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Abstract. The characterization of barium hexaferrite thin-films at microwave frequencies is important for
determining their electromagnetic properties by measuring the elements of the permeability tensor. Layers of
15mmwere deposited by RF sputtering on a coplanar line. As a result of this deposition and annealing technique,
the magnetic moments are mainly oriented in the plane of the layer. By measuring the S parameters under
magnetic field conditions, the m and k elements of the permeability tensor were extracted and their variations as
a function of the applied field were highlighted. Possible applications to absorbent layers are being considered.
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1 Introduction

Knowledge of the electromagnetic properties of ferrites is
essential for modeling and designing components and
deriving their performance. Numerous studies have been
carried out on barium hexaferrite, a hard material that can
be used to design self-biased non-reciprocal components
[1–4]. Various characterization methods have been devel-
oped to extract the constituent parameters of these
materials. For example in [5,6] microwave absorption
performance of barium hexaferrite multi-nanolayers are
characterized. In the same way in [7], the effective
permeability of Barium ferrite is obtained by coaxial-line
measurement and Nicolson RossWeir procedure. However,
the most of microwave characterization on barium ferrite
and substituted barium hexagonal ferrites are made by this
method leading to only effective permeability and not to
the elements of the permeability tensor [8,9]. Methods for
determining elements of the permeability tensor [10–12],
and elements of the thin-film tensor [13,14] are fewer in
number and more difficult to implement. We will use the
latter method, developed in the laboratory, which uses a
coplanar line on which a thin layer of barium ferrite has
been deposited. It is interesting to note that the magnetic
properties of these layers can sometimes be different from
those of the bulk material. The study proposed in this
article consists of evaluating two elements of the
permeability tensor (m and k) and studying their variation
as a function of a transversely applied field. The study of
these parameters is important to design non-reciprocal
components when usually the ratio jk

m
is an essential

parameter.
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2 Method

2.1 Measurement cell

The measurement cell shown in Figure 1 consists of a CPW
line on which a layer of barium hexaferrite (BaM) has been
deposited by RF sputtering. The dimensions of the CPW
line cell are slot widthW=40mm, central line width 72mm
and length arround 16mm. The biasing magnetic field is
applied transversely using an electromagnet.

2.2 Magnetic film parameters

Table 1 shows the characteristics of the layer obtained by
RF sputtering. Vibrating-sample magnetometer measure-
ment (VSM) are given in Figure 2.

2.3 Permeability measurement

The method is based on a comparison of the properties of a
CPW line without a magnetic layer and an identical line
with a magnetic layer [13]. From the measurement of the S
parameters, the propagation constants (b+ and b– depend-
ing on the direction of direct and reverse propagation) are
calculated by solving the following equations:

T 2
þS12 � Tþ 1� DSð Þ þ S21 ¼ 0

T 2
�S21 � T� 1� DSð Þ þ S12 ¼ 0

DS ¼ S11S22 � S12S21

ð1Þ

where,

Tþ ¼ e�jbþLT� ¼ e�jb�L

L is the length of the line.
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Fig. 1. Cross section of the measurement cell; s = 72mm,
w=40mm and the length 16mm.

Table 1. BaM layer.
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Fig. 2. VSM measurement in plane.

Fig. 3. Experimental results without bias-field : m
0
eff and m00

eff .

 

Fig. 4. Experimental results: k
0
eff and k00eff .
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When the layer is non-magnetic or non-magnetized:

T 2
0S120 � T 0 1� DSð Þ þ S210 ¼ 0

DS0 ¼ S110S220 � S120S210

S120 ¼ S210

T 0 ¼ e�jb0L:

ð2Þ

The concentration of the electric field in the layer allows
a number of approximations to be made, as described in
reference [13], and leads to approximate expressions for the
elements m and k of the effective permeability tensor:

m ¼
m 0 �jk
0 myy 0
jk 0 m

2
4

3
5

to finally obtain the relations:

m ¼ 2

k2f
1

b2
þ
þ 1

b2
�

 !
þ b0 1� erd

erf

kf
b0

� �2
 !

1

bþ
þ 1

b�

� �

k ¼ j
m

2
k2f

1

b2
þ
� 1

b2
�

 ! 

þb0 1� erd
erf

kf
b0

� �2
 !

1

bþ
� 1

b�

� ��
⟨Hx0⟩
⟨Hz0⟩

ð3Þ

with k2f ¼ v2em0, erd and erf are the permittivity of the
substrate (alumina or non-magnetized ferrite layer) and
the permittivity of the ferrite (BaM) respectively.

The ratio ⟨Hx0⟩
⟨Hz0⟩

, or “ellipticity” factor, is determined by
calculating the fields at the air-magnetic layer interface of
the coplanar line and obtained by simulation. To find the
permeability tensor of the magnetic layer, it is generally
sufficient to multiply the expressions form and k by a factor
(filling factor) that depends on the thickness of the layer
and the dimensions of the coplanar line used as a test cell
[13]. In this article, only the actual constitutive parameters
or effective parameters of the loaded line will be considered.
These make it possible to determine the gyromagnetic
resonance frequency and to envisage the use of the material
as a constituent element of non-reciprocal passive
components or as an absorber.

3 Experimental results

3.1 Results without applied bias-field

The first results without applied bias-field are given in
Figures 3 and 4.

In this configuration the gyromagnetic resonance can be
calculated by the relation (Kittel formula [15]):

fr ¼ gm0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hk þHappl

� �
Hk þHappl þM
� �q

ð4Þ



Fig. 5. Experimental results: m
0
eff and m00

eff .

Fig. 6. Experimental results: k
0
eff and k00eff .

Fig. 7. Module in dB of reflection parameters S11 and S22.

Fig. 8. Module in dB of transmission parameters S21 and S12.
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where Hk is the anisotropy field, Happl the applied bias-field
and M the magnetization. In these first measurements, the
magnetic layer is demagnetized (M ≈ 0) with no external
applied field (Happl=0) and, in fact, the value of the extra-
diagonal component k is zero for this state of magnetiza-
tion. The natural resonance frequency is around 46.53GHz,
as function of the anisotropy field, which can be evaluated
at 1.64 Tesla or 1.305� 103 kA/m, close to the value for
bulk material. This confirms that the magnetic moments in
domains are rather oriented in the plane with low
demagnetizing factors.

It shouldbenoted,however, that the relationship(4) isnot
applicable toanunsaturatedmaterial, as it isdifficult toassess
the influence of the applied field and the magnetization.

3.2 Results with applied bias-field

The applied field is estimated at 160 kA/m between the two
poles of an electromagnet. It was applied successively in
both directions along theOy axis (see Fig. 1). Figures 5 and
6 show the curves of meff and keff respectively for these two
polarization states.
Avariation in the resonance frequency is observed due to
the increase or decrease of the internal field. The extra-
diagonal term k is no longer zero. The ferrite is in a state of
partial magnetization. These experimental results can be
comparedwithmodels of permeability tensors to assess their
validity for this type ofmaterial in this frequency band. This
comparison isplannedwithoneof themost successfulmodels
given as a reference [16]. Once the ferrite has been
magnetized, the magnetization will remain remanent. This
will beon themainhysteresis cycle or onapossible secondary
cycle. We can try to take advantage of non-reciprocal
propagation to design a millimeter-band isolator, but it
seems difficult to reduce losses in the forward direction. The
most promising application seems to be that of an absorber
cell or filter. The material can also be used as an absorbent
material for electromagnetic shielding.

4 Application of the material as an absorbent
layer

In addition to being used the S-parameters to solve the
inverse problem, the S-parameters measurements show the
use of this material as a broadband absorber. Figure 7
shows the reflection parameters (S11 and S22), which do not
significantly change with the bias-field. The reflection
parameters showmultiple resonances which are in fact line-
length resonances when the half-wavelength of the guided
wave corresponds to the length of the line. The reflection
parameters remain below �10 dB, which may be sufficient
for the intended application, but can be reduced by
modifying the line impedance.

Figure 8 showsthetransmissionparameters (S21andS12)
measured with the magnetic field applied in the plane of the
layer and successively in both directions.

The transmission parameters show very high attenua-
tion in both directions of propagation (below �20 dB) over
a wide frequency band. This attenuated band is evaluated
at over 14GHz (at �20 dB) and can be adjusted with bias-
field. However, it is much more convenient not to use an
applied field for this type of application, and the Figure 9
shows the results obtained in this magnetic state. The
BAM layer is demagnetized, and the attenuated band is
around 15GHz. The transmission is then reciprocal. These
results are obtained for a coplanar line of 16mm long.
Hence, the maximum attenuation can be evaluated as
2.5 dB/mm at 46GHz.



Fig. 9. Module in dB of transmission parameters S21 and S12
(demagnetized barium ferrite).
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5 Conclusion

The properties of magnetic layers of barium ferrite show
the possible applications of this material as an absorber and
its use in a millimetre-band attenuator. Losses are created
by the phenomenon of gyromagnetic resonance. This
material is not textured and does not have a sufficient
Mr/Ms ratio for use in non-reciprocal passive components.
Studies have shown that it is difficult to orientate this
material deposited in a thin layer, and annealing at high
field strength and high temperature remains difficult to
implement.

It seems more interesting not to apply a field that
requires the use of bulky permanent magnets for the
miniaturization of these devices. This line with a layer of
barium ferrite can be used as a very wide band filter or as an
attenuator for millimeter bands. It is also possible to use
such absorbing layers deposited on a metal surface to
provide effective shielding. To go further and create
millimeter absorbers, it would be interesting to include
nano-particles of this type of material in high concentration
in polymers to create an absorbent coating in this
frequency band.
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