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Magnetodielectric Material for VHF Antenna Devices Tunable by a
Low DC Magnetic Field

Alexis Chevalier!, Hanadi Breiss', Antoine Hoez' and Jean-Luc Mattei

! Lab-STICC, UMR 6285, Université de Bretagne Occidentale, F-29238 Brest, France

This study presents the performance of a magneto-dielectric material (MDM) specially developed to enable the tunability of antenna
devices operating in the VHF band. A current flowing through the sample, which creates a DC magnetic field inside the sample with the
same symmetry as the magnetic domains, controls the magnetic susceptibility variation of the MDM. By changing the magnetization
state of the MDM with a low DC magnetic field of 740 A.m’!, a tunability of 40% can be observed. The MDM tunability at VHF
frequencies is also highlighted by microwave measurements for different magnetization states.

Index Terms— ferrimagnetic materials, magnetic susceptibility, magnetization state, tunable VHF device.

I. INTRODUCTION

Reducing the size of antennas for the VHF band (30 MHz—
300 MHz) is an important issue for the airborne systems
industry as it can reduce the weight of aircraft and improve their
aerodynamic shape. Nevertheless, antenna integration for the
VHF band is critical since the wavelengths are large at those
frequencies and will lead to reduced antenna performances
following the fundamental laws [1]. Magneto-dielectric
materials (MDM) with a relative permittivity e-> 1 and relative
permeability pr> 1 have been used in the last few years as a
promising solution for antenna miniaturization and tunability.
Indeed, MDM have a high refractive index /&, [, suitable for
antenna miniaturization, and allow better performance than
high permittivity dielectric substrates whose drawbacks are a
narrow bandwidth and low efficiency [2]-[S]. A typical
efficient strategy to miniaturize an inverted F-antenna loaded
with magneto-dielectric material is proposed in [6]. The
problem of the tunability of antenna devices controlled by the
application of a continuous magnetic field is complicated by the
value of the field strength required (>32 kA.m™) for their
implementation, due to the importance of the shape
demagnetizing effect [7]. To overcome this effect, we chose to
use MDM that are toroidal in shape, with the magnetic domain
walls adopting an approximately orthoradial symmetry. The
permeability could then be easily modified by a magnetic field
of the same symmetry, without the appearance of
demagnetizing shape effects. Our main objective was to vary
the magnetic susceptibility value of such a tunable MDM using
a DC magnetic field lower than 800 A.m!, with the aim of
achieving a tunable antenna by currents lower than 10 A.

II. SAMPLE PREPARATION AND CHARACTERIZATION

A polycrystalline NiZnCoCu ferrite especially prepared by
Lab-STICC was used. It was obtained from powders
synthesized by co-precipitation [4]. Nanoparticles composed of
NixZnyCu,Coi.xy--Fe19304 ferrites were prepared by a co-
precipitation method using high purity nickel chloride
hexahydrate, zinc chloride, cobalt chloride hexahydrate, iron
(IIT) chloride hexahydrate (all 99.9%, Aldrich), copper (II)
chloride dihydrate (99%, Aldrich), and sodium hydroxide

(99.9%, Merck). The precise composition is not specified for
confidentiality reasons. These starting materials were used to
make 1M solutions with deionized and double distilled water.
Then, a part of sodium hydroxide was taken from
approximately 1800 ml 1M NaOH in deionized and double
distilled water, which was heated to boiling. Nickel chloride,
cobalt chloride, zinc chloride, copper chloride, and iron III
chloride solutions with appropriate proportions were poured
into the boiling solution of NaOH under vigorous stirring.
Mixing made it possible to avoid undesired segregation of
phases. The reaction was allowed to continue for 30 min—40
min at temperatures of 80°C—100°C under vigorous stirring.
After the reaction, the vessel was cooled to ambient temperature
to allow the particles to precipitate. The suspension was washed
several times with deionized and distilled water until its pH
value reached 8. The suspension was then dried in an electric
oven, and crushed. The powders obtained were pressed either
into cylindrical pellets for physicochemical analysis or into
toroidal shapes for microwave measurement at a pressure of 32
MPa using a uniaxial hydraulic press. Shrinkage measurements
were taken on the pellet sample with a Netzsch DIL402
dilatometer during heating from room temperature to 1000°C at
a heating rate of 3.5 K/min (Fig. 1).
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Fig. 1. Relative speed of shrinkage (dL/dt) showing two maximum peaks.
Results demonstrate that the stoichiometric composition of
NixZnyCu,Co1.x.y--Fe1.9804 has two maximum shrinkage peaks,
occurring at T = 700°C and at T = 848°C. The first maximum
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can be identified as a calcining process, which usually occurs at
900°C-1000°C for micrometric ferrite grains [8], but at lower
temperature for nanometric grains because the fine powders
prepared by chemical methods have higher reactivity [9].
Moreover, CuO addition is known to lower sintering process
temperatures [8]. This process is a solid-state chemical reaction
that helps homogenize the material. It consists of the
interdiffusion of oxides into a chemically and
crystallographically uniform structure. The second maximum
(T = 848°C) corresponds to the sintering stage. The sintering
process serves to complete the interdiffusion of the component
metal ions into the lattice to develop the microstructure (the
growth of grains and way of coming together as porosity
decreases) appropriate for the intended applications. It is known
that densification of ferrites is achieved by grain-boundary
diffusion, and that grain growth is determined by grain-
boundary migration. Consequently, the toroidal sample was
finally annealed in an air atmosphere at a temperature between
900°C and 950°C. The precise temperature value was chosen
from the shrinkage measurements. It should be noted that there
was no pre-sintering procedure for these samples. This was
because the reactivity of ferrite powder was then expected to be
lowered, which would contribute to maintaining moderate
mean grain size during annealing, while it is established that
CuO in the microstructure optimized the sintering process. The
material in this formation is expected to retain a fairly high
defect concentration during grain growth, which is desirable in
our study. Indeed, the domain walls are expected to contribute
to the permeability; however, at the same time, the mobility of
the domain walls is moderated by these defects and also to the
local anisotropy induced by Co?" ions [10].

Fig.2. SEM image of sample NixZn,Cu,Coix-y--Fe19s0s ferrite

Fig. 2 presents a Scanning Electron Microscopy image of the
developed MDM. Due to partial sintering; the microstructure
shows intergranular porosity and inhomogeneous grain sizes
ranging from a few hundred nanometers to a few micrometers.

Fig. 3 presents the XRD patterns and Rietveld refinement
analysis for the MDM sample. The experimental intensity data
(black dots) matches with the calculated theoretical line profile
(red line) indicating that a pure cubic spinel crystal structure
with Fd3-m space group (code ICSD 38961) was obtained for
this sample. The occurrence of secondary phases or impurities

remains below the detection limit. The computed Ilattice
parameter (a) is 8.397 A and the crystallite size is 172 nm.
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Fig. 3. XRD patterns of samples NixZnyCu,Coi-xy--Fe1.9s04 ferrites

III. MAGNETIC CHARACTERIZATION

Previous studies have shown that in polycrystalline materials
with low anisotropy and several axes of easy magnetization, a
sintering treatment at low temperature allows grains free of
defects to be obtained [11], [12]. Furthermore, if the sample is
toroidal in shape, the minimization of magnetostatic energy
leads to a configuration of magnetic moments and domain walls
along the orthoradial direction. Even though straightforward
microanalysis data are not yet available, in such materials as the
developed MDM sample, the domain wall motion is the main
factor controlling the magnetization mechanisms. We therefore
proposed to achieve initial susceptibility tunability by acting on
the domain wall configuration through the application of a static
magnetic field (Fig. 4b).

The initial magnetic susceptibility is measured by a
laboratory-developed hysteresis meter based on the magnetic
transformer method. The primary winding is connected to a low
AC voltage to create a low intensity AC magnetic field h in the
sample, while the secondary winding is connected to an EGG
Princeton 5302 lock-in amplifier to measure the AC magnetic
flux density b (Fig. 4a).
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Fig. 4. Measurement setup (a) and ideal domain wall distribution (b)
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The benefit of the lock-in amplifier is twofold: it makes it
possible, on the one hand, to measure signals of low amplitude
as is the case for initial susceptibility and, on the other hand, to
directly integrate the signal in the secondary winding, giving
access to the magnetic induction flow b.

The initial magnetic susceptibility is then calculated as
% = b/(1oh)-1. In addition, a single control wire running through
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the toroidal sample allows a DC magnetic field Hgwue to be
superimposed on the AC magnetic field h in the same
orthoradial direction (Fig. 4a). This is a key point of the
experiment because it avoids the appearance of demagnetizing
shape effects, the orthoradial configuration ensuring the loop
back of the magnetic flux. The DC current I flowing in the
control wire can be adjusted to change the magnetization state
of the sample and thus modify its susceptibility. According to
the characteristics of the experimental setup, the mean static
field Hge created in the sample is proportional to the current:
Histat (A.m‘l) =74.1x1I (A)

The change in initial susceptibility is closely related to the
magnetization state, which is set by the control current. Due to
the orthoradial symmetry of the domain walls, magnetization
mechanisms in this type of ferrimagnetic material with low
magnetocrystalline anisotropy can be represented by the Globus
model [13], [14], which shows that the susceptibility is linked
to the grain size of the sample. In this model, the magnetic
behavior of the material can be represented by that of a
spherical grain divided into two magnetic domains whose
Bloch wall is fixed to the grain boundary along its
circumference (Fig. 5).

DDA

H < H, H> H, H >> H,

Fig. 5. Model of ideal magnetic grain divided into two magnetic domains. The
wall moves under static field H and vibrate under dynamic field h. Shaded areas
represent wall vibration.

The domain wall can vibrate under the action of the dynamic
field h and bulge (reversible) and move (irreversible) under the
action of the static field H. The domain wall moves from its
central position (H=0) when the static field becomes greater
than a threshold field H;. The initial susceptibility of the
material then becomes lower as the diameter of the domain wall
decreases.

Xmax

. /g? I

60

=
Z 50
g Xmin Xmin
Q
Q
S 40 /®\
=
wv
o (b
Xrem
i ©)
-14 -12 -10 8 6 -4 -2 0 2 4 6 8 10 12 14
Current|(A)
Fig. 6. Initial susceptibility measured at 10 kHz for currents up to 14 A.

(In Green: Imax = 8 A, in Orange: Imax = 10 A, in blue: Imax = 14 A)

Fig. 6 shows the initial susceptibility of the developed MDM
measured for a set of control currents up to 14 A. Curves
obtained with I higher than 4 A show a notable variation and
hysteretic behavior.

Let us describe an initial susceptibility measurement cycle,
represented by points 1 to 6 in Fig. 6. In the demagnetized state
(point 1), the domain wall is located in the middle of the grain;
the susceptibility is equal to its maximum value Ymax = 66. As
the current increases, the susceptibility decreases first under the
effect of the magnetic thrust acting on its surface, which
constrains the vibration of the wall, then under the effect of the
rightward displacement of the wall to a position where its
diameter is smaller. The susceptibility reaches its minimum
value Ymin (point 2) for the maximum current (Ymin= 24 for Inax
=14 A). Then, as the current decreases, the domain wall moves
back to the left to minimize the magnetostatic energy and tends
to return to its initial position; the susceptibility then increases
slightly. Due to pinning effects by the grain boundary, the
domain wall does not return to its central position and the
susceptibility takes a remanent value Xrem for I = 0 (point 3),
which depends on the maximum current reached beforehand
(Yrem = 44 after Inax= 14 A). As the current reverses, the domain
wall moves in the opposite direction and approaches the central
position. The susceptibility increases until it reaches a value
close to the maximum (point 4) for a central position of the
domain wall, which corresponds to the demagnetized state and
is obtained for a so-called coercive current. Increasing the
current in the negative values, the susceptibility decreases to the
same minimum value as in the first branch (point 5). Decreasing
the negative current to zero, we again find the remanent
susceptibility (point 3) but with a non-central wall position
symmetrical to that of the first branch. Finally, by increasing the
current in positive values, the domain wall moves to reach the
central position (point 6); the cycle loops for a current reaching
the maximum value. Note that the maximum susceptibility
(points 4 or 6) decreases with the increase of the maximum
current because, although the domain wall is brought back to
the central position, the applied static field is not zero and a
magnetic thrust acts on the wall surface limiting its vibration.

The coercive current necessary to recover the initial
susceptibility value of the demagnetized state (points 4 and 6)
is not constant and depends on the value of the maximum
current previously reached. It becomes higher as Im.x becomes
larger. This is because we are making minor hysteresis loops
and do not saturate the sample with the static current available
with this experimental setup.

Fig. 7 shows hysteresis loops measured in alternating field
on the same measurement setup. There is no static current I in
the control wire. Measurements were performed with dynamic
current strengths in the primary winding, creating magnetic
fields of amplitudes similar to those obtained with static
currents. In the case of a maximum current I = 10 A,
corresponding to a static field Hya = 741 A.m’', the coercive
current measured on Fig. 6 is 5 A, i.e., a field of 371 A.m™..
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Fig. 7. Hysteresis loop measured at 10 kHz. For each loop, the coercive field
Hc corresponds to M=0.

The hysteresis loop measured in an alternating field of the
same intensity (orange curve in Fig. 6 and Fig. 7) shows a
coercive field of 377 A.m™l. This perfect agreement clearly
shows that the initial susceptibility is governed by the wall
position in the grain. Table 1 summarizes the coercive field
values resulting from the hysteresis cycles Hceyele and those
measured on the initial susceptibility curves Heguseept for several
maximum field values.

TABLE I. COMPARISON OF COERCIVE FIELDS

Iinax Himax Hesuscept. Heeyele
(A) (Am™) (Am™) (Am)
5 371 148 142
8 593 296 300
10 741 371 377
12 889 408 405

The agreement between the values obtained by the two
methods was confirmed for all current values.

Furthermore, the hysteresis loop shows a large remanence in
Fig. 7. Indeed, due to porosity and potential wells related to the
presence of Cobalt, the domain walls remain trapped after
magnetization and do not easily return to the initial position
when the field returns to zero.

IV. TUNABILITY OF THE MAGNETODIELECTRIC MATERIAL

Fig. 8 shows the dependence of the three susceptibilities Y max,
Xmin and Yrm on the static applied current deduced from the
initial susceptibility curves. The deviation of the susceptibility
from its maximum value becomes noticeable for currents above
4 A and increases significantly up to 14 A before showing
saturation for high currents. Note that the minimum
susceptibility is obtained for a permanent current in the control
wire. When the current is established and then stopped, the
remanent susceptibility remains. Thus, a fairly good level of
tunability can be obtained with this material in the remanent
state without maintaining the current. This is a very interesting

feature for embedded systems where power management is
required. The tunability of the VHF device will be directly
related to that of the susceptibility, which is defined by

(Xmax = Xmin)/ Xmax-

As shown in Fig. 8, good MDM tunability can be achieved
with moderate currents: up to 40% with I = 10 A, to which
corresponds a DC magnetic field Hgae= 740 A.m™'.
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Fig. 8. [Initial susceptibility and tunability measured at 10 kHz. (left scale:

susceptibility; right scale: tunability).

To work with remanence and avoid maintaining a static
current, a current pulse can briefly magnetize the sample. When
the sample is briefly polarized (10 A) and the current is turned
off, the tunability remains at 20%. Higher tunability can be
achieved at higher currents e.g. 62% and 31% by maintaining
the control current of 14 A or not, respectively.

V. MICROWAVE MEASUREMENTS

To verify the tunability of the material at the operating
frequencies of VHF devices, microwave measurements were
performed using the APC7 coaxial transmission line method
[15] and Agilent 8753ES network analyzer. However, adding a
DC control current in the transmission line requires the use of
bias tees, which are usually limited to currents below 5 A and
which, moreover, cause severe perturbations in the measured S-
parameters. We therefore chose to separate the magnetization
step and the microwave measurements. The sample was first
polarized with the selected current on the permeameter setup,
brought into its remanent state, and then measured in
microwave transmission line without static current.

Fig. 9 shows the susceptibility spectra measured by the
transmission line method in the 10 MHz—1 GHz frequency band
for three different states of magnetization. Magnetic losses
remain low in the 10 MHz—80 MHz frequency band, making
these materials suitable for VHF applications. The permeability
spectra show only one dispersion region, which is attributed to
domain wall motion. Indeed, in coaxial geometry, the natural
ferromagnetic resonance (FMR) occurs only if there is a
magnetization component perpendicular to the dynamic field h,
which is in the orthoradial direction.
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In the developed MDM sample, we assumed that the domain
walls and spins are aligned in the orthoradial direction. There is
no perpendicular magnetization component and, therefore,
FMR cannot be excited. Thus, the resonance observed in Fig. 9
is a wall resonance due to inhomogeneous grain size or wall
discontinuity in the sample [16]-[17]. The experimental
microwave data substantiate our hypothesis of a toroidal
configuration of the domain walls and spins.
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Fig. 9. Microwave susceptibility for three magnetization states. (solid lines:
real part; dashed lines: imaginary part).

As shown in Fig. 9, the MDM tunability is well
demonstrated: a control current of 14 A makes the susceptibility
change from 65 in the demagnetized state to 43 in the remanent
state, resulting in a remanent tunability of 33% very close to
that measured at 10 kHz. Subsequently, an intermediate
magnetization state, obtained after application of a negative
current of 7 A, makes it possible to recover a susceptibility
equal to 58. This clearly demonstrates the tunability of the
MDM in the VHF band through the control of its magnetization
state. The measurements in coaxial line also demonstrated that
the permittivity of the developed material is close to 12, non-
dispersive in the measured frequency band, and independent of
the magnetization state.

VI. CONCLUSION

This work demonstrates the suitability of the developed
MDM for use in VHF tunable devices. A tunability of the
magnetic susceptibility up to 40% can be achieved for currents
below 10 A, i.e., for a DC magnetic field less than 800 A.m™.
A promising result for future applications is the tunability of the
MDM up to 30% that can be reached without permanently
holding a current. After a short pulse, the control current can be
switched off, which allows operation in the remanent state.
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