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ABSTRACT

Multiferroicity, a spontaneous emergence of ferroelectricity and ferromagnetism in a
material, is a greatly desired property thanks to its technological aspirations, such as four-state
memory. A well-known ferroelectric material, barium titanate offers a platform to study
multiferroicity by doping transition metals to induce ferromagnetism. Iron is an appealing choice
for chemical substitution due to its high solubility in BaTiO,. Thus, spurious ferromagnetic
impurity phases are less likely to precipitate. Fe-doped BaTiO, can adopt either tetragonal or
hexagonal structure at room temperature. The structure can be tuned by fabrication temperature,
processing duration, oxygen pressure and iron doping concentrations. These parameters also have
an impact on the magnetic behavior of Fe-substituted BaTiO,. In addition to room temperature
ferromagnetism, paramagnetism was also found in Fe-doped BaTiO,. While multiple models,
such as superexchange, double exchange, oxygen vacancy-mediated coupling, were proposed for
the magnetic behavior, Fe metal clusters and strain-induced extrinsic ferromagnetism were also

reported.
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Introduction

Ferroelectricity is defined as a spontaneous polarization switchable by an applied
electric field. Similarly, a spontaneous magnetization switchable by an external magnetic field is
a unique characteristic of ferromagnetism. Materials exhibit both of the phenomena are known as
multiferroic materials. Such materials have attracted a multitude of attention thanks to their
technological potentials, such as transducers, magnetic field sensors, and four-state memory [1].
Even though multiferroic materials do exist in nature, they are too scarce [2]. Therefore,
numerous materials have been studied in search of the elusive property. One of the candidates is
barium titanate (BaTiO3 or BTO), a well-known ferroelectric material, which has been used in
capacitors and piezoelectric applications [3]. BTO is intrinsically diamagnetic owing to unfilled
or full orbitals of Ba®, Ti**, and O”'. However, induced ferromagnetism was predicted for
transition metal-doped B+TO, especially Fe, Mn, and Cr substitution [4, 5]. Note that Ba>" ionic
radius (1.61 A) is more than twice as large as those of i (0.605 A), Fe®* (0.645 A), Mn**
(0.53 A), and Cr** (0.615 A) [6]. Therefore, the dopant ions prefer to occupy Ti-site [7].
Room temperature ferromagnetism was observed in BTO doped with transition metals, e.g. Fe,
Mn, Cr, and Co [8]. Nevertheless, the nature of the magnetic order is still disputable. The
fabricated ferromagnetism is believed by some to be intrinsic while others suspect that it is a
result of elemental clusters or spurious ferromagnetic phases, often found in dilute magnetic
oxides [9]. Because of the high solubility of Fe in BTO [10], secondary phases such as y-Fe,O,
and Fe O, were rarely detected in Fe-doped BTO, making it an intriguing alternative for multiferroic
materials. The magnetic behavior in Fe-doped BTO has intricate correlations with the structure.
Hence, the focus of this review is on the structural and magnetic properties as well as their

interactions.

Polymorphism
BTO is a perovskite with general formula of ABO,, where Ba occupies A-site at the
corners of the cube, Ti occupies B-site at the center, and O locates at the face centers of the

cell (Fig. 1(a)). Furthermore, Ti and O constitute a TiO, corner-sharing octahedron. As a

1460°C
polymorphic material, BTO undergoes multiple phase transitions: hexagonal (P65/mmc) ——

cubic (Pm3m) ﬂ tetragonal (P4mm) O—>OC orthorhombic (Amm2) LOOE rhombohedral (R3m)
[11, 12]. The hexagonal structure belongs to the 6H polytype whereas the others can be
categorized as the 3C polytype. In other words, the three structures at lower temperatures can be
considered as distortions of the cubic phase; for instance, the Ti at the center of the octahedron,

which is shifted slightly off-center in the tetragonal phase. On the other hand, the hexagonal
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structure is markedly different from the 3C polytype. As can be seen in Fig. 1(b), the unit cell of
the 6H-BTO consists of stacking BaO, layers and, more importantly, two Ti-sites. Ti(1) forms
corner-sharing octahedra similar to the ones in the 3C-BTO whereas Ti(2) forms T1209
face-sharing octahedra [13]. Unlike the tetragonal phase, which is stable at room temperature,
the hexagonal phase normally is stable in air at 1460°C or more [14]. However, there are 3
methods of stabilizing the hexagonal structure at room temperature [15]. The first one is to
quench the sample or cool it down very rapidly [14]. The second one is annealing in a reducing
atmosphere [13]. Doping with some transition metals, such as Fe, is the third one [16]. To
determine the crystal structure of Fe-doped BTO at room temperature, several parameters have
to be taken into account. Two of the most important parameters are processing temperatures
and iron concentrations. As can be seen in Fig. 2, the hexagonal structure was found at high
annealing temperatures and high Fe concentrations while the tetragonal phase was detected at
low annealing temperatures. A mixture of the tetragonal and hexagonal structures was often
observed in an intermediate processing temperature range. Synthesis methods and conditions,
such as heat treatment time and oxygen pressure, are also important parameters to take into
consideration. For conventional solid state reaction, it is necessary for the heat treatment
temperature to be high, approximately more than 1200°C [17]. Around this temperature,
Fe-doped BTO is detected in the tetragonal phase at very low doping concentration, while the
mixed phase and the hexagonal phase are found at the intermediate and high doping
concentrations, respectively [18]. Thus, chemical methods like sol-gel and hydrothermal have an
advantage in assisting the formation of the tetragonal phase [19]. It has also been observed that
increasing the heat treatment temperature and annealing time promotes the hexagonal phase [20]
whereas reduced oxygen pressure may lead to phase separation [21]. Stoichiometry between Ba

and Ti+Fe also plays a role in determining the phase structure [22].
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Figure 1 The crystal structure of (a) 3C-BTO and (b) 6H-BTO.

A widely accepted factor attributed to the formation of the hexagonal BTO is oxygen
vacancies [23]. As the concentration of the oxygen vacancies increases, the structure eliminates
the vacancies by having face-sharing octahedra instead of just corner-sharing ones as in the 3C
polytype [22]. However, due to the short distance between Ti" in Ti, O, face-sharing octahedra
(2.69 10\) [13], the high electrostatic repulsion makes the structure unstable at room temperature.
Therefore, reduction of Ti** to Ti®* by annealing in a reducing atmosphere or substitution by
Fe®" decreases the repulsion and stabilizes the structure at room temperature. The effect of the
electrostatic force can also be lessened by overlapping of the d-orbitals [22]. Jahn-teller effect
from Fe'* was proposed as another driving force of the structural phase transition [12]. Even
though most Fe valences found in the Fe-doped BTO are 3+, there are several cases of 4+
detections in samples annealed in an oxygen atmosphere [14] or in air [24]. The crystal structure,
oxygen vacancies, and oxidation states and site of occupancy of Fe ions play a crucial role in
understanding the magnetic exchange interactions, and therefore the magnetic properties of the
Fe-substituted BTO.
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Figure 2 Annealing temperature vs Fe concentration phase diagram of Fe-doped BTO. The dash
lines are provided to show the separations between the tetragonal (Tet), hexagonal
(Hex), and mixed phases (Tet+Hex). Data points were extracted from [7,10,14,18-35]

and references therein.

Magnetism

Studies on magnetic properties of the Fe-doped BTO yield debatable and
controversial results. Several magnetic behaviors were detected, including paramagnetism [20],
ferrimagnetism [36], and ferromagnetism with ordered moments and Curie temperatures ranging
from 0.001 [37] to 0.58 [38] u,/Fe and 460 [39] °C to 810 [18] °C, respectively. Since the
structural phase transition is sensitive to fabrication techniques and conditions, BTO doped with
a similar Fe concentration often exhibit different structures and magnetic orderings. Fig. 3 shows
a compendium of the average magnetic moments in different structures with various fabrication
conditions as a function of Fe concentrations. Note that the magnitude of the magnetic moment
was estimated from the saturation magnetization subtracted by the linear paramagnetic
component. Interestingly, the thin film samples exhibit larger ordered magnetic moment

comparing to that of the bulk samples at the same Fe concentration, indicating a possible
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different exchange mechanisms for the magnetic behaviors. In addition, the oxygen vacancies are
also significant for the magnetism in Fe-doped BTO. At low Fe concentrations, the saturation
magnetization is enhanced by annealing the samples in vacuum, and decreased for samples
annealed with oxygen flow [34] whereas the opposite behavior is observed at high Fe
concentrations [40]. This contradiction points to distinct exchange interactions in BTO doped
with a small and large amount of Fe. Additionally, oxygen vacancies change the local structure
of Fe. Removal of one oxygen ion transforms an octahedron to a pentahedron. Moreover, the
oxidation state of Fe ion is associated with oxygen vacancies. To preserve the electroneutrality,
zero, one half, and one oxygen vacancies, created as Ti*", is substituted by Fe**, Fe®", and Fe®",
respectively. Ti** can be reduced to Ti*" by oxygen vacancies, as well. Both of the local
environment and the oxidation state of Fe ion are critical to magnetic exchange interactions. For
instance, the superexchange between octahedral Fe** is antiferromagnetic, but the interaction of
pentahedral Fe® is ferromagnetic [37]. On the other hand, two octahedral Fe** give rise to a
ferromagnetic superexchange [41]. Conversely, the induction of ferromagnetism may not be
directly related to the oxygen vacancies. It was found that ferromagnetic order was induced by
redistribution of Fe ions from a random distribution among Ti(1) and Ti(2) sites to Ti(2)
preference creating Fe, O, dimers from the face-sharing octahedral. Prolonged heat treatment is

believed to be the trigger of the redistribution [42, 43].
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Figure 3 Average magnetic moment of the tetragonal, hexagonal, and mixed phases and synthe-
sis atmosphere (air, vacuum, and oxygen) vs Fe concentration of Fe-doped BTO. Thin
film samples were in the tetragonal phase and grown using pulsed-laser deposition
technique. Data were extracted from [17-20, 25, 29, 32, 34, 36-53].
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Even with numerous investigations, the origin of ferromagnetism in Fe-doped BTO
remains elusive. In many dilute magnetic oxides, dopant segregations or spurious ferromagnetic
phases are often identified as sources of the magnetic signals [9]. Those cases are rare for BTO
substituted with iron thanks to the high solubility. Thus, most studies claimed the results as
intrinsic, and a variety of models has been proposed including superexchange [37, 41] and
double exchange [54]. However, superexchange and double exchange are short-range. Several
longer-range ferromagnetic exchange interactions were suggested, such as electron-mediated
Zener-type RKKY interaction [38, 55] and oxygen vacancy-mediated coupling of Fe ions
forming bound magnetic polarons which overlap to create a spin-split impurity band [56].
A direct exchange between Fe in Fe,O, dimers is considered as a possible mechanism of
generating ferromagnetic behavior in the hexagonal phase [45, 57]. A compilation of exchange
interactions suggested for Fe-doped BTO can be seen in Table 1. It is also possible that a
combination of magnetic exchange interactions is responsible for the ordering in Fe-doped BTO

since multiple magnetic behaviors were observed.

Table 1 Exchange interactions of Fe-doped BTO with different structures, Fe concentrations,
and annealing atmospheres. Tet, Hex, vac, and V denote the tetragonal structure,

hexagonal structure, vacuum, and oxygen vacancies, respectively.

Structure concentration atmosphere Exchange interaction ref
Tet 0.5-0.75 vac superexchange Fe4+-02-Fe4+ [41]
0.15-0.5 vac superexchange low spin Fe4+-02-high spin Fe3* [44]

0.05 air electron-mediated Zener-type RKKY [38]

0.005 air superexchange Ti3+-VO-Ti3+ [17]

0.01-0.02 air superexchange Fe3+-VO- Fe3+ [48]

0.1-0.6 air double exchange Fe:3+-02-Fe4+ [54]

Hex 0.3-0.7 air superexchange Fe3+.0%Fe3+ [37]
0.33 air superexchange Fe3*-VO- Fe3* [47]

0.05-0.07 0y direct exchange Fe3+ Fedt [45]

0.7 09 superexchange Fe4+-02-Fe4+ [40]

Although most researchers recognize that the ferromagnetism is intrinsic, several
support the opposite view of extrinsic magnetism. Fe metal cluster was detected in 100 ppm Fe
doping in BTO [33] and 5 mol% Fe-doped BTO annealed under a reducing atmosphere [21].

Recently, it is reported that ferromagnetism in the hexagonal phase is extrinsic and caused by
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sparse-strain induced the tetragonal phase [58]. As discussed in this review, the study of the
underlying mechanism to the magnetic ordering in Fe-doped BTO is still an ongoing topic.
To shed light on the origin of the ferromagnetism, comprehensive and thorough studies of the
dependence of fabrication conditions, including annealing temperature, time, and oxygen

pressure, on the structural and magnetic properties is required.

Conclusion

Fe-doped BTO is a promising candidate for a multiferroic material thanks to the
ferroelectric property of the pure BTO and the induced ferromagnetism from the doping Fe.
Nevertheless, the results from many studies are still inconsistent and controversial. This is due to
the fact that BTO is polymorphic, and Fe-doped BTO can be in either the tetragonal or the
hexagonal or the mixed phase depending on the synthesis methods and conditions. Several
magnetic exchange interactions were proposed to explain the induce magnetism in Fe-substituted

BTO, but the possibility of spurious impurity phases cannot be completely ignored.
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