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ABSTRACT: We present the structural and magnetic properties of a multiferroic Ba;Mg:Fe12022 hexaferrite
composite containing a small amount of MgFe,O.. The composite material was obtained by auto-combustion
synthesis and, alternatively, by co-precipitation. The Ba,MgzFe120, particles obtained by co-precipitation have
an almost perfect hexagonal shape in contrast with those prepared by auto-combustion. Two magnetic phase
transitions, responsible for the composite's multiferroic properties, were observed, namely, at 183 K and 40 K for
the material produced by auto-combustion, and at 196 K and 30 K for the sample prepared by co-precipitation.
No magnetic phase transitions in these temperature ranges were observed for a MgFe,O4 sample, which shows
that the magnesium ferrite does not affect the multiferroic properties of this type of multiferroic metarials.
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1. INTRODUCTION

Multiferroic materials in which long-range magnetic and ferroelectric orders coexist have recently been of great
interest in the fields of both basic and applied sciences [1, 2]. In particular, those exhibiting a ferroelectric
transition inducing a certain kind of magnetic ordering are of much interest, because in such systems the effects
of coupling between magnetism and electric polarization are expected to give rise to new physical phenomena.
The interest in these materials has also had to do with their possible applications in next generation electronic
devices that make use of the magnetic (spin) state control via electric fields and/or vice versa, with potential for
spintronic devices, solid-state transformers, high sensitivity magnetic field sensors, and electromagne-tooptic
actuators [3].

Most multiferroics exhibit a magnetoelectric effect at low temperatures and applied magnetic fields exceeding
0.1 T that are too high to be of practical use [4]. However, it was found recently that some hexaferrites exhibit

magnetoelectric effect at room temperature and a low magnetic field (~0.01 T) [5].

The Y-type hexagonal ferrite Ba;Mg2Fe1202 is an example of a multiferroic material. It has a relatively high
spiral-magnetic transition temperature (~200 K), shows multiferroic properties at zero magnetic field, and the
direction of the ferroelectric polarization can be controlled by a weak magnetic field (< 0.02 T) [2]. Moreover, it
is an important type of high-frequency soft magnetic material due to its strong planar magnetic anisotropy [6],
which, in combination with its high permeability, make it attractive for practical applications in microwave
devices [7].

Due to the fact that the Y-type hexaferrites are an intermediate phase during the synthesis of Z-type ferrites,
which are suitable for multy-layer chip inductors [8, 9], not much attention has been paid to their synthesis and
magnetic properties investigation.

The Y-type Ba;MgFe120,; ferrite is built from a superposition of T and S blocks along the c-axis direction. The
unit cell is composed of a sequence of STSTST blocks. It has an easy axis of magnetization lying in a plane
normal to the c-axis direction. Ba;Mg.Fe1,02, consists of two magnetic sublattice blocks, L and S blocks,
stacked alternately along the [001] axis, which bear, respectively, the opposite large and small magnetization M,
causing ferrimagnetism even at high temperatures exceeding room temperature. The Curie point of
Ba;Mg.Fe1,02 is 553 K. Below 195 K, the spins form a proper screw spin structure with the propagation vector
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along the c-axis at B = 0 [10, 11]. The turn angle of the helix is about 70° [12]. Magnetic measurements of
Ba:Mg2Fe1202, single crystals have demonstrated the possibility of a transition to the longitudinal-conical spin
state below about 50 K [13]; the prospects of applications as a multiferroic material prompted extensive studies
of the structural, magnetic and ferroelectric properties of single crystals of Ba;Mg2Fe1202, [2, 13-17]. However,
the properties of powder Ba;Mg2Fe12022 have not been sufficiently explored. One of the reasons is that preparing
a single-phase sample is very difficult, as is the case with most complex hexaferrites. The process of
synthesizing Y-type hexaferrites always involves the presence of various accompanying magnetic oxides, the
main cause of this being the fact that the temperature interval for Y-phase synthesis is very narrow. Typically,
the Y-type hexaferrite phase synthesis begins at 900°C and ends at 1200°C. R. Pullar [18] provided a detailed
study on the processes of hexaferrites synthesis. In brief, at the beginning, the preparation of Ba,Mg.Fe1202, is
accompanied by the presence of another type of hexaferrite, namely, M-type barium hexaferrite and of small
amounts of second phases of barium ferrite and magnesium ferrite. A Z-type hexaferrite appears at temperatures
above 1200°C. The type of the second phases present depends to a large extent on the type of Me cations and the
preparation technique. This is why when one studies Y -type hexaferrites one should bear in mind the existence
of second phases that may influence the material's multiferroic properties, so that this type of multiferroics
should be considered as being natural composite materials.

We will consider here the structural and magnetic properties of Ba,MgFe120 22 powders synthesized by sol-gel
auto-combustion and by co-precipitation. In the case of Ba:Mg.Fe1202 prepared by means of these two
techniques, the second phase is MgFe,O.. Studying the magnetic characteristics of MgFe 0. is important, since
is presence may affect the magneto-electric properties of the composite.

Magnesium ferrite has a cubic structure of the normal spinel-type (AB2O4) and is a soft magnetic n-type
semiconducting materials [19, 20]. The general formula of magnesium ferrite could be written as (Mg:-
xFex)a[MgxFez]s0s, Where x is the inversion parameter and A and B are respectively the tetrahedral and
octahedral position occupied by the Mg?* and Fe®* cations [21]. The Mg?* and Fe®* cations do not exhibit
preference for any site in the spinel structure [22, 23]. The Curie temperature of magnesium ferrite is very
sensitive to the intracrystalline distribution of Fe3* and Mg?* cations between tetrahedral and octahedral sites and
falls within the interval 593 - 713 K [24, 25].

Together with presenting the results of the structural and magnetic measurements of the composite
Ba;Mg2Fe.02 and MgFe.0, material produced, we will also report the results of studying a single-phase
magnesium ferrite sample in an attempt to clarify its impact on the composite samples' multiferroic properties.

2. MATERIALS AND METHODS
2.1. Ba2Mg2Fe12022 Synthesized by Auto-Combustion

The Ba:Mg,Fe1202, powders were prepared following the citric acid sol-gel auto-combustion method. The
corresponding metal nitrates were used as starting materials. A citric acid solution was slowly added to the
mixed solution of nitrates as a chelator. The solution was slowly evaporated to form a gel. This gel was
dehydrated at 120°C to obtain the barium-magnesium-iron citrate precursor. During the dehydration process, the
gel turned into a fluffy mass and was burnt in a self-propagating combustion manner. During auto-combustion,
the burning gel expanded rapidly in volume. The auto-combusted powders were annealed at 1170°C in air.

2.2. Ba2Mg2Fe12022 Synthesized by Co-Precipitation

Stoichiometric amounts of Ba(NOs),, Fe(NOs); and Mg(NOs), were dissolved in deionized water and, after
homogenization, the co-precipitation process was initiated by adding NaOH at pH = 11.5. High power
ultrasound stirring was applied to assist this process, which, as it is known, enhances the reaction rate, the mass
transport and the thermal effects [26]. The high-power ultrasound was applied for 15 min, pulse on: 2 s, pulse
off: 2 s, amplitude 40%. The ultrasonic processor used was Sonics, 750W. The precursors were calcined at
1170°C to obtain the Ba;MgzFe1202, powder.

2.3. MgFe204 synthesized by auto-combustion

Fe(NO3)3.9H20, Mg(NOs)2.6H.0 and citric acid (all with analytical-grade purity) were used as starting
materials. The molar ratio of metal nitrates to citric acid was fixed at 1:3. The metal nitrates were dissolved
together in a minimum amount of deionized water to get a clear solution. A citric acid solution was slowly added
to the mixed solution of nitrates as a chelating agent. The solution was slowly evaporated to form a gel. This gel
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was dehydrated at 120°C to obtain the magnesium-iron citrate precursor. During the dehydration process, the gel
turned into a fluffy mass and was burnt in a self-propagating combustion manner. The as prepared auto-
combusted powders were annealed at temperature 1100°C to obtain MgFe;O..

The Ba:Mg2Fe1202, and MgFe,O4 powders were characterized using X-ray diffraction analysis with Cu-K,
radiation and scanning electron microscopy (Philips ESEM XL30 FEG). The hysteresis measurements were
carried out by a SQUID Quantum Design magnetometer at 4.2 K and at room temperature. The ZFC and FC
measurements at a magnetic field of 100 Oe were performed on an Oxford Design 7000 susceptometer. The ac-
magnetization was measured in an ac-magnetic field with amplitude of 10 Oe and frequency of 1000 Hz while
the temperature was slowly raised (0.05 K/min).

3. RESULTS AND DISCUSSION

Unlike the preparation of pure BaFei2019 (M-type hexaferrite) using the citrate precursor method, the Y-type
phase powder cannot be produced so easily due to the complexity of its structure, which imposes a progressive
transformation through intermediate ferrites before achieving the final structure required. Our earlier
investigations [27] showed that at temperatures below 1170°C, Ba,Mg.Fe120,, coexists with BaFe.Os and
MgFe204 phases. At temperatures above 1170°C, BaFe;0, disappears and only a small amount of MgFe204 (less
than 2 mass %) remains as a second phase. The XRD spectra of the powder obtained by co-precipitation showed
the characteristic peaks corresponding to the Y-type hexaferrite structure (BazMg2Fe1202,) as a main phase and
to some MgFe,Q4 impurity. Fig. (1) shows XRD spectra of Ba,Mg.Fe1,0, samples prepared by auto-combustion
(a) and co-precipitation (b); MgFe.O. powders after auto-combustion (c) and heat treatment at 1000°C (d).
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Fig. (1). XRD spectra of Ba,Mg.Fe1.0,, samples prepared by auto-combustion (a) and co-precipitation(b);
MgFe,O4 powders after auto-combustion (c) and heat treatment at 1000 °C (d).
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The Rietveld refinement of the crystal structure of the Ba;Mg,Fe12022 sample annealed at 1170°C revealed that,
in contrast to the Ba;MgzFe1202 structure where the Zn?* cations occupy only tetrahedral cation positions, the
Mg?* cations are distributed over all cation positions leading to mixed occupancies of positions in the cation
sublattice. The occupancies obtained are close to the corresponding values given by Momozawa et al. [10] for
single-crystal Ba,MgzFe1202. The Rietveld refinement confirmed a rhom-bohedral symmetry of the structure
with unit cell parameters (a = b = 5.8694(1) A and ¢ = 43.4962(1) A; hexagonal setting). The unit cell
parameters are in a good agreement with the values published earlier [10, 13].

XRD spectra of the MgFe,O. powders after auto-combustion and heat-treatment are presented in (Fig. 1c, d).
After auto-combustion, the material is predominantly amorphous. Small and broad peaks of MgFe,O4 and Fe;03
(hematite) can be seen, indicating the poor crystalline state of the phases formed at this stage of the synthesis.
The XRD spectrum of the sample synthesized at 1100°C shows the presence of MgFe,O4 only.

Scanning electron microscopy was used to examine the morphology of the samples. The SEM image of a
Ba;Mg,Fe1,0,, sample obtained by auto-combustion (Fig. 2a) shows that the particles are well agglomerated to
form clusters of different sizes and shapes. Some of the clusters formed have a plate-like shape. The high degree
of aggregation seen is due to the strong magnetic attraction forces. The SEM image of a Ba;MgzFe1202, sample
obtained by co-precipitation (Fig. 2b) shows that the particles have an almost perfect hexagonal shape. The
powder consists almost entirely of large hexaferrite-phase particles with size of a few microns and of small
MgFe,O. particles. The average thickness of the Ba,Mg.Fe1202, particles is 380 nm (Fig. 2c) isa TEM
photograph of the small particles in the sample. The average particle size is about 20 nm. Fig. (2d) presents the
growth of the separate hexagonal particles along the ¢ axis; one can clearly see the successive stages of the
Ba;Mg.Fe1,02, hexagonal particles growth. One can also see that some of the hexagonal particles are co-grown,
which is more characteristic for bulk samples. This suggests that the precursor produced by co-precipitation can
be applied to the preparation of bulk Ba,Mg:Fe1.02, samples of high density, such as targets for thin and thick
films deposition. Furthermore, the well-shaped hexagonal particles are suitable for exploring these materials' fine
crystall and magnetic structures.
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Fig. (2). SEM images of Ba;Mg.Fe1202, powder obtained by auto-combustion (a) and co-precipitation (b, d).
TEM image of MgFe2O4 in the powder obtained by co-precipitation (c).
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Fig. (3a) shows an SEM image of the magnesium ferrite sample obtained by auto-combustion and annealed at
1100°C. The sample is homogeneous with respect to the particles size and shape. It is also seen that the particles
have an approximately spherical shape. Fig. (3b) shows a TEM image of the MgFe,O4 powder. The particles are
agglomerated to a large extent due to their small size and the magnetic attraction.

The hysteresis loops of the powder at room temperature and at 4.2 K are shown in (Fig. 4). The magnetic
parameters, namely, the magnetization at 60 kOe, the remanent magnetization (M) and the coercivity field (Hc)
obtained from the curves are listed in Table 1. The value of the magnetization M at 60 kOe for the sample
prepared by co-precipitation is somewhat higher than that of the sample produced by auto-combustion. This is
due to the well-expressed hexagonal shape of the particles and to their size (several microns). The value of Hc is
low, wich is typical for the hexaferrites with planar magneto-crystalline anisotropy. The sample prepared by
auto-combustion contains a fraction of fine particles in a monodomain state; furthermore, the particles are well
separated as compared with the sample produced by co-precipitation. These factors influence strongly the
sample's magnetic properties at low temperatures, which is expressed as a significant increase of the coercivity
field. The insets in Fig. (4a) and c show triple hysteresis loops at 4.2 K in a low-magnetic-field range indicating
the presence of two kinds of ferromagnetic states with different magnetization values.

The magnetic phase-transitions were investigated in an ac magnetic field. The phase-transition temperatures
were determined by following the variation of the powder's ac differential magnetization as the temperature was
raised in an ac magnetic field with frequency 1000 Hz and amplitude 10 Oe (Fig. 5). The changes at 183 K for
the sample obtained by auto-combustion and at 196 K for the sample obtained by co-precipitation are brought
about by a phase transition from a ferromagnetic state to a spiral spin order state. This transition determines the
multiferroic properties Ba,Mg.Fe1202,. The transitions at 40 K and 30 K for the sample obtained by auto-
combustion and co-precipitation respectively are related to a spin reorientation along the c axis into a
longitudinal conical state. The difference in the values of these transitions for the two samples is due to the
differences in the particles'size and shape, as well as to the powder particles' orientation in the magnetic field
applied. In comparison, the values of these transitions for single-crystal samples are 195 K and 50 K,
respectively [28].

Fig. (6) presents the real (M) part of the ac magnetization. It does not exhibit any transitions, which indicates that
the MgFe»O4 phase should not affect the magneto-electric properties of composite structures containing the Y-
type hexaferrite Ba,Mg2Fe1202, and less than 2 mass% of MgFe,0a.
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Fig. (3). SEM and TEM images of MgFe204 obtained by auto-combustion.
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Fig. (4). Magnetic measurements of Ba.Mg2Fe1202, powder obtained by auto-combustion (a, b) and co-

precipitation (c, d) at 4.2 K (a, ¢) and 300 K (b, d).

Table 1. Magnetic properties of BazMg2Fe12022 powder synthesized at 1170°C for 5 h.

Sample

T.K M(60kOe), emu/g Mr, emu/g Hc,Oe
Ba,MgyFe1202 300 22.78 1.74 31.35
auto-combustion
BazMngelzozz 4.2 30.47 9.69 545.87
auto-combustion
Ba:Mg2Fe12022 300 24.95 1.26 12.21
co-precipitation
BazMngelzozz 4.2 33.57 1.94 28.95
co-precipitation
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Fig. (5). Temperature dependence of the ac differential magnetization of BaoMg2Fe120; in an ac magnetic field
with amplitude 10 Oe and frequency 1000 Hz: M’(T) is the real part of the differential magnetization; M"(T) is
the imaginary part of the differential magnetization, a) for a sample obtained by auto-combustion; b) for a
sample obtained by co-precipitation.
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Fig. (6). ac magnetization MgFe,O4 in an ac field with amplitude 10 Oe and frequency 1 kHz.

CONCLUSION

We studied natural composite materials based on a Y-type hexaferrite Ba;Mg2Fe12022 powder, which also
included a second phase of MgFe-O.. The two techniques used to prepare the powder samples, namely, auto-
combustion and co-precipitation, resulted in the formation of samples of different homogeneity with respect to
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the particles' size, and to a different degree of sintering following an identical annealing process. The co-growth
observed of the hexagonal particles in the sample obtained by co-precipitation makes this technique suitable for
sintering of bulk materials. We observed two magnetic-phase transitions responsible for this composite material's
multiferroic properties. We further demonstrated that the MgFe,O4 phase present does not affect the magneto-
electric properties of the samples studied.
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