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Abstract

The spontaneously formed multiferroic composite based on tetragonal tungsten bronze structure was
successfully synthesized in the form of ceramics by the solid state reaction. The crystallization of the ceramics in
the tetragonal tungsten bronze structure Ba,SmFeNb,O,5 and the presence of a secondary magnetic phase of
barium hexaferrite BaFe;,019 Were established by structural investigation. The hysteresis behavior describing the
polarization as a function of an applied electric field and the high ferroelectric Curie temperature ~ 417 K
evidenced the room temperature ferroelectric properties of the synthesized material. While the piezoelectric
coefficients were determined to be around 1.3 pm/V, the microscopic polar domains of the composite ceramics
were established by microelectromechanical study. The hysteresis loops of the magnetization versus magnetic
field and the high magnetic transition temperature =~ 590 K evidenced the ferromagnetic properties of the
secondary and its presence at room temperature. Moreover, the spatial distribution of the magnetic domains was
determined microscopically. In this study, not only the multiferroic properties of the Ba,SmFeNb,0,5/BaFe;,019
composites have been studied and presented, but the distribution of the polar and magnetic properties was locally
investigated as well.

Keywords: composite; room temperature multiferroic; electromechanical properties; polar domains; magnetic

domains

Article Highlights

e  Multiferroic multifunctional composite tetragonal tungsten bronze/barium hexaferrite ceramics are
synthesized.

e Ferroelectric and magnetic transition temperatures were determined by dielectric and magnetic
measurements, respectively.

e  The spatial distribution of the polar and magnetic domains are demonstrated at room temperature.
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Introduction

Recently, multiferroic/multifunctional materials have attracted the interest of scientists due to their rich
properties and their potential use in a wide range of advanced applications [1-5]. In particular, the coexistence
of ferroelectric and ferromagnetic properties in these materials makes them promising candidates for
data storage devices [6,7], including new generations of non-volatile integrated memories [8-10]. In
order to overcome the issue of the scarcity of single phase multiferroic materials, especially at the
ambient temperature and above, several strategies have been adopted in order to develop new
multiferroic materials at room temperature [11-14]. One of the most efficient is to synthesize
composites materials formed by ferroelectric and ferromagnetic phases, which allows the use of a
large variety of ferroelectric/piezoelectric and magnetic material couples, having both good
ferroelectric and good ferromagnetic properties [5,15-18]. An important issue with composites is the
chemical compatibility of the targeted phases, and the formation of secondary phases (or of interphases) can be
complex and challenging [19,20].

Tetragonal tungsten bronzes (TTB) are a class of materials having a crystal structure consisting of a
framework of corner-sharing octahedra connected in such a way that different channels with different
shapes (triangular, square and pentagonal channels) are formed. These channels are all oriented along
the short crystallographic c-axis, and can be filled, partially filled or empty. Such a crystal structure
with a large number of cationic and anionic sites allows for the synthesis of large variety of
composites and dopings, resulting in a fine control and a large enhancement of the functional
properties of the synthesized material [21-24]. Crystalizing in this particular structure, the ferroelectric
tetragonal tungsten bronze Ba,LnFeNb,O,5 (TTB-Ln), with Ln being a Lanthanide, have been shown to
exhibit a particular behavior, namely the generation in-situ of ferromagnetic barium hexaferrite
(BaFe;,0,9: BaFO), during the proper sintering of the ferroelectric matrix [21,25,26]. This processes
therefore produces a spontaneously forming multiferroic ceramic composite and overcomes any
chemical compatibility issue that are common with conventional composites.

For complete understanding of the multiferroic properties and their microscopic distribution, this contribution
reports a complementary investigation of the ferroelectric and ferromagnetic properties of TTB-Sm/BaFO
composite ceramics synthesized by solid state reaction [21]. By studying the dielectric coefficients and the
magnetization versus the temperature, we determined the ferroelectric and the ferromagnetic transition

temperatures, which confirms the room temperature multiferroic nature of the composite. In addition, we used



microelectromechanical investigations to study the polar domains at the ceramics surface and determine their
piezoelectric coefficients. We also studied the magnetic response at the microscopic level, and we determined
the spatial distribution of the magnetic secondary phase.
Materials and methods

Tetragonal tungsten bronze multiferroic composite ceramics were prepared by solid state reaction method.
The precursors BaCOs, Fe,03, Nb,Os and Sm,03 (having a purity higher than 99%) were mixed by mechanical
grinding and pressed under uni-axial pressure of 4 ton/cm?2 into cylindrical pellets with a diameter of 8 mm and a
thickness around 1.2 mm before being sintered at 1300 °C during 4 hours in air. The ceramics crystallization and
phase identification were characterized at room temperature by X-ray diffraction collected using a 4-circle X-ray
diffractometer (PANalytical X-Pert PRO MRD). In order to prepare the samples for ferroelectric and dielectric
measurements, we deposited, on each side of the pellet, a 200 nm thick layer of gold by using thermal
evaporation under vacuum giving disk-shaped electrodes of 6 mm diameter each. Dielectric characteristics were
performed with Wayne—Kerr 6425 component analyzer under dry helium at frequencies ranging from 10° to 10°
Hz. The electric field dependence of the polarization was measured using an analogical Sawyer-Tower circuit
with compensation of stray capacitances and resistances. The microstructure, the local electromechanical
properties and the microscopic magnetic response were characterized by an atomic force microscope (AFM)
using a Dl-enviroscope AFM (Bruker, Santa Barbara, CA). To image and manipulate the ferroelectric
polarization of the samples at the nanoscale, we used piezoresponse force microscopy (PFM) and we applied a
voltage of 3 V at 20 kHz between the conductive tip and a silver past bottom electrode. The surface-induced
piezoelectric vibrations were detected using a lock-in amplifier from Signal Recovery (model 7265, Wokingham,
UK). Magnetic force microscopy (MFM) was performed to investigate the local magnetic response of the
samples. The microscopic measurements were carried out with conductive/magnetic tips, having a Co/Cr coating
(MESP from Bruker, Santa Barbara, CA), thus suitable for both electric and magnetic measurements. At the
macroscopic level, the variation of the magnetization as a function of temperature and as a function of an applied
magnetic field were studied using an EV9 Vibrating Sample Magnetometer (VSM) produced by Microsense
(Lowell, MA, USA).

Results and discussion
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Fig. 1: X-ray diffractogram of the synthesized TTB-Sm/BaFO ceramic composite: in addition to the diffraction
peaks of the TTB-Sm (shown with their Miller indices), the peaks of the secondary phases BaFe;,0;9 and
SMNbO, are shown with the symbols (¢) and (#), respectively. The inset displays a unit cell of TTB-Sm,
indicating the different channels with pentagonal (filled with Ba?*), square (filled with Sm?*) and triangular

(empty) shapes and the positions of the different ions.

Figure 1 shows the X-ray diffractogram of the composite ceramics. The diffraction peaks shown with the Miller
indices are attributed to the principal phase TTB-Sm according to the reference file JCPDS 00-059-0425,
confirming that the principal phase crystallizes in the tetragonal system with the tungsten bronze structure
belonging to with the space group P4/mbm. The coherent domain size is determined to be around 35 nm using
Scherrer’s formula [27], which is in accordance with [28]. A sketch of the TTB-Sm crystal structure seen along
the crystallographic c-axis is drawn using the software VESTA and the crystallographic data provided in
[21,29], is shown in the inset of Figure 1. In this structure, the barium ions occupy the pentagonal sites, the
samarium ions are contained in the square sites, while the triangular sites are kept empty. The Fe** and Nb°*

metal ions are statistically distributed within oxygen octahedral, which are responsible to the appearance of the



ferroelectric polarization [21,26]. Moreover, SmNbO, phase (#) is always detected, due to the limited structural
distortions of the TTB phase, which results only in a partial accommodation of the samarium ions [21,26]. The
remaining ions interact with a small amount of niobium and oxygen to form the Fergusonite phase. In order to
maintain electrical neutrality, iron ions can only be partially incorporated in the TTB framework and the excess
portion of iron oxide reacts with a small amount of barium oxide in order to form the BaFO phase (¢) [21,25,30].
Although the fergusonite phase does not present ferroic properties at room temperature, its presence is required
to trigger the formation of the magnetic phase of hexaferrite. In addition, the formation of the magnetic BaFO
phase is very desirable because of the large use of this phase in several applications, such magnetic recording

and microwave applications [31-33].
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Fig. 2: Room temperature ferroelectric properties of the synthesized ceramics: (a) and (b) represent the variation
of the polarization and switching current as a function of an applied voltage, respectively, for various electric
field amplitudes ranging from 12kV/cm to 26 kV/cm. The inset of (a) shows the variation of the coercive field as
a function of the maximum electric field applied. Variation of the dielectric permittivity as a function of

temperature and frequency: (c) real part and (d) imaginary part of the dielectric permittivity.



To investigate the ferroelectric properties in the prepared ceramics, we studied the polarization hysteresis loops
obtain by applying an electric field of various amplitude varying form 12 kV/cm to 26 kV/cm. The dependence
on the electric field of the global polarization (P-E) and the current (I-E) across a pellet of ceramic sandwiched
between two gold electrodes is shown in Figure 2(a) and 2(b), respectively. The hysteresis behavior that
describes the variation of the polarization in the sample submitted to an electric field shows the reversible
switching of the polarization between two opposite states, evidencing the ferroelectric properties of the
composite. Even after applying the highest electric field that can be reached by our system without causing a
breakdown across the ceramic (Enax = 26 kV/cm), the saturation polarization was not reached and the maximum
measured value of the polarization is P, =~ 0.8 uC cm™2. The electric coercive field (E¢) is plotted as a
function of the maximum electric field applied as shown in the inset of the Figure 2(a), depicts an increase of Ec
while increasing the applied electric field to reach a maximum measured value of =~ 16.3 kV.cm™. As known
for ferroelectric materials, the increase of E¢ is mainly related to the movement of ferroelectric domain walls,
which depend on the applied electric field. The variation of the switching current as a function of the applied
electric field is represented in Figure 2(b). The presence of two antisymmetric peaks with respect to the current
axis gives indication on the coercive field and proves the switching of the ferroelectric polarization. While the
variation of the position of the current peaks with the applied field is related to the variation of the coercive field,
the increase of its amplitude is related to the increase of the maximum of the measured polarization.

The temperature dependence of the real part of the permittivity ' at various frequencies ranging from 10° Hz to
10° Hz has been studied and the results are displayed in Figure 2(c). The real part of the permittivity of the TTB-
Sm solid solution possesses a relatively narrow peak at a temperature around 417 K. The position of this peak
indicates that the ceramic undergoes a paraelectric-ferroelectric phase transition at a Curie temperature around
Tc ~ 417 K. The unchanged position of the peak while increasing the frequency of the measurement is a solid
evidence to the ferroelectric nature of the ceramic, confirming the results of the P-E hysteresis loops shown in
Figure 2(a). We found that Curie temperature determined here by dielectric measurements is slightly higher than
that determined in [21] (T¢ = 405 K). In the paraelectric region (T>T¢), the real part of the permittivity does not
obey the linear behavior expected from the Curie-Weiss law in the paraelectric state, as a change of slope is
obvious around 430 K. This can be related to the behavior observed in the Ba,NbFe(Nb,,Tay)4015 solid solution,
and to the existence of a metastable ferroelectric phase that appear as a general feature in this TTB series

[23,34].



The temperature dependence of the imaginary part of the dielectric permittivity (&'') at various frequencies has
also been measured and is depicted in Figure 2(d). A peak having a maximum position independent to the
frequency at T = T is obtained, which is clearly related to the paraelectric-ferroelectric phase transition.
Moreover, a second dielectric anomaly is observed at lower temperature of around 250 K, suggesting a second
phase transition at reduced temperature that can be related to the recurrent ferroelectric to relaxor crossovers
observed in this series [21,23,35]. The presence of a very wide peak which is extending over a large frequency
range indeed indicates that the low temperature transition is a relaxor-like ferroelectric transition [36,37].
Finally, the imaginary part of the permittivity increases drastically at high temperatures (T> 432 K), which
reflects the presence of extrinsic contributions related to the establishment of a significant electrical conductivity
[38]. This dielectric investigation, however, confirms that the studied ceramics are ferroelectric at room

temperature.
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Fig. 3: Microscopic electromechanical properties of TTB-Sm ceramics investigated at room temperature: (a) and
(b) show respectively the out-of-plane and the in-plane piezoelectric responses detected at the ceramics surface.
(c) and (d) represent the applied voltage dependence of the out-of-plane and the in-plane piezoelectric

coefficients, respectively.



In order to investigate the microelectromechanical properties of the studied ceramics and get space-resolved
information about their ferroelectric properties at room temperature, piezoelectric force microscopy was used.
The out-of-plane and the in-plane piezoelectric responses (mixed signal, i.e. amplitude x cos(phase)) are shown
in Figure 3(a) and 3(b), respectively. First, the bright and dark contrasts in Figure 3(a) are respectively
attributed to polar regions where the out-of-plane component of the polarization is oriented upward (®) and
downward (&) perpendicular to the plane of the image, i.e. the surface of the ceramic sample. Second, the bright
and dark contrasts observed in Figure 3(b) indicate the presence of polar regions where the polarization is lying
in the plane of the sample surface and oriented in opposite directions, as depicted by the arrows (1]). These
contrasts evidence the out-of-plane and the in-plane piezoelectric vibrations, thus the piezoelectric properties of
the studied material.

In order to get more information about the local ferroelectric and piezoelectric properties of the studied system at
room temperature, we evaluated the variation of the longitudinal (dzz) and the transversal (dx;) piezoelectric
coefficients [39,40] by cycling an external voltage via the PFM tip fixed above selected locations on the sample
surface. The dependence of d,7 and dxz on the applied bias pulse is described by a hysteresis loop as shown in
Figure 3(c) and 3(d), respectively. The well-saturated character of the hysteresis curves proves that the
polarization can be reversibly switched between two opposite stable states, which clearly confirms the
ferroelectric nature of the material. This result suggests that this material could possibly be used for memory
devices that require the polarization to switch between two states with an angle of 180° [41]. The maximum
value of piezoelectric coefficients d;; and dy, are estimated at 1.3 pm/V and 1 pm/V, respectively. The
difference of coercive voltages in both positive and negative directions is related to the fact that the top electrode
(the AFM/PFM tip) has both a very different geometry and a different composition than the continuous bottom
electrode [42]. The average coercive voltage is similar in both cases of piezoelectric coefficients, which is

estimated at=4.5 V.
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Fig. 4: Investigation, at the macroscopic and microscopic scales, of the magnetic properties of TTB-Sm/BaFO
ceramic composite. (a) Represents the room temperature variation of the magnetization as a function of an
applied magnetic field, while (b) depicts the variation of the magnetization as a function of temperature. (c) and
(b) represent respectively the topography and the microscopic magnetic response of the sample surface measured

at room temperature, showing the magnetic domains distribution at the ceramic surface.

In order to determine the nature and the spatial distribution of the magnetic phase embedded in the ferroelectric
matrix, the magnetic properties have been studied at macroscopic and microscopic levels, as shown in Figure 4.
First, the hysteresis loop describing the variation of the macroscopic magnetization as a function of an applied
magnetic field was studied at room temperature as depicted in Figure 4(a), evidencing of the presence of a room
temperature ferromagnetic ordering in the studied TTB-Sm/BaFO ceramic composite. The magnetic coercive
field (Hc) measured to be around 2200 Oe (0.22 Tesla) corresponds to the magnetic coercive field of the in-situ
forming 'hard' magnetic phase within the ferroelectric matrix TTB-Sm [21,26,30]. The magnetization as a
function of temperature is studied and is depicted in Figure 4(b), which shows a decrease of magnetization and a
transition from a ferromagnetic to a paramagnetic phase when increasing the temperature. For accurate
determination of the transition temperature, the derivation of the magnetization is plotted as a function of the

temperature (Figure 4(b)), and its minimum is obtained at 590 K, which is ascribed to the magnetic transition
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temperature of the TTB-Sm/BaFO samples. The high transition temperature together with the large magnetic
coercive field are in concordance with the magnetic signature of BaFO phase. This result, together with the
ferroelectric behavior discussed above, prove that these ceramics are multiferroic at room temperature.

To determine the spatial distribution of the magnetic phase at the sample surface, magnetic force microscopy
was used. The surface topography and the magnetic response measured at room temperature are shown in Figure
4(c) and 4(d), respectively. The image of the topography shows that the microstructure of the ceramic is formed
by a grain structure of lateral dimensions varying from 0.8 um to 3 pm, giving rise to a roughness of about RMS
~ 250 nm. The presence of domains with dark contrast in the image of the magnetic response reveals the
presence of magnetic domains within a non-magnetic matrix (the ferroelectric matrix TTB-Sm), at locations
indicated by the red circles in Figure 4(c) and 4(d). A careful comparison between these two images indicates
the absence of any correlation between the topography and the magnetic response, confirming that the contrasts
observed in Figure 4(c) are solely due to the presence of magnetic domains at or near the sample surface. The
average size of the magnetic domains (which we associate with the BaFO phase) is around 1.38 pm, indicating
that these magnetic domains are probably formed by several grains of BaFO. This proves that magnetic domains
are indeed spontaneously formed within the ferroelectric matrix during its thermal treatment, and demonstrates
that their magnetic properties can be experimentally observed, giving rise to room temperature multiferroic
composite in the form of ceramics.

Conclusion

Multiferroic composite ceramics TTB-Sm/BaFO were synthesized and their multifunctional properties were
investigated. The ferroelectric and the magnetic phase transition temperatures were determined to be 417 K and
590 K, respectively. In addition, ferroelectric and ferromagnetic hysteresis loops were measured at room
temperature. The microelectromechanical characterization confirmed the presence of ferroelectric properties
down to nanoscale and allowed the determination of the piezoelectric coefficients. The formation of the
magnetic phase in the form of microdomains was confirmed by studying the magnetic response of the ceramic at
the microscopic level. In this study, not only the multiferroic properties of the TTB-Sm/BaFO composite
ceramics have been investigated, but the distribution of the polar and magnetic properties was locally studied as
well. Finally, the coexistence of the polar and magnetic domains in the same material suggests the investigation

of possible couplings between these domains (magnetoelectric coupling) as a prospective for this study.
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