiconductors and exhibit negative permittivity after special
processing [20]. It seems possible to produce both negative
permeability and negative permittivity in a ferrite.

Co,Z hexagonal ferrite was selected as the candidate
because its permeability turns negative above 2GHz due
to spin resonance [21,22] and its high conductivity might
induce negative permittivity [20]. In this paper, we studied
the magnetic and dielectric properties of Co,Z, as well as
the microwave characters of the ferrite composite material
consisting of Co,Z and yttrium iron garnet (YIG). The left-
handed properties were obtained in the composite, where
Co,Z provided negative permittivity and YIG provided
negative permeability around its FMR frequency. Moreover,
the possibility of realizing a single phase LHM using a
semiconductive ferromagnet is discussed.

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. Complex permittivity for the sample of Ba,Co,Feys_,
Zn, 04 (x =0, x = 0.6).
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2. Experimental

Co,Z hexagonal ferrite with a composition of
BasCoyFeys—Zn, 04 (x = 0,0.6) was prepared using the
conventional ceramics method. After calcination at 1290 °C,
single phase Co,Z powder was obtained, which is confirmed
by means of powder x-ray diffraction. The dry-pressed rings,
pellets and slabs were sintered at 1300 °C for 6h. The sin-
tered slabs were sliced and ground precisely to the required
dimensions. The YIG slab is commercially available. The
frequency dependences of permeability and permittivity were
measured using an Agilent 4991 A impedance/material ana-
lyzer from 1 MHz to 1 GHz. The microwave properties of the
samples were measured in a rectangular waveguide (WR284,
a = 72.14mm and b = 34.04 mm). The slab samples filled
the cross section of the waveguide. The S parameters were
measured by an HP 8720ES network analyzer. The composite
sample consisted of a Co,Z slab and a YIG slab and there was
a gap (d) between them. An electromagnet was used to gener-
ate the external magnetic field (Hj) and the magnetic field was
perpendicular to the propagation direction of electromagnetic
waves.

3. Results and discussion

Figure 1 shows the complex permittivity for the samples
(x = 0, 0.6) sintered at 1300 °C. The dielectric spectra show
typical frequency-dispersive character and a resonance peak
appears at about 200 MHz. The dielectric permittivity turns
negative above the resonance frequency.

The sample with Zn substitution (x = 0.6) has higher
permittivity and stronger resonance. In the lattice of Z-type
hexaferrite, the transition metal ions, such as Fe3*, Fe?*,
Co?*, Co** and Zn?*, are located at the interstitial sites. The
loss of oxygen during the sintering process results in the
valency variation of transition metal ions and the formation
of charge carriers (n-type and p-type). If the ferrite were to
be sintered at high temperature and not annealed in oxygen,
the specimens would be semiconductive. The high electric
conductivity of the semiconductor makes it just like a metal
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Figure 2. Complex permeability for the sample of Ba,Co,Feys—,
an041 ()C = 0, X = 06)

in many aspects and the oscillation of electrons results in
negative permittivity. Similarly, it was reported that some
organic semiconductors exhibited negative capacitance in the
impedance measurement [23].

Moreover, the active energy of electronic transfer between
Fe?* and Fe?* is low, the electronic transfer between Fe3*
and Fe* in octahedral sites gives the main contribution to
the electric conduction mechanism of ferrite [24—28]. Zn**
ions prefer to occupy tetrahedral sites and drive some Fe* to
octahedral sites, which contribute to the increment in electric
conductivity. The dielectric permittivity of ferrites is directly
proportional to the root mean square of the conductivity & o
(1/p)'/? [29]. Zn substituted Co,Z (x = 0.6) exhibits higher
dielectric permittivity and stronger dielectric resonance.

Figure 2 shows the complex permeability of the samples.
Both the samples have relaxation dispersion and the Zn
doping induces a drop in permeability. The permeability
is proportional to M2 and is inversely proportional to
magnetocrystalline anisotropy (K;). Nonmagnetic Zn>* ions
prefer to occupy the tetrahedral sites antiparallel to the
whole magnetic moment, so the saturation magnetization
increases with Zn doping. However, since the introduction
of nonmagnetic Zn>* ions can decrease the Curie temperature,
room-temperature (RT) saturation magnetization decreases. It
was reported that the RT saturation magnetization drops when
the Zn content is higher than 0.5 in Co,Z [30]. In addition, the
substitution of Zn in Co,Z does not change K| apparently [31].
Hence, the permeability decreases in the Zn-doped Co,Z.

According to classic ferromagnetism, the permeability
turns negative above the FMR frequency with the aid of
the bias magnetic field. For hexagonal ferrites, the strong
magnetocrystalline field in the oriented sample may play
the role of a bias field instead of an external field. It was
reported that negative permeability was obtained above 2 GHz
in the oriented Co,Z sample [21,22]. However, we did not
use the oriented sample and the bias field was not applied
in the impedance measurement, so there was no negative
permeability in figure 2.
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Figure 3. Transmission spectra for Ba,Co,Fe;; 4Zn 404 measured
under different magnetic fields.

The microwave properties of Zn doped Co,Z (x = 0.6)
under an external magnetic field were measured using the
waveguide method, and the results are shown in figure 3.
According to Maxwell equations, the microwave cannot
propagate in single negative medium (negative permeability
or negative permittivity), therefore a forbidden band appears;
the microwave can propagate in double negative medium, so a
passband appears. In the transmission spectra, the absence of a
tunable passband indicates that Co,Z does not possess negative
permeability and negative permittivity simultaneously. In
addition, there is also no obvious tunable forbidden band,
which is the evidence of negative permeability around FMR
frequency. It is presumed that the high conductivity of the
sample may prevent FMR.

Then we simulated the transmission properties of ferrites
with different conductivities at FMR using the method of finite
difference time domain and perfect boundary approximation.
In the simulation, a gyromagnetic slab was filled in a rectangle
space with a cross section of 72 x 34 mm? where a transverse
electric wave was excited and two ports were far away from
the sample. The boundaries of the calculated space were set
as perfect electric walls and perfect magnetic walls. Figure 4
shows the simulated transmission spectra of ferrite slabs with
different conductivities. The results show that the forbidden
band corresponding to FMR appears when the conductivity
of the sample is relatively low. When the conductivity
increases, the narrow forbidden band disappears gradually
and a very broad forbidden band appears instead, which may
originate from the plasma resonance of the semiconductive
sample. The results indicate that the high conduction of
the sample destroys the FMR; therefore negative permittivity
and negative permeability cannot be produced simultaneously
using a metallic or semiconductive ferromagnet.

To confirm the negative permittivity of Co,Z and achieve
LHM, we combined the Co,Z (x = 0.6) slab with the YIG
slab and measured the transmission properties. Figure 5(a)
shows the transmission spectra of a single YIG slab under
different magnetic fields. The YIG slab can produce negative
permeability around the FMR frequency, so a magneto-
tunable forbidden band is observed. The frequency of the
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Figure 4. Simulated transmission spectra for ferrites with different
conductivities under a 240 000 A m~! bias magnetic field.
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Figure 5. (a) Amplitude of S, for the YIG slab measured under
different magnetic fields. () Amplitude of S,; for the composite
(d = 3 mm) measured under different bias magnetic fields.

downward peak rises from 2.9 to 3.9 GHz when the magnetic
field increases from 39200 to 67200 Am~'. The measured
transmission spectra of the composite structures are shown in
figure 5(b). In the composite, a Zn doped Co,Z (x = 0.6) slab
(72 x 34 x 5Smm?®) and a YIG slab (72 x 34 x 1 mm?>) are
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Figure 6. Retrieved frequency dependence of effective
permeability (a) and effective permittivity (b) based on the
calculated scattering parameters. (') and () denote the real and the
imaginary parts of the parameters, respectively.

placed parallelly with a gap d = 3 mm and fill the section of
the waveguide. An upward peak, instead of a downward peak,
appears in the transmission spectra. The centre frequency of
the transmission peak shifts from 2.7 to 3.7 GHz, while the
bias magnetic field increases from 42400 to 67200 Am™"'.
The frequency of the upward peak corresponds to that of the
downward peak for YIG under the same field condition. The
transmission passband results from the coexistence of negative
permeability and negative permittivity in the composite. The
properties of the ferrite composite are the same as that of the
left-handed composite consisting of YIG and metallic wires,
where YIG provides negative permeability and metallic wires
provide negative permittivity [16, 17]. In our ferrite composite,
Co,Z takes the place of metallic wires to provide negative
permittivity.

The effective permeability and negative permittivity of
the composite were retrieved using the simulated scattering
parameters [33-36]. All the simulated conditions are in
complete accordance with practice. Both Co,Z and YIG
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Figure 7. Amplitude of S,; for the sample with different
thicknesses d measured under a 53 600 A m~! bias magnetic field.

were considered as gyromagnetic media. Co,Z was set as a
semiconductor with a conductivity of 1Sm™" and YIG was
set as an isolator. The distance between the two slabs is
I mm. Figure 6 shows that both effective permeability and
permittivity are negative. The calculated results support the
experimental results about the left-handed properties of the
composite consisting of Co,Z and YIG slabs.

In the composite of YIG and metallic wires, the
electromagnetic interaction between YIG and metallic wires
destroys the left-handed properties; therefore a gap between
them is needed [15-17,32]. The condition is similar to our
ferrite composite, and the effect of the gap (d) between the
YIG slab and the Co,Z slab on the left-handed property is also
discussed. The transmission spectra of the ferrite composite
with different d measured under a bias field of 53600 A m™!
are shown in figure 7. When d is Omm, the left-handed
property is prevented due to the negative influence of the
electromagnetic interaction and an apparent forbidden band
appears. When d is 3, 5, 7 or 13 mm, an obvious transmission
passband is observed in the transmission curves because the
negative effect of electromagnetic interference is reduced. On
the other hand, the width of the passband decreases and the
loss increases with the rise in d and the transmission passband
disappears when d is large enough.

4. Conclusion

In summary, the complex permeability and complex
permittivity of Co,Z and microwave properties of the
composite consisting of Co,Z and YIG slabs have been
discussed. High temperature sintered Co,Z is semiconductive
and produces negative permittivity above the dielectric
resonance frequency. Zn doping can enhance the dielectric
resonance of Co,Z further. But the high conductivity prevents
Co,Z from producing negative permeability. When Co,Z is
combined with YIG, the composite structure shows magneto-
tunable left-handed properties where Co,Z provides negative
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permittivity and YIG provides negative permeability. It is
a real LHM whose negative parameters both inherit from
the materials’ nature. Although LHM was not made in a
single phase material, this composite material can significantly
promote the development of LHM based on continuous media.
If a special process can make one part of the ferromagnet
semiconductive and the other insulated, LHM may be realized
in one medium.
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