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Inorganic solid-state materials comprise several types of polymorphs with different structures and properties.
Among these, only one of the polymorphs is stable, whereas the others are metastable at ambient temperature
and pressure. Sometimes, metastable phases exhibit more curious structures and properties and excellent func-
tionalities than those of the stable phase. Such a phenomenon has been observed in magnetic properties of oxides
as well. This paper presents some metastable oxides that manifest magnetic properties and functionalities never
observed in their stable counterparts; ferrimagnetism of spinel-type ZnFe, O, with high magnetization and a high
magnetic-phase transition temperature; ferromagnetism observed in metastable Eu®*-based perovskite-type ox-
ides, such as EuTiO3, EuZrO;, and EuHfOs3; and ferromagnetism of the amorphous oxides containing a large
amount of Eu?* ions. Amorphous oxides clearly exhibiting ferromagnetic transition are very rare.
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1. Introduction

Magnetic oxides and their properties have gained con-
siderable research attention in fundamental science and
practical applications. In particular, ferrites, i.e., com-
pounds based on iron oxides, have been an object of study
in solid-state physics and chemistry and have been prac-
tically utilized as magnetic materials such as permanent
magnet, magnetic core, recording medium, optical isola-
tor, and magnetic fluids [1]. Among the ferrites, mag-
netite (Fe3O4), which is a prototype of ferrimagnetic oxide
and has applications in magnetic fluids, drug delivery sys-
tems, catalysts, etc., is an ongoing research object in the
field of solid-state physics; studies have been conducted to
determine its rather complicated electronic structure that
is closely related to both electronic conduction and mag-
netic ordering [2], although the compound, included in the
earth’s crust, is ubiquitous. Recently, Fe;O,4 has attracted
attention from the point of view of application in spintron-
ics devices because of the high-spin polarizability of con-
duction electrons. These days, novel phenomena have been
discovered in magnetic oxides, such as the spin current and
spin Hall effect observed in the Y3FesO; thin film [3], for-
mation of skyrmion in the interface between SrRuO; and
SrIrO; [4], magnon Hall effect in Lu, V,07 [5], and multi-
ferroic properties of many transition metal oxides, such as
TbMnOs [6], LiNiPO, [7], and CoCr, 04 [8].

In addition to oxide crystals, other inorganic crys-
talline materials have some polymorphs or allotropes with
different structures and properties. A typical example is
carbon. As is well known, graphite and diamond are the
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allotropes of carbon, where graphite is more stable at am-
bient temperature and pressure, although diamond can ex-
ist in its metastable phase even at ambient temperature and
pressure. The properties and crystal structures differ be-
tween these two allotropes; graphite is black, brittle, and
an electrical conductor, whereas diamond is transparent,
hard, and is an electrical insulator. In this case, both stable
and metastable phases of the crystalline carbon have excel-
lent properties that can be applied practically. However, in
some cases, the metastable phase shows functionalities su-
perior to those of its stable counterpart. For example, con-
sider the dielectric properties of HfO,. The stable phase of
HfO, possesses a monoclinic structure and is paraelectric,
whereas orthorhombic HfO,, a metastable phase, exhibits
ferroelectric properties [9]. Therefore, HfO, can be used
as a novel memory device [10].

This paper presents some examples of oxides, the
magnetic functionalities of the metastable phase of which
are superior to those of its stable counterpart. Metastable
spinel-type ZnFe,O4 portrays high magnetization, high
Curie temperature, and large Faraday effect in the short-
wavelength range. These properties are also displayed
during the ferromagnetism of the metastable phases of
perovskite-type EuTiO;, EuZrOs;, and EuHfO3 as well
as amorphous oxides containing a large amount of Eu>*
ions. Experimental and theoretical analyses were con-
ducted to discuss the microscopic mechanisms of the mag-
netic interactions that result in such magnetic functional-
ities. In general, the metastable solid-state oxide can be
derived through a nonequilibrium process from a high-
entropy state, such as the gas phase; therefore, the so-
called “plasma” is very effective for the preparation of
the metastable solid-state phase. For example, plasma-
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enhanced chemical vapor deposition was applied to the
fabrication of oxide thin films. Hence, the development of
plasma science and technology is becoming increasingly
significant for efficiently obtaining metastable oxides with
excellent functionalities.

2. High Magnetization, High
Magnetic-Phase Transition

Temperature, and Large Faraday
Effect of Metastable ZnFe, 4

The stable phase of ZnFe,O4 possesses a normal
spinel-type structure, in which all Zn?* ions occupy the
tetrahedral sites and all Fe** ions occupy the octahedral
sites in the face-centered cubic arrangement of oxide ions.
Figure 1(a) schematically illustrates the crystal structure
of the normal spinel-type ZnFe,0y4, in which a negative
superexchange interaction is observed between Fe** ions
in the octahedral sites. Therefore, antiferromagnetic con-
figuration of the magnetic moments appears as a stable
magnetic phase below the magnetic transition temperature
(Néel temperature). In this case, the superexchange inter-
action is rather weak because the Fe-O-Fe bond angle is
90°, as shown in Fig. 1 (a). Hence, the Néel temperature of
normal spinel-type ZnFe, Oy, is as low as 10K [11, 12].

{a} . i+

octahedral

Fig. 1 Schematic of the crystal structure for (a) normal spinel-
type and (b) random spinel-type ZnFe,0,4. Note that the
random spinel-type ZnFe, Oy is in its metastable phase.

Suppose that a random distribution of cations, i.e.,
Zn>* and Fe** ions, is introduced into the crystal struc-
ture, as illustrated in Fig. 1 (b), then the magnetic structure
could be drastically changed. In such a random spinel-type
structure, Fe3* ions occupy both tetrahedral and octahedral
sites, so that the superexchange interaction is dominant be-
tween the Fe** ions in the octahedral and tetrahedral sites.
This interaction is rather strong because the Fe-O-Fe bond
angle is close to 180°. Although this interaction is nega-
tive, ferrimagnetism could be observed because of the dif-
ference between the numbers of octahedral and tetrahedral
Fe’* ions. Thus, high magnetization and high ferrimag-
netic phase-transition temperature, i.e., Curie temperature,
are expected for the random spinel-type ZnFe,Oy.

Previous studies have realized the random spinel-type
structure of ZnFe,04 by rapidly quenching the ZnFe,;O4
melt [13, 14] or by the nonequilibrium condensation from
the gas phase. For the latter, a thin film of ZnFe,04
was prepared using the sputtering method [15, 16]. Fig-
ure 2 shows the magnetic-field dependence of magneti-
zation (so-called M—H curve) at 300K for as-deposited
ZnFe;04 thin film on a commercially available Corning
7059 glass substrate. The magnetization rapidly increases
with an increase in the magnetic field and can be saturated
at rather low magnetic fields. The saturation magnetiza-
tion is 32 emu/g, which reaches one third of the saturation
magnetization of Fe;Oy, a prototype of ferrimagnetic ox-
ide, as described earlier. The inset in Fig. 2 depicts an en-
larged view of the low magnetic-field region of the M—H
curve. Although small, this curve manifests a hysteresis
loop. These experimental results clearly indicate that the
as-deposited ZnFe; 0, thin film is ferrimagnetic with high
magnetization and a Curie temperature higher than room
temperature.

Nakashima et al. [17] performed X-ray absorption
near-edge structure (XANES) spectroscopy and analysis of
the Zn K-edge spectra based on the first-principles calcu-
lations by using the density functional theory to confirm
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Fig.2 Magnetization as a function of magnetic field at 300 K
for as-deposited thin film prepared using the sputtering
method. The inset shows an enlarged view of the low
magnetic-field region. Reprinted with permission from
Ref. [16].
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the random distribution of Zn?* ions. In the study, the ex-
perimental XANES spectra of the as-deposited ZnFe,Oy4
thin film and those annealed at low temperatures, such as
300 and 400°C, were accurately reproduced by assuming
that the spectra comprise the theoretical spectra calculated
for tetrahedral and octahedral Zn?* ions. The quantitative
analysis leads to the conclusion that the chemical formula
for the as-deposited thin film and those annealed at low
temperatures is (Zng4Feo¢)r[ZngcFe;4]o04, where sub-
scripts T and O denote the tetrahedral and octahedral sites,
respectively. In other words, as much as 60% of Zn>* ions
occupy the octahedral sites, indicating that random distri-
bution is achieved in these ZnFe, O, thin films.

The present thin films of metastable or random spinel-
type ZnFe,O,4 exhibit a large Faraday effect, in particu-
lar, in the short-wavelength region [15, 18]. The Fara-
day effect, a magneto-optical property, is a phenomenon
in which a linearly polarized light is converted into an el-
liptically polarized light by rotating the plane of polariza-
tion or the principal axis of the elliptically polarized light
with respect to the initial state after the light passes through
a magnetic material, provided that the propagation direc-
tion of the incident light is parallel to the magnetization
or magnetic field. The rotation angle is called Faraday
rotation angle and is an important parameter when apply-
ing the Faraday effect to devices such as an optical isola-
tor, a magnetic field sensor, and an electric current sensor.
Figure 3 shows the dependence of Faraday rotation angle
on the wavelength for as-deposited and annealed ZnFe,O4
thin films. The annealing was conducted at 300, 400, and
800°C in air. As shown in Fig. 3, an intense Faraday rota-
tion angle is observed around 400 nm for the as-deposited
thin film and those annealed at 300 and 400°C, while the
thin film annealed at 800°C manifests a very small ro-
tation angle. The magnetization measurements demon-
strate that the room-temperature magnetization for the thin
films annealed at 300 and 400°C is comparable to that of
the as-deposited thin film. However, the magnetization
is drastically reduced when the annealing temperature is
above 600°C [19,20]. In addition, the Zn-edge XANES
spectroscopy confirms that the ZnFe, Oy thin film obtained
through annealing at 800°C achieves the normal spinel-
type structure, i.e., all the Zn>* ions occupy the tetrahedral
sites. These facts clearly indicate that the random spinel-
type structure of metastable ZnFe,Oy is converted into the
normal spinel-type structure of the stable phase when the
metastable phase is annealed at higher temperatures. In
addition, Fig. 3 reveals that annealing at low temperatures
increases the Faraday rotation angle. Similarly, the mag-
netization is increased by performing annealing at 300 and
400°C. This fact may be explained in terms of the decrease
in the number of oxygen vacancies, which could exist in
the as-deposited thin film, owing to the nonequilibrium
process in which the ZnFe, Oy, thin film is formed from the
gas phase, i.e., high-entropy state.

The maximum value of the Faraday rotation angle was
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Fig. 3 Wavelength dependence of Faraday rotation angle for as-
deposited and annealed thin films of ZnFe,Oy,.

observed for the ZnFe, Oy thin film annealed at 300°C and
is 1.65x10*°/cm at a wavelength of 386 nm, as shown
in Fig.3. The wavelength of this maximum angle cor-
responds to the electronic transition related to the Fe’*
ions in the ferrimagnetic ZnFe,0y4, as observed for as-
deposited and low-temperature-annealed thin films. In
contrast, as the thin film of ZnFe,O,4 annealed at 800°C
is paramagnetic at room temperature, the magnetization is
almost zero and the Faraday rotation is barely observed.
The value, 1.65 x 10*°/cm, is comparable to those re-
ported for typical ferrites. For example, the Faraday ro-
tation angle is 3.9 X 10* °/cm for Fe;0y4 at 632.8 nm [21],
5% 10% °/cm for Gd;Fes0;, at 520 nm [22], 1.2 x 10° °/cm
for Gd, ¢Bi; 4FesO1, at 520 nm [22], and 1.3 x 10° °/cm for
Y,5BigsFesOy, at 3.0eV (410 nm) [23]. Note that garnet-
type ferrites, such as (Y,Bi);FesO;, and (Gd,Bi);Fes0»,
have been effectively utilized as optical isolators in optical
telecommunications.

3. Ferromagnetism of Metastable

Perovskite Oxides Based on Eu?*

Oxides with a perovskite structure are often repre-
sented by the formula ABOs3, where the A-site is occu-
pied by a larger cation surrounded by 12 oxide ions and
the B-site is an octahedral site occupied by a smaller
cation. Group-4 elements, i.e., Ti, Zr, and Hf can com-
pose the perovskite structure with the divalent europium
ion to form EuTiO3, EuZrO;, and EuHfO3, respectively.
At ambient temperature and pressure, the crystal struc-
ture for EuTiOs is cubic and orthorhombic for EuZrO5; and
EuHfO3. EuTiOs and EuZrO5; have been found to exhibit
a magneto-electric effect, and can thus be regarded as mul-
tiferroics [24,25]. In terms of magnetism, the stable phase
of these compounds exhibits antiferromagnetic transition
at approximately 4 - 5K [26,27].

Some theoretical calculations have predicted that the
ferromagnetic structure becomes more stable than the an-
tiferromagnetic structure of EuTiO; when a compressive
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strain is induced in the ab plane or the lattice volume
is increased [28,29]. These theoretical predictions have
been supported by experimental results. Fujita et al. [30]
prepared an EuTiOj3 epitaxial thin film on a SrTiO3z sub-
strate with (001) plane by using the pulsed laser deposi-
tion (PLD) method and found that the lattice of the EuTiO;
thin film is elongated along the direction perpendicular to
the thin-film surface. They also disclosed that the EuTiO;
thin film with the lattice elongation shows ferromagnetic
rather than antiferromagnetic transition at approximately
4 K. Lee et al. [31] demonstrated that both ferromagnetism
and ferroelectricity are induced in the EuTiOj; thin film
when a tensile strain is applied.

Tanaka et al. [32] obtained EuTiOj3 epitaxial thin films
on LaAlO3, SrTiOs, and DyScOj; substrates by using the
PLD method. Among these perovskite oxides, the lat-
tice constant is the smallest for LaAlO3 (0.3790 nm) and
the largest for DyScO3 (0.3944 nm). In addition, the lat-
tice constants of SrTiO3 and EuTiO3 are almost the same,
i.e., 0.3905nm. They observed that the lattice volume of
EuTiOs is the smallest and the largest for the thin films on
LaAlO; and DyScOs; substrates, respectively. Moreover,
all the as-deposited EuTiOj3 thin films exhibited ferromag-
netic transition, whereas the bulk EuTiOj is antiferromag-
netic. In addition, the magnetization of the EuTiO3 thin
films at 2K was the smallest and largest on LaAlO3 and
DyScOs; substrates, respectively. In other words, the ferro-
magnetism, which was never observed for the stable phase
of EuTiO3, was stabilized with the increase in the lattice
volume.

Calculations based on the Hybrid Hartree—Fock den-
sity functional theory were performed to clarify the mech-
anism resulting in the stabilization of the ferromagnetic
structure of EuTiO; with an enlarged lattice [33]. The spin
Hamiltonian is expressed as follows:

H=-2%,;Ji;S:iS, (D

where §; and §; are the spins at the i-th and j-th sites, re-
spectively, and J;; is the exchange coupling constant be-
tween the i-th and j-th sites. The energy of different types
of magnetic structures, i.e., ferromagnetic, A-type antifer-
romagnetic, and G-type antiferromagnetic structures, with
the arrangement of magnetic moments, as shown in Fig. 4,
can be derived as follows:

Er = Ey+25(S + 1)(—12J, —24J,), 2)
Ex=Eo+25(S + 1)(-4J, + 8J2), 3)
Eg =Eog+25(S + 1)(12J, — 24J,), “)

where Ef, Ea, and Eg are the energies of the ferromag-
netic, A-type antiferromagnetic, and G-type antiferromag-
netic structures, respectively. Further, J; and J, are the
exchange coupling constants for the nearest-neighboring
and next-nearest-neighboring magnetic moments, respec-
tively. Figure 5 (a) depicts the lattice volume dependence
of energy difference, Eo—Eg and Eg—Eg. When the change
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Fig. 4 Schematic illustration of A-type antiferromagnetic, ferro-
magnetic, and G-type antiferromagnetic structures. The
yellow and purple arrows denote the up and down mag-
netic moments, respectively. Reprinted with permission
from Ref. [33].
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Fig. 5 Lattice volume (V) dependence of (a) energy difference
between magnetic structures and (b) exchange coupling
constants J; and J,. AFM and FM denote the antiferro-
magnetic and the ferromagnetic structures, respectively.
Reprinted with permission from Ref. [33].

in the lattice volume is zero, i.e., when EuTiOs3 is in the
stable phase with a cubic perovskite structure, both Ex—
Eg and Ep—Eg are positive, indicating that the G-type
antiferromagnetic structure is the most stable among the
three types of magnetic structures illustrated in Fig. 4. The
obtained calculation results conform with the experimen-
tal fact that the stable phase of EuTiO; adopts the G-
type antiferromagnetic structure below ~5 K. Furthermore,
Fig.5 (a) indicates that the energy difference between fer-
romagnetic and G-type antiferromagnetic structures, i.e.,
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Fig. 6 Change of the charge-density isosurfaces around Eu, Ti, and O with the lattice volume of G-type antiferromagnetic EuTiO;. The
change in the lattice volume is denoted by AV. Reprinted with permission from Ref. [33].

Er—E A, monotonically decreases with an increase in the
lattice volume and changes its sign from positive to nega-
tive when the increase in the lattice volume exceeds ~5%,
indicating that the ferromagnetic structure becomes more
stable than the G-type antiferromagnetic structure in the
expanded lattice. Figure 5 (b) shows the lattice volume de-
pendence of exchange coupling constants J; and J,. As
shown, J; monotonically increases with an increase in
the lattice volume, and its sign changes from negative to
positive when the lattice volume increases beyond ~5%.
The change in the energy difference between ferromag-
netic and G-type antiferromagnetic structures as well as
the variation in the exchange coupling constant between
the nearest-neighboring magnetic moments coincide with
the experimental result that the magnetization at low tem-
peratures increases with an increase in the lattice volume
of the EuTiOj3 thin film.

Figure 6 illustrates the charge-density isosurfaces
around the Eu, Ti, and O derived by the calculations of G-
type antiferromagnetic EuTiO3. The yellowish-green parts
correspond to the Eu 4f, Ti 3d, and O 2p orbitals. The over-
lap between the Eu 4f and Ti 3d orbitals is evident when the
lattice is compressed, while such an overlap is not observed
when the lattice is expanded. This result suggests that the
vacant 3d orbital of Ti** mediates the negative superex-
change interaction between nearest-neighboring Eu?* ions
[33]. Furthermore, the ferromagnetic interaction is known
to operate between the nearest-neighboring Eu?* ions
through the indirect exchange mechanism. In this mech-
anism, the excitation of 4f spin into the 5d state in an Eu>*
ion takes place, subsequently transferring the spin to the 5d
state of another Eu?* ion; in addition, the mechanism dis-
plays ferromagnetic coupling between the 5d and 4f spins
due to the Hund’s rule [34]. Consequently, all the 4f spins
of the nearest-neighboring Eu®* ions face the same direc-
tion. The mechanism is schematically illustrated in Fig. 7.
The ferromagnetic and the above-mentioned antiferromag-
netic interactions are believed to compete with each other;
hence, the stable magnetic structure of EuTiO3; depends on
the lattice volume.

a T T

Fig. 7 Schematic of indirect exchange interaction between
nearest-neighboring Eu?* ions. The 4f spins are ferro-
magnetically coupled through the excitation of 4f spin
into the 5d level.

Similar calculations based on the density functional
theory were performed for EuZrOs, EuHfO3, and EuSiO;
with a perovskite structure [35], although EuSiO3, which
adopts the perovskite structure, has never been synthe-
sized. According to the calculations, EuZrO3; and EuHfO3
exhibit a tendency similar to that of EuTiO;. In other
words, an expansion of the lattice volume further stabi-
lizes the ferromagnetic structure. In contrast, for EuSiOs,
a decrease in the lattice volume stabilizes the ferromag-
netic structure. This tendency contrasts those observed for
EuTiO3, EuZrOs, and EuHfO3. Such a difference stems
from the fact that the antiferromagnetic interaction be-
tween Eu®* ions through the Si 3d orbital is not domi-
nant because the energy levels of Eu 4f and Si 3d differ
considerably, and the overlap between those orbitals is not
very significant. Furthermore, the calculations predict that
cubic perovskite-structured EuZrO; and EuHfO3; should
show ferromagnetic transition at low temperatures because
the overlap between Eu 4f and Zr 4d/Hf 5d orbitals is large
in the orthorhombic structure but lesser in the cubic struc-
ture owing to the tilt and rotation of ZrOg or HfOg4 octa-
hedra in the orthorhombic structure. Thus, the metastable
phases of perovskite-type EuZrOsz, EuHfO3, and EuSiO;
display ferromagnetism, while the stable phase of EuZrO;
and EuHfOj; display antiferromagnetism. Nonetheless, the
ferromagnetism of these compounds has not yet been ex-
perimentally demonstrated. Thus, further studies are re-
quired to confirm this theoretical prediction.
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Fig. 8 Temperature dependence of zero-field-cooled magnetic
susceptibility for iron phosphate glass with a composi-
tion of 30Fe, 03 - 15FeO - 55P,05 in molar ratio. Aging-
memory effect is observed.

4. Ferromagnetism of Amorphous
Oxides Containing a Large Amount

of Eu?* Ions

The magnetism of amorphous insulators, such as ox-
ide and fluoride glasses, has been examined thus far. Most
of these insulators exhibit spin glass transition due to the
magnetic frustration, which inevitably occurs in these glass
materials because of the randomly distributed magnetic
moments in the disordered structure of glass. In addition,
the antiferromagnetic interaction is dominant between the
nearest-neighboring magnetic moments [36-46]. For ex-
ample, Fig.8 shows the zero-field-cooled magnetic sus-
ceptibility for iron phosphate glass with a composition of
30Fe, 03 - 15FeO - 55P,05 in mol% [45]. The curve plot-
ted with squares represents the result of aging; the glass
sample was kept at 5K for 3 h without external magnetic
field during the cooling process. Evidently, the aging re-
duced the magnetic susceptibility at 5K than the simple
zero-field cooling process. This result unambiguously in-
dicates that the magnetic phase below the transition tem-
perature, i.e., 7. 8 K, at which the maximum magnetic sus-
ceptibility is observed, represents the spin glass.

In contrast to the experimental result that the dom-
inant magnetic interaction between transition metal ions
in oxide and fluoride glasses is antiferromagnetic, ferro-
magnetic interaction was suggested by Schoenes er al.
[47] for Eu?* ions in amorphous silicate with a compo-
sition of Eu’,Eu® Sig310055 (mol%). They revealed
that the Weiss temperature is positive, although it is
as low as 1 K. Nonetheless, the ferromagnetic transition
was not observed above at least 1.5 K. Akamatsu et al.
[48] were the first to observe an obvious ferromagnetic
transition in amorphous oxides. Based on the temper-
ature dependence of ac magnetic susceptibility of the
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Fig.9 Temperature dependence of magnetization for amor-
phous thin films of EuTiO; (a-ETO) and Eu,TiO, (a-
2ETO). The arrows represent an inflection point which
corresponds to the Curie temperature. Reprinted with
permission from Ref. [49].

60.0Eu0 - 11.0A1,03 - 19.5B,03 - 9.5510, (mol%) glass at
varied magnetic fields and ac frequencies, Akamatsu et
al. [48] clarified that the glass undergoes paramagnetic-
to-ferromagnetic transition at 2.2 K. In addition, they de-
termined that the glass exhibits reentrant spin glass be-
havior. The ferromagnetic transition was also observed
for amorphous EuTiO3 and Eu,TiO4 thin films deposited
on a silica glass substrate through the PLD method [49].
Figure 9 shows variation in magnetization with respect
to temperature (M—T curve) for amorphous EuTiO; and
Eu,TiO4, which are represented by a-ETO and a-2ETO,
respectively. The M-T curves for both amorphous oxides
characterize a ferromagnetic material, and the Curie tem-
perature evaluated from the inflection point (indicated by
arrows; Fig.9) is 5.5 and 14 K for amorphous EuTiO3; and
Eu,TiOy, respectively. Thus, amorphous EuTiO3 under-
goes ferromagnetic transition at 5.5 K in contrast to the fact
that the stable phase of crystalline EuTiO3 becomes anti-
ferromagnetic below 5.3 K [24]. The magnetic moments
originating from the Eu®* ions face the same direction in
amorphous EuTiOj irrespective of the random distribution
of magnetic moments peculiar to the amorphous structure.
Furthermore, both crystalline and amorphous Eu, TiO4 are
ferromagnetic, and interestingly, the Curie temperature of
the amorphous phase is rather higher than that of the crys-
talline phase (9 K) [34], which is considered a rare phe-
nomenon. Usually, the magnetic-phase transition temper-
ature is reduced by approximately one order of magnitude
when a crystalline material is converted into its amorphous
phase with a constant composition. Some examples are
listed in Table 1 [50-55].

To disclose the origin of the ferromagnetism observed
for amorphous EuTiO; and Eu,TiOy4, the local structure
around the Eu?* ion was examined using the extended X-
ray absorption fine-structure spectroscopy [56]. The re-
sults indicate that the oxygen coordination number (CN)
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Table 1 Magnetic ordering and phase transition temperature of some crystalline and amorphous compounds based on iron oxide.

Compound Magnetic ordering Transition temperature (K) | Ref.
Crystalline Weak ferromagnetic 950 50
Fe,04
Amorphous | Cluster spin glass 35.1%0.1 51
Crystalline | Ferrimagnetic 560 52
Y;Fes0y,
Amorphous | Diluted antiferromagnetic 40 53
Crystalline | Antiferromagnetic 643 54
BiFeO3
Amorphous | Spin glass 20 55

for Eu?* differs between the crystalline and amorphous
phases. That is, CN = 12 and 9 for crystalline EuTiO;
and Eu,TiOy, respectively, while CN = 6 for both amor-
phous EuTiO3 and Eu,TiO4. In other words, the crystal-
field strength, which causes the splitting of the 5d level,
as illustrated in Fig.7, is more intense for amorphous
phases than for crystalline phases. Hence, for the amor-
phous phases, the excitation of the 4f spin into the low-
est 5d level occurs easily, resulting in the ferromagnetic
coupling between the nearest-neighboring Eu?* 4f spins
(see Fig.7). The X-ray magnetic circular dichroism at the
Eu M, s and L,3; edges was measured at various temper-
atures for amorphous EuTiO; and Eu,TiO4 [57]. The re-
sults clearly indicate magnetic polarization of both 4f and
5d states, demonstrating that the 4f-5d indirect exchange
interaction is the essential factor displaying the ferromag-
netism in amorphous EuTiO3; and Eu,TiO4. In addition,
these amorphous phases exhibit the Faraday effect in the
visible range and possess a Faraday rotation angle compa-
rable to that of crystalline EuSe [58], a magnetic semicon-
ductor. Here, note that magnetic semiconductors, such as
EuO, EuS, EuSe, and (Cd,Hg,Mn)Te, are known to display
a large Faraday effect in the visible range, some of which
have been practically utilized in a device such as an optical
isolator [59]. Therefore, the amorphous oxides analyzed
in this study are a promising candidate for use in optical
isolators in the visible region.

5. Summary

The metastable phase of some oxide materials pos-
sesses a magnetic functionality superior to its stable coun-
terpart. In this study, it is shown that ZnFe,Os with
a spinel-type structure becomes ferrimagnetic with high
magnetization and a phase-transition temperature higher
than room temperature when its metastable structure, with
random cation distribution, is achieved. The superex-
change interaction between Fe?* ions at the tetrahedral and
octahedral sites is the origin for the ferrimagnetism. In ad-
dition, ferromagnetic state is stabilized further in EuTiO3

with a perovskite-type structure, with an increase in the lat-
tice volume, while the stable phase of EuTiO3; undergoes
antiferromagnetic transition. This is because the increase
in lattice volume suppresses the antiferromagnetic interac-
tion between Eu?* ions based on the vacant 3d orbital of
Ti**, as suggested by the first-principles calculations. The
theoretical calculations also predict that the cubic phases
of EuZrO; and EuHfOs3, the stable phases of which are or-
thorhombic, should be ferromagnetic. Furthermore, amor-
phous oxides bearing a large amount of Eu?* ions, includ-
ing the amorphous thin films of the EuO-TiO; system, ex-
hibit ferromagnetic transition. It is believed that the large
splitting of the 5d level of Eu** in amorphous EuO-TiO,
system results in the overcoming of the antiferromagnetic
interaction by the ferromagnetic interaction based on the
indirect exchange mechanism.
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