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General Introduction 

Magnetic materials have been key components in various industrial applications 

such as information and transportation technologies, sensors, and so on.  The 

development of magnetic materials has led to the explosive growth in the areal density 

(bit/in2) of magnetic recording media almost by two orders every year.  Unfortunately, 

however, the conventional magnetic information storage technology is approaching the 

perceived superparamagnetic limit which does not allow a further reduction of the size 

of a bit, correspondingly increasing the areal density of hard drives.  To meet the 

desire for mass storage and miniaturization of devices, considerable attention has been 

paid to spintronics (or spin electronics, magnetoelectronics) which exploit both the spin 

and charge of an electron and/or a positive hole.  The research on spintronics has been 

focused on ferromagnetic metals and semiconductors in the last few years [1].  One 

great achievement is the discovery of giant magneto resistance (GMR) in multilayers of 

iron and chromium in late 1980s [2,3].  The GMR spin-valve head has enabled 

hard-disk drives to read smaller data bits and led to an increase of more than 40 orders 

in areal density since it became commercially viable in 1997.  One can expect that with 

the development of spintronics it is possible to store a bit of data on a single atom. 

Magnetic insulators which combine magnetism with insulating properties are 

attractive candidcates in spintronic devices as well.  Strong insulation is a prerequisite 

for electronic polarity which can not be realized in conductors.  Also, magnetic 

insulators are desired for the high-frequency applications since magnetic conductors can 

not be used at high frequencies due to the eddy current losses.  In the last few decades, 

Eu2+-containing insulating compounds have attracted much attention due to their 
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fascinating magnetic and electronic properties since the discovery of ferromagnetic 

transition in EuO in 1961 [4-7].  It was reported that EuO could be used as a 

ferromagnetic insulator to induce ferromagnetic properties in graphene by the proximity 

effect [8] and to control the spin polarization of current by a gate voltage [9].  

Moreover, a strong coupling between magnetic and dielectric properties has been 

discovered in EuTiO3 although this material is not ferroelectric.  This finding shed a 

new light to the nature of magnetoelectric coupling [10].  However, when compared to 

magnetic materials containing transition-metal ions, the mechanism of magnetic 

interactions and phase transition in Eu2+-containing compounds has been less 

understood.  Therefore, from viewpoints of both theoretical research and practical 

applications, it is of significance to further investigate the existing Eu2+-containing 

compounds and develop new devices.  

Compared to crystalline materials, amorphous ones have advantages such as easy 

fabrication at low cost, and so on.  Since Gubanov predicted that ferromagnetism can 

exist even in amorphous materials [11], extensive studies have been carried out to 

search for amorphous magnets, leading to the discovery of numerous ferromagnetic 

amorphous alloys [12-15].  The ferromagnetic amorphous alloys, known as soft 

ferromagnets, have been applied to various devices such as power electrical devices, 

inductive components used in electrics, magnetic heads, magnetic shields, sensors, 

transducers, and so on.  However, ferromagnetism has been rarely found in amorphous 

insulators.  In 1975, Litterst reported a ferromagnetic transition in amorphous FeF2 

with a Weiss temperature () of 21 K in contrast to the crystalline FeF2 that is an 

antiferromagnet with θ = –117 K [16].  The ferromagnetic ordering was explained in 

terms of superparamagnetism of ultra-fine ferromagnetic particles with ferromagnetic 
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superexchange interactions of 90 Fe2+-F--Fe2+ bonds.  Similar phenomena have been 

subsequently observed in amorphous FeCl2 and FeBr2 [17,18].  However, there is no 

further evidence for the presence of 90° ferromagnetic interactions.  Since most 

amorphous insulators containing Fe2+ ions prefer antiferromagnetic rather than 

ferromagnetic interactions [19,20], the observed ferromagnetic transitions are probably 

not intrinsic in such amorphous systems.  Ota et al. reported in 1986 that the mixture 

of antiferromagnetic oxides, BiFeO3 and ZnFeO4, leads to ferromagnetic amorphous 

phase [21].  Since then, amorphous oxides based on amorphous ferrites have been 

widely studied [22-26].  Unfortunately, subsequent studies using high-resolution 

transmission electron microscope (HRTEM) observation and Mössbauer measurements 

revealed that the ferromagnetic behavior in such systems arises from ferrimagnetic 

nanocrystalline phases embedded in the amorphous matrixes [27,28].  In contrast to 

the previous controversial reports on amorphous ferromagnetic insulators, recently 

Akamatsu et al. reported a clear ferromagnetic transition in a Eu2+-containing oxide 

glass with Eu2+ concentration of 45% in cation ratio [29].  The structure of the glass 

was confirmed to be amorphous from HRTEM measurement.  The ferromagnetic 

transition of the glass was attributed to the predominance of ferromagnetic interactions, 

different from most of the amorphous insulators.  This result makes it attractive and 

necessary to further investigate amorphous Eu2+-containing systems. 

Due to captivating features of Eu2+-containing compounds, in this work I have 

systematically investigated magnetic properties of amorphous europium titanate and 

europium zirconate thin films as well as magnetic and dielectric properties of bulk 

polycrystalline EuZrO3.  This thesis is composed of the following parts: 
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Chapter 1 briefly describes the theoretical background of magnetism for 

Eu2+-containing compounds and reviews the research progress in related studies.  

Since the magnetic properties of a system, especially an amorphous system, are mainly 

determined by the interactions between the magnetic ions, the description on theoretical 

background primarily involves the mechanism of various magnetic interactions 

concerning Eu2+ ions. The review is focused on magnetic properties of europium 

chalcogenides and europium titanate [30].  

Chapter 2 introduces the preparation, structural and magnetic properties of 

amorphous europium titanate thin films with nominal compositions of mEuO-TiO2 

(m=1, 2, 4) [31,32].  The measurements of 151Eu conversion electron Mössbauer 

(CEM) and extended X-ray absorption fine structure (EXAFS) spectra indicate that the 

local structures of Eu2+ ions in amorphous EuO-TiO2 and 2EuO-TiO2 thin films are 

similar to that in EuO and the coordination number of Eu2+ and Eu-O bond length 

decrease with an increase of m.  All the thin films demonstrate predominant 

ferromagnetic interactions as implied by the positive Weiss temperatures, and undergo a 

reentrant spin glass transition after a ferromagnetic transition as the temperature is 

decreased.  The mechanism of magnetic interactions and phase transition has been 

discussed in terms of their structures.  

Chapter 3 describes the structural and magnetic properties of bulk polycrystalline 

EuZrO3 and amorphous europium zirconate thin films with nominal compositions of 

mEuO-ZrO2 (m=1, 4) [33,34].  The crystal structure of EuZrO3 has been refined to be 

an orthorhombic perovskite by Rietveld analysis of X-ray diffraction (XRD) pattern.  

An antiferromagnetic transition has been observed for the first time in EuZrO3 below 

the Néel temperature (TN) of 4.1 K with a positive Weiss temperature of 0.07 K.  The 
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amorphous europium zirconate thin films exhibit ferromagnetic and reentrant spin-glass 

transitions with ferromagnetic transition temperatures slightly higher than those of 

amorphous europium titanate thin films.  

Chapter 4 introduces results on magnetodielectric properties of bulk polycrystalline 

EuZrO3 [35].  No quantum paraelectric transition has been observed in EuZrO3 in the 

whole temperature region.  At low temperatures EuZrO3 shows a magnetodielectric 

coupling similar to that in EuTiO3, and the coupling constant has been evaluated based 

on mean-field calculations.  The magnitude of the coupling constant in EuZrO3 is 

much smaller than that in EuTiO3 due to the difference in the covalency between the 

Zr-O and Ti-O bonds. 

The final part is devoted to the summary of the present thesis. 
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Chapter 1 Magnetic properties of Eu2+-containing 
compounds 

Since the discovery of ferromagnetism in EuO in 1961 [1], much attention has 

been paid to Eu2+-containing compounds, followed with rapid development of new 

magnetic materials and understandings of their magnetic behaviors [2-5].  In this 

chapter, the theoretical background on the magnetism of Eu2+-containing compounds 

will be described briefly, and then a few important examples will be separately 

presented. 

1.1  Theoretical background 

1.1.1  Magnetic couplings 

In magnetic materials, the magnetic moments are coupled with one another 

through exchange interactions.  The magnetic exchange interactions are quantum 

mechanical in nature and usually written in the form of a spin Hamiltonian as Hij = 

-JijSi·Sj, where Jij is the exchange constant, Si and Sj are the magnetic moments at lattice 

sites i and j.  There are three types of exchange interactions which are currently 

believed to exist: (I) direct exchange, (II) indirect exchange, and (III) superexchange 

interactions. 

(I) Direct exchange 

Direct exchange exists between magnetic moments which are close enough to have 

sufficient overlap of their wave functions.  The direct exchange is expected to originate 

from the overlap of the electronic wave functions and the Coulomb electrostatic 

repulsion.  According to Pauli Exclusion Principle, the electrons with parallel spins 
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will stay away from each other in order to reduce the Coulomb repulsion.  Therefore 

the direct exchange usually favors an antiparallel configuration of the spin.  Since the 

wave functions of the magnetic d or f electrons decay exponentially with distance from 

the nucleus, the direct exchange can only act in a short range and will decrease rapidly 

as the ions are separated. 

(II) Indirect exchange 

When magnetic ions are separated over relatively large distances with little direct 

overlap between neighboring magnetic d or f electrons, the magnetic exchange 

interaction will operate through an intermediary.  In metals, this type of exchange is 

well known as the RKKY interaction named after Ruderman, Kittel, Kasuya and 

Yoshida and the intermediary are the conduction electrons (itinerant electrons) [6-8].  

A magnetic ion induces a spin polarization in the conduction electrons in its 

neighborhood.  This spin polarization in the itinerant electrons is felt by the moments 

of other magnetic ions within the range, leading to an indirect coupling.  Since the 

RKKY exchange coefficient (J) oscillates from positive to negative as the separation of 

the ion changes and has a damped oscillatory nature, the magnetic coupling resulting 

from the RKKY exchange can be either ferromagnetic or antiferromagnetic, depending 

on the separation distance between a pair of magnetic ions. 

Indirect exchange can also exist in insulting magnetic materials.  For example, in 

materials containing rare-earth ions, since the 4f magnetic electrons of rare-earth ions 

are well shielded by the 5s and 5p electrons, the direct exchange between 4f electrons is 

expected to be very weak.  Instead, it has been suggested that an indirect exchange 

takes place through the overlap of the partially filled 5d states [9].  This process can be 

viewed as a 4f electron is excited to the 5d band, experiences an exchange interaction 



12 
 

with the 4f spin on a nearest neighbor and returns to the initial state.  Such an indirect 

exchange interaction generally leads to a ferromagnetic coupling of the magnetic 

moments. 

(III) Superexchange 

Superexchange is the primary magnetic mechanism in magnetic insulators.  It 

works between magnetic moments on ions separated too far to be connected via direct 

exchange, but coupled over a relatively long distance through a ligand or an anion.  

Superexchange interaction was first proposed by Kramers [10] and then formulated by 

Anderson [11].  Later the Kramers-Anderson (KA) mechanism was evolved by 

Kanamori [12] and Goodenough [13] in order to apply to various transition metal oxides.   

According to their results, the superexchange interactions depend on the sorts of 

transition metal ions and metal-oxygen-metal bond angles.  For most transition metal 

oxides, the superexchange interactions can be changed from strong antiferromagnetic to 

weak ferromagnetic ones when the cation–anion–cation angle is varied from 180° to 90°.  

Figure 1.1 illustrates the superexchange between two Fe3+ ions via an intermediate O2- 

ion.  The O2- ion transfers a 2p electron to the neighboring Fe3+ ion.  Due to the 

covalent mixing of the p and d wave functions, the 3d spin on Fe3+ ions is aligned 

parallel to the 2p spin, and since the two 2p spins must be opposite in direction 

according to Pauli Exclusion Principle, the 3d spins on the two Fe3+ ions are paired in 

antiparallel direction.  This causes an antiferromagnetic coupling between the two Fe3+ 

ions. 
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Fig. 1.1: A scheme for superexchange interactions between two Fe3+ ions via an 

intermediate O2- ion. 

Fe3+ Fe3+ O2- 
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1.1.2  Magnetic mechanism in Eu2+-containing compounds 

Eu2+ ion has a 4f 7 electronic configuration (1s2 2s2p6 3s2p6d10 4s2p6d10f 7 5s2p6) 

with a spherically symmetric 8S7/2 state.  Since the 4f electrons are shielded by 5s and 

5p closed shells, direct exchange is expected to contribute very weakly to the magnetic 

orderings in Eu2+-containing compounds.  Therefore the coupling of spins on Eu2+ ions 

is through indirect exchange and/or superexchange interactions.  Below is a brief 

description of these two mechanisms in Eu2+-containing compounds. 

(I) Indirect exchange 

    Insulators and some of semiconductors containing Eu2+ ions are nearly ideal 

examples of Heisenberg magnets where the magnetism is determined by the exchange 

interactions between nearest-neighboring (NN) and next-nearest-neighboring (NNN) 

Eu2+ ions.  Europium titanate (EuTiO3) is a typical example for Eu2+-containing 

insulators, while europium chalcogenides (EuX: X=O, S, Se, and Te) for 

Eu2+-containing semiconductors.  The overlap of the 5d states makes possible an 

indirect mechanism between 4f spins on NN Eu2+ ions through 5d bands.  The 

exchange constant is given by [14] 

J~Jintrab2/U2,                               (1.1) 

where Jintra is the intra-atomic exchange parameter between the 4f and 5d states of Eu2+ 

ions which is almost unchanged for different Eu2+-containing compounds, b is the 

transfer integral between NN Eu2+ ions and dependent on the distance of separation, and 

U is the energy separation between the 4f and 5d states of Eu2+ ions.  Therefore, the 

magnitude of J varies with the NN Eu2+ distance and the 4f -5d energy difference.  

In Eu2+-containing metals or semiconductors like carrier-doped EuX, the dominant 
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indirect exchange is RKKY exchange through conduction electrons populated in the 5d 

orbitals.  Similar to the RKKY exchange in other systems, the exchange constant is a 

function of the distance (R) between two Eu2+ ions, which is given by [6-8]  

3)(

)2cos(
~

Rk

Rk
J

F

F ,                            (1.2) 

where kF is the Fermi wave function and depends on the number of free conduction 

electrons per magnetic ion (n), kF ~(n)1/3 [15].  However, for a Eu2+-containing 

semiconductor with a very small n so that the conduction electrons can be viewed as 

partially localized, the RKKY exchange will be rather different from that described in 

Eq. (1.2).  In such case, the overlap of the 5d orbitals on the NN Eu2+ is necessary for 

the conduction electrons to produce a magnetic exchange interaction [15].   

(II) Superexchange 

    The superexchange through an anion in Eu2+-containing compounds is suggested to 

be much more complicated than that in transition metal oxides due to the special 

electronic structure of Eu2+.  Kasuya proposed three competing mechanisms of 

superexchange in europium chacogenides and estimated the magnitude of these 

interactions with 180˚ cation-anion-cation configuration [16]: 

(i) The Kramers-Anderson superexchange (JKA).   

Similar to the superexchange in transition metal oxides, the 4f electrons on Eu2+ 

ions are coupled through the 2p state of anions.  This exchange is antiferromagnetic 

and is very weak due to the small overlap between 2p and 4f states as shown in Fig. 1.2.  

The magnitude of JKA was evaluated to be 0.510-6 and 0.610-6 eV for EuO and EuSe, 

respectively. 

(ii) Superexchange via the d−f exchange interaction (Jdf).   
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The 2p electrons of anions are transferred to the 5d orbitals of NN Eu2+ ions and 

then affect the 4f spins via the d−f exchange interaction.  The value of Jdf in EuSe was 

estimated to be -1.610-5 eV, well consistent with the experimental value of the 

exchange constant between NNN Eu2+ ions.  Therefore, this mechanism was suggested 

to be responsible for the antiferromagnetic coupling between NNN Eu2+ ions in EuS, 

EuSe, and EuTe. 

(iii) A mix of JKA and Jdf (Jc).   

The Eu2+ 5d and anion 2p orbitals form bonding and antibonding molecular 

orbitals via hybridization.  An oxygen electron is excited from the bonding to the 

antibonding 5d-2p molecular orbital, which has exchange interaction with both Eu spins, 

its place is taken by a Eu 4f electron, after which the 5d electron fills the 4f hole.  The 

sign of Jc is expected to be opposite to that of Jdf, and this mechanism could explain the 

positive exchange constants between NNN Eu2+ ions in EuO and EuTiO3. 

Although Kasuya only considered 180˚ cation-anion-cation configuration in his 

calculation, these mechanisms should also be applicable to the cation-anion-cation 

configurations with other angles.  However, theoretical evaluation of the 

superexchange intensities with such configurations has not been carried out until now.  

It was only suggested, from the experimental results, that the superexchange 

interactions between Eu2+ with 90˚ cation-anion-cation configuration are negative [3,9]. 
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Fig. 1.2: The overlap of cation-cation and anion-cation wave functions in EuO and EuS 

[16].  The arrows indicate the lattice distance between NN Eu and chalcogen ions. 
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1.2  Eu2+-containing compounds 

    Eu2+-containing compounds have been widely studied for their intriguing magnetic 

and electrical properties, among which most attention has been paid to EuX and 

europium titanates. For instance, EuO is a well-known ferromagnet with tunable 

conductivity by doping it with oxygen vacancies or rare-earth ions [15,17,18], which 

makes it a potential material for spin injection.  EuTiO3 exhibits antiferromagnetic 

behavior with strong magnetodieletric coupling [19,20], while Eu2TiO4 and Eu3Ti2O7 

are ferromagnets with ferromagnetic transition temperature around 8 K [20].  Below is 

an individual introduction to the previous studies of EuX and EuTiO3, respectively. 

1.2.1 EuX 

    The research on EuX can be traced back to 1960s and recently the interest has been 

renewed for their potential application in spintronic devices.  EuX have NaCl-type 

crystal structure with lattice parameters of 5.14 (EuO), 5.96 (EuS), 6.20 (EuSe) and 6.60 

Å (EuTe).  They are intrinsic magnetic semiconductors, which is very rare for 

rare-earth compounds.  The band gaps of EuO, EuS, EuSe, and EuTe at room 

temperature are 1.12, 1.65, 1.80, and 2.0 eV, respectively.  As ideal Heisenberg 

magnets, their magnetic properties are mainly determined by the exchange interactions 

between NN and NNN Eu2+ ions.  The exchange interactions between NN Eu2+ ions 

are dominated by indirect interactions while those between NNN Eu2+ ions are 

dominated by 180˚ Eu-O-Eu superexchange interactions as mentioned above.   

Figure 1.3 plots the exchange constants between NN and NNN Eu2+ ions (J1 and J2, 

respectively) and the Weiss temperature  as a function of the lattice constant of EuX.  
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From oxide to telluride the positive value of J1 decreases sharply while the value of J2 

first changes from positive to negative and then becomes stronger in magnitude.  For 

EuO both J1 and J2 are positive, resulting in ferromagnetic transition with Curie 

temperature TC=69 K [21].  The value of J2 becomes negative for EuS but the 

magnitude is lesser than J1, leading to a ferromagnetic phase with TC=16 K [21].  Due 

to the competitive values of J1 and J2, the magnetic phase diagram of EuSe is a little 

complicated.  It is a metamagnet with an antiferromagnetic transition temperature 

TN=4.6 K and changes into a ferrimagnetic phase below 2.8 K with a mixed phase of 

MnO-type antiferromagnetic and ferrimagnetic ordering.  Below TN=1.8 K it again 

enters in antiferromagnetic phase with MnO-type antiferromagnetic ordering [22].  

The relatively larger negative magnitude of J2 leads to antiferromagnetic transition with 

TN=10 K in EuTe.  

Although the ferromagnetic transition temperature TC is low in bulk EuX, a lattice 

contraction induced by pressure [24-27], chemical doping [17,23,28,29] or interfacial 

strain [30-32], which increases the hybridization between Eu2+ 4f and 5d states, 

significantly increases TC.  For instance, the increase of TC up to 140 K was observed 

in Eu-riched EuO films [28] and EuO bulk doped with Gd or Ho [17,29].  The value of 

TC in EuO can reach 200 K with a hydrostatic pressure of about 10 GPa [27].  Ingle et 

al. made first-principles calculations on EuO thin films and suggested that a 5.5% 

biaxially compressed strain would allow an increase of TC up to 175 K [32].  A room 

temperature of TC (290 K) was demonstrated in EuS with a pressure of 88 G Pa [26].  

These results together with the successful reports on EuO integration with Si and GaN 

[30], keep up the promise for the usage of EuX in spin-electronics.
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Fig. 1.3: Weiss temperature θ (triangles) and NN and NNN exchange parameters J1 

(squares) and J2 (circles) versus the lattice constant for different EuX.  Data were 

collected by Wachter [23]. 
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1.2.2 EuTiO3 

    EuTiO3 has a cubic perovskite structure with Eu2+ ions on the dodecahedral sites 

and Ti4+ ions on the tetragonal sites, as indicated in Fig. 1.4(a).  Stoichiometric EuTiO3 

is an antiferromagnetic insulator with TN=5.5 K [20], and exhibits quantum paraelectric 

properties with strong magnetodielectric coupling (coupling constant between spin 

correlation and dielectric constants =2.7410-3) at low temperatures (see Fig. 1.4(c)) 

[19].  The magnetic structure of EuTiO3 is G-type antiferromagnetic with NN Eu2+ 

ions coupling with each other antiferromagnetically and NNN Eu2+ ions coupling with 

each other ferromagnetically, as illustrated in Fig. 1.4(b).   

    It was suggested that NN Eu2+ ions couple through indirect exchange and 90˚ 

Eu-O-Eu superexchange while NNN Eu2+ ions couple through 180˚ Eu-O-Eu 

superexchange [3,9].  The exchange constants estimated under the molecular-field 

theory are J1/k=-0.014 and J2/k=+0.037 K, respectively [20].  The much smaller value 

of J1 compared to that in EuO was ascribed to the small crystal-field splitting of 5d state 

in EuTiO3 which results in a weak indirect exchange.  As suggested by Chien et al. 

[20], the 4f-5d energy difference averaged over 5d sublevels can be assumed to be the 

same for different compounds (U03.5 eV), therefore the value of U in Eq. (1.1) can be 

viewed as a sum of U0 and the crystal-field splitting of 5d levels (10Dq for cubic 

crystal-field splitting).  For EuTiO3, U can be written as  

)10(
5

3
0 DqUU  .                         (1.3) 

According to a theoretical calculation by Chien et al. [20], the value of 10 Dq in EuTiO3 

is one order smaller than that in EuO, which then explains the smaller J1 in EuTiO3.  In 

addition, the number of antiferromagnetic 90 superexchange interactions in EuTiO3 for  
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Fig. 1.4: (a) and (b) Crystal and magnetic structure of EuTiO3; (c) Temperature 

dependence of dielectric constants at 100 kHz (left axis) and inverse magnetic 

susceptibility (right axis) for EuTiO3 [19]. 
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a pair of NN Eu2+ ions is doubled over that in EuO due to the increase of Eu2+ 

coordination number, which results in a negative value of J1 [3,9]. 

    Due to the significantly larger magnitude of J2 compared to that of J1, EuTiO3 is 

one of the few antiferromagnets with ferromagnetic molecular field as revealed by the 

positive value of  (+3.8 K) [20].  Thus, the magnetic structure of EuTiO3 can be 

viewed as follows: two face centered cubic sublattices, where Eu2+ spins order 

ferromagnetically with the relatively strong interactions, are weakly coupled with each 

other in an antiferromagnetic way, resulting in the G-type antiferromagnetic ordering 

whose magnetic energy is slightly different from that of the ferromagnetic ordering.  In 

such a situation, a small perturbation could lead to a big change of the magnetic 

structure.  A first-principles calculation by Ranjan et al. [33] demonstrated that the 

ground state magnetic structure of bulk EuTiO3 changes from G-type antiferromagnetic 

to ferromagnetic with an increase in the lattice volume.  A similar calculation on 

EuTiO3 thin film by Fennie et al. [34] indicates that the G-type antiferromagnetic phase 

is stable in the absence of the strain but the ferromagnetic phase becomes more stable 

when the strain exceeds 1.2% as shown in Fig. 1.5.  Recently our experimental results 

on epitaxial EuTiO3 thin films show that thin films with 2.4% out-of-plane elongation 

exhibit ferromagnetic behaviors [35], which is coincident with the theoretical 

calculations.  In addition, the transition from the G-type antiferromagnetic phase to 

ferromagnetic phase can be realized via carrier doping in EuTiO3.  For instance, it has 

been reported that a partial substitution of trivalent rare-earth ions (e.g. La3+, Gd3+) for 

Eu2+ ions results in the occurrence of ferromagnetic metals, which is suggested to arise 

from the carrier-mediated RKKY interaction [36]. 
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Fig. 1.5: Compressive epitaxial strain () phase diagram of EuTiO3 thin film [34].  

AFM: antiferromagnetic; FM: ferromagnetic; PE: paraelectric; FE: ferroelectric.  
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Chapter 2 Structural and magnetic properties of 
amorphous europium titanate thin films 

2.1  Introduction 

Amorphous ferromagnets are attractive because they combine the advantages of 

ferromagnets and amorphous materials.  Most amorphous ferromagnets discovered to 

date are ferromagnetic amorphous alloys where the magnetic atoms are coupled with 

each other through RKKY interactions [1-4].  However, ferromagnetism has been 

rarely found in amorphous insulators where short range superexchange interactions are 

dominant.  In most insulating oxide and fluoride glasses, antiferromagnetic 

superexchange interactions via anions are dominant, as demonstrated by the negative 

values of  [5-7].  The random distribution of magnetic ions, as well as the prevailing 

antiferromagnetic interactions among magnetic ions, causes geometrical frustration in 

the alignment of magnetic moments at low temperatures, eventually leading to the spin 

glass transition.  One of the exceptions is the Eu2+-containing glasses.  In 1979, 

Shoenes et al. [8] reported that a europium silicate glass with a composition of 

Eu0.14Si0.31O0.55, in which Eu2+ ions accounted for 27 % in cation ratio, was a 

paramagnet down to 1.5 K and had a positive  of 1 K in contrast to most amorphous 

oxides, although no explanation for the origin of the positive  was provided.  Despite 

of the fascinating fact, the magnetic properties of Eu2+-containing amorphous oxides 

have been rarely investigated since then.  Further studies on amorphous oxide systems 

with high concentration of Eu2+ are thus necessary to understand the magnetic 

interactions.  Recently, Akamatsu et al. has prepared borate, silicate, and borosilicate 

glasses with Eu2+ concentration of 10 to 45 % (in cation ratio) by using a conventional 



29 
 

melt-quenching method, and found that all of as-obtained glasses exhibit positive  

values [9].  The result indicates that the ferromagnetic interactions are predominant 

among Eu2+ ions in any oxide glasses containing high concentration of Eu2+ ions.  

Besides, a para-ferromagnetic transition at around 2.2 K was observed in oxide glasses 

containing 45% Eu2+; which is the first report of ferromagnetic amorphous oxide. 

As mentioned in Chapter 1, crystalline EuTiO3 is a rare antiferromagnet with 

predominant ferromagnetic interactions.  Although its ground state is G-type 

antiferromagnetic, a small perturbation like an expansion of the lattice would result in a 

ferromagnetic ordering of the magnetic moments.  Therefore it is of great interest to 

examine what the magnetic property of EuTiO3 will be if its structure changes from 

crystalline phase to amorphous one.  However, no studies on the magnetic properties 

of amorphous EuTiO3 (EuO-TiO2) have been reported up to now.  

    Based on these points, in this work we have systematically fabricated amorphous 

europium titanate thin films with nominal compositions of mEuO-TiO2 (m=1, 2, 4) by a 

pulsed laser deposition (PLD) method and investigated their structural and magnetic 

properties.  The amorphous nature of as-deposited thin films was confirmed by 

HRTEM images and selected-area electron diffraction (SAED) patterns as well as XRD 

patterns, and the valence state of europium ions was examined by 151Eu CEM spectra.  

The local structure of Eu2+ ions were investigated by X-ray absorption fine structure 

(XAFS) spectroscopy.  All of the thin films exhibit positive  values, indicating that 

ferromagnetic interactions are dominant among Eu2+ ions.  Analyses of AC magnetic 

susceptibilities indicate that with decreasing temperature the amorphous europium 

titanates reenter into a spin-glass phase after the ferromagnetic transition, suggesting the 

coexistence of ferromagnetic and antiferromagnetic interactions in such systems. 
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2.2  Experimental 

Thin films of mEuO-TiO2 (m=1, 2, 4) were deposited on silica glass substrates by 

the PLD method (see Fig. 2.1).  The silica glass substrate and high-density target were 

set in a vacuum chamber with a base pressure of 10–6 Pa.  A KrF excimer laser 

operated at a wavelength of 248 nm, a repetition frequency of 10 Hz, and an energy of 

180 mJ was focused on the target.  The film deposition was performed at room 

temperature under the base pressure (~10–6 Pa).  The targets used for thin films 

deposition were prepared as follows: 

(i) Target for deposition of EuO-TiO2 

A polycrystalline EuTiO3 pellet was used as the target for the deposition of 

EuO-TiO2.  It was prepared from reagent-grade Eu2O3 and TiO2 powders by a 

high-temperature solid-state reaction method.  Firstly Eu2O3 and TiO2 powders with a 

molar ratio of 1:1 were thoroughly mixed and sintered in air at 1400 ºC for 12 h to get a 

pure Eu2Ti2O7 powder.  The obtained Eu2Ti2O7 powder was then annealed under a 

flowing gas of 95 vol % Ar + 5vol % H2 at 1200 ºC for 24 h.  After the mixture was 

reground thoroughly, the sintering process was repeated two more times.  Finally, the 

obtained powder with a pure EuTiO3 phase (see Fig. 2.2(a)) was pressed into a pellet 

and sintered again under the flowing gas of 95 vol % Ar + 5vol % H2 at 1200 ºC for 24 

h to get a dense target for PLD.   
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Fig. 2.1: A scheme for thin film fabrication using PLD in this work.  A high-power KrF 

excimer laser (λ=248 nm, 10 Hz repetition frequency) is focused inside the 

high-vacuum chamber to strike the target and then the target material is vaporized in a 

plasma plume on the substrate to form a thin film.  
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Fig. 2.2: Powder XRD patterns of polycrystalline EuTiO3 (a) and EuO (b) powders.  

The solid squares stand for the expected reflection positions for EuTiO3 and EuO, 

respectively. 
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(ii) Targets for deposition of 2EuO-TiO2 and 4EuO-TiO2 

The targets used for the deposition of 2EuO-TiO2and 4EuO-TiO2 were prepared 

from EuO and TiO2 powders in order to efficiently increase the Eu2+ concentration in 

the targets.  To prepare EuO powder, Eu2O3 and slightly excessive graphite pwderes 

were thoroughly mixed and pressed into a pellet.  The pellet was then sintered at 1450 

ºC for 6 h in an Ar(95)/H2(5) (vol %) atmosphere.  The reaction is described by the 

formula: Eu2O3+C→2EuO+CO.  Although the XRD pattern of the resultant product 

(see Fig. 2.2(b)) revealed the presence of a minor impurity phase identified as Eu3O4 (~2 

wt%), the major crystalline phase was EuO.  The resultant EuO pellet was reground 

into powder and thoroughly mixed with TiO2 with a mole ratio of 2:1 to prepare the 

target for 2EuO-TiO2 and 4:1 to prepare the target for 4EuO-TiO2, respectively.  The 

mixtures were again pressed into pellets and sintered at 1500 ºC for 10 h in the 

Ar(95)/H2(5) (vol %) atmosphere.  The obtained pellets were carefully polished and 

used for PLD deposition. 

The thickness of the resultant thin films was estimated to be about 200 nm by a 

surface profiler (Alpha-Step IQ, KLA-Tencor).  The molar ratios of Eu to Ti were 

evaluated to be 0.99:1, 2.04:1, and 3.75:1 for EuO-TiO2, 2EuO-TiO2 and 4EuO-TiO2 

thin films, respectively, by Rutherford backscattering (RBS) measurements and 

subsequent analysis with the simulation program SIMNRA.  

    The XRD analysis (Cu Kα radiation Rint2500, Rigaku) and SAED analysis 

combined with HRTEM observation (JEM-2100F, JEOL) were carried out to identify 

the amorphous nature of the resultant films.  For the HRTEM observation, the 

cross-sectional specimen was prepared by an Ar ion milling at 5 kV using a 

liquid-nitrogen-cooling system.  In order to examine the valence state, 151Eu CEM 
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spectroscopy was performed at room temperature using 151Sm2O3 with activity of 1.85 

GBq as a 21.5 keV -ray source.  The velocity calibration was done with the magnetic 

hyperfine spectrum of -Fe foil obtained using 57Co-doped Rh as a 14.4 keV -ray 

source.  Mössbauer spectrum of EuF3 was utilized as a standard of Doppler velocity.  

As a reference, the CEM spectrum of EuS with rock-salt structure was also measured in 

order to determine the full width at half maximum (FWHM) of Eu2+ absorption peak in 

cubic symmetry; the FWHM for our experimental setup was estimated to be about 2.5 

mm/s, which is comparable to the reported value [10]. 

XAFS spectra of the amorphous thin films were recorded at the beamline BL-12 of 

Photon Factory, National High Energy Institute of Japan.  The storage ring operates 

under 2.5 GeV positron energy and 330 mA positron current.  The beam was 

monochromatised by a double crystal Si (111) monochromator.  The spectra were 

measured using a 19-element pure-Ge solid-state detector at the Eu L3-edge and Ti 

K-edge at room temperature under a fluorescence detection mode.  The obtained 

spectra were normalized to the edge-step height and energy after removing the 

background.  The Eu L3-edge X-ray absorption near-edge structure (XANES) spectra 

were further normalized to the first absorption maximum of each spectrum for 

estimation the fraction of Eu3+ in the thin films.  The extended XAFS (EXAFS) 

structural analysis was performed using the ARTEMIS program [11], which makes use 

of theoretical standards from the FEFF6 [12].  The normalized EXAFS spectra were 

then Fourier transformed using the Hanning window in the range of k = 2–8 Å−1 with a 

k3 weighting.  As references, the Eu L3-edge XAFS spectra of bulk crystalline EuTiO3, 

Eu2O3 and Ti k-edge ones of bulk crystalline Ti2O3 and TiO2 were also measured under 

a transmission detection mode.  By fitting their Fourier-transformed EXAFS spectra, 
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the values of passive electron reduction factor 2
0S were evaluated to be 0.9 and 0.8 for 

the Eu L3-edge and Ti K-edge spectra, respectively.  These values were then used for 

analyzing the spectra of the amorphous thin films in order to evaluate the coordination 

number of Eu and Ti.  

The magnetic measurements were carried out with a superconducting quantum 

interference device magnetometer (Quantum Design MPMS-XL).  The DC magnetic 

susceptibilities were measured under zero-field-cooled (ZFC) and field-cooled (FC) 

modes at DC magnetic fields of 1, 10 and 100 Oe in a temperature region of 2-300K 

and the magnetization as a function of magnetic fields were obtained at 2 K in a 

magnetic field region of –5~5 T.  The AC magnetic measurements were performed at 

an AC magnetic field of 1 Oe in a temperature region of 2-30 K and a frequency region 

of 0.1-300 Hz.  DC magnetic fields of 0.1-5 Oe were applied for the DC magnetic field 

superimposed AC magnetic measurements.  
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Fig. 2.3: Experimental (open circles) and the simulated (solid lines) RBS spectra of 

EuO-TiO2 (a), 2EuO-TiO2 (b), and 4EuO-TiO2 (c). 



37 
 

2.3 Results and discussion 

2.3.1 XRD analysis, TEM observation, and CEM spectroscopy 

Figure 2.4 shows the XRD patterns for EuO-TiO2 (a), 2EuO-TiO2 (c) and 

4EuO-TiO2 (e) prepared by PLD method, respectively.  No sharp diffraction peaks 

ascribed to crystalline phases are observed, indicating the amorphous nature of thin 

films.  A broad peak around 2= 20 and a shoulder around 2= 30 arise from the 

silica glass substrate and thin films, respectively.  The amorphous nature was further 

corroborated by HRTEM images and SAED patterns, as demonstrated in Fig. 2.4 (b), 

(d) and (f).   

Figure 2.5 displays the room-temperature 151Eu CEM spectra for EuO-TiO2 (a), 

2EuO-TiO2 (b) and 4EuO-TiO2 (c), respectively.  The spectra mainly consist of two 

peaks around –13 and 0.5 mm/s, which are assigned to the absorptions due to Eu2+ and 

Eu3+, respectively [13].  From the area ratio of the two absorptions, the fractions of 

Eu2+ over total Eu were estimated to be 97%, 90% and 70% for EuO-TiO2, 2EuO-TiO2 

and 4EuO-TiO2, respectively.  Given that the Debye temperature (D) for Eu2+ is lower 

than that for Eu3+ (e.g. D = 145 K and 261 K for Eu2+ and Eu3+ in a fluorozirconate 

glass, respectively [14]), the real concentrations of Eu2+ are expected to be larger than 

the values obtained above.  Also, the content of Eu3+ in 4EuO-TiO2 may be over 

estimated because CEM measurements preferentially probe the surface layer of the thin 

films which is easily subject to oxidation.  A close look at Fig. 2.5 reveals that the Eu2+ 

absorption bands are split due to the quadrupole interactions between the electric field 

gradient and the electric quadrupole moment of 151Eu nucleus [13].  Therefore, we 

have analyzed the Eu2+ absorption bands with the method developed by Shenoy and 
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Dunlap [15].  The -ray resonance energy between excited and ground states is given 

by  

 )],(),([),( Zg
*
Z

*
eZZZ

*
Z IIPQIIPQeVIIR ,         (2.1) 

where e is the elementary charge, Vzz is the electric field gradient in the direction z, Qe 

and Qg are the excited- and ground-state nuclear quadrupole moments, respectively, I* 

and I are the excited- and ground-state nuclear spins, respectively, Iz* and Iz are the z 

projections of excited- and ground-state nuclear spins, respectively, and  is the isomer 

shift.  P(I*, Iz*) and P(I, Iz) are written as   
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where  is the asymmetry parameter of the electric gradient, and aN(I, Iz) is the 

eigenvalue coefficients (see Ref. 15).  The transition intensity is expressed by 
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where bN(I*, Iz*, I, Iz) is the intensity coefficient (see Ref. 15).  For 151Eu, I* = 7/2, I = 

5/2, and Qe/Qg = 1.34 [16], and thus, there are 12 possible transitions in the presence of 

quadrupole interactions.  In the calculation of theoretical spectrum for Eu2+ absorption 

bands, we assume that each absorption line of the 12 transitions is represented by a 

Lorentzian with FWHM of , which reflects the site-to-site variation of Eu2+.  We also 

neglect the magnetic hyperfine interactions because the amorphous thin films are 

paramagnetic at room temperature as described below.  For the Eu3+ absorption bands, 

a single Lorentzian was simply used to reproduce the spectral shape due to the poor 

spectral resolution.  The background curve was corrected with the equation proposed 

by Marshall et al. [17].   
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Fig. 2.4: XRD patterns (a,c,e) and TEM images (b,d,f) of EuO-TiO2, 2EuO-TiO2, and 

4EuO-TiO2, respectively.  The inset in TEM images are SAED patterns.  
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Fig. 2.5: 151Eu CEM spectra measured at room temperature for EuO-TiO2 (a), 

2EuO-TiO2 (b), and 4EuO-TiO2 (c).  The open squares represent the experimental data, 

and the solid lines are the fit of theoretical curve using Eqs. (2.1)-(2.3).  The 

component lines corresponding to the 12 transitions are also shown for the Eu2+ 

absorption peak at around –12 mm/s. 



41 
 

The parameters obtained by fitting the CEM spectra are shown in Table 2.1.  For 

oxides containing Eu2+, the  value reflects the electron density at the nucleus and can 

be a measure of the covalency of Eu2+-O bond and/or the coordination number of Eu2+ 

[18].  The magnitude of  for mEuO-TiO2 (m=1, 2, 4) is smaller than that for 

crystalline EuTiO3 with cubic perovskite-type structure (–12.5 mm/s) and decreases 

with the value of m, indicating an increase in the covalency of Eu2+-O bond and/or a 

decrease in the coordination number of Eu2+ from crystalline to amorphous phase and 

with the value of m.  Moreover, the non-zero quadrupole interaction parameters 

(eVzzQg) and non-zero asymmetry parameters () indicate the deviation of the structure 

from cubic symmetry and the absence of axial symmetry for the coordination structure 

around Eu2+ in the amorphous thin films.  In the case of Eu2+ with 8S7/2 ground state, 

the quadrupole interaction parameter reflects the electric field gradient caused by the 

surrounding ligands (oxide ions in this case), because the resultant zero orbital angular 

momentum leads to no valence contribution [18].  The magnitude of eVzzQg for the 

amorphous thin films is comparable to those for the Eu2+-containing bulk oxide glasses 

as reported previously (eVzzQg = –11.20 ~ –17.98 mm/s) [7,18,19] and increases with 

the value of m in mEuO-TiO2 (m=1, 2, 4).  The increase in the magnitude of eVzzQg 

suggests an increase in the asymmetry of the distribution of electrons supplied by oxide 

ions around a Eu2+ ion [19].  The values of  are consistent for the three amorphous 

thin films and slightly larger than that for Eu2+ in a cubic site (2.5 mm/s), which is due 

to the site-to-site variation or the distortion of the amorphous structure. 
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Table 2.1: Parameters obtained by the fit of the CEM spectra using Eqs. (2.1)-(2.3). 

 Eu2+/Eu  (mm/s) eVzzQg (mm/s)  (mm/s)  (mm/s) 

EuO-TiO2 0.97 -11.8 -14.7 0.86 3.2 

2EuO-TiO2 0.90 -11.7 -15.7 0.93 3.3 

4EuO-TiO2 0.70 -11.5 -16.4 0.96 3.2 

 

2.3.2 Eu L3-edge and Ti K-edge XAFS 

    The Eu L3-edge XANES spectra of mEuO-TiO2 (m=1, 2, 4) are shown in Fig. 2.6 

(a).  The spectra of crystalline EuTiO3 and Eu2O3 are also shown as references.  The 

peak around 6970 eV and the shoulder around 6980 eV are ascribed to the absorptions 

of Eu2+ and Eu3+, respectively.  The absorption of Eu3+ ions in 4EuO-TiO2 is much 

stronger than those in EuO-TiO2 and 2EuO-TiO2, indicating the existence of a relatively 

large amount of Eu3+ in 4EuO-TiO2.  However, similar to the CEM measurement, 

XAFS measurements mainly detect the surface layer of the thin films, by which the 

amount of Eu3+ could be overestimated.  A close look at Fig. 2.6 (a) in the energy 

region around the absorption edge is shown in Fig. 2.6 (b).  The edge energy is 

decreased by 1 eV from crystalline EuTiO3 to EuO-TiO2 and slightly decreased with the 

increase of Eu2+ concentration in the amorphous thin films.  Since the edge energy 

position is an approximate measure of the oxidation state of the absorbing atom and the 

covalency of bonding at given oxidation state, the decrease in edge energy indicates an 

increase in Eu-O bond covalency, which agrees with the results obtained from CEM 

spectra. 
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Fig. 2.6: (a) Normalized XANES spectra of the amorphous thin films.  The spectra of 

crystalline EuTiO3 and Eu2O3 are shown as reference.  (b) A close look at (a) in the 

low energy region. 

(a) 

(b) 
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Table 2.2: Parameters obtained by fitting the Eu L3-edge EXAFS spectra. 

 
nEu2+ dEu-O (Å) 

2
O-Eu  (Å2) 

EuO-TiO2 6.4(4) 2.480(1) 0.020(2) 

2EuO-TiO2 6.3(4) 2.472(6) 0.022(1) 

4EuO-TiO2 3.9(4) 2.431(7) 0.022(3) 

 

Figure 2.7 shows the Fourier transform of the EXAFS oscillations for Eu.  Only 

the peak around 1.9 Å corresponding to the first Eu-O shell was well developed due to 

the absence of local symmetry around Eu in the amorphous structure.  By fitting this 

peak with a Quick First Shell (QFS) model of 6-cordinate crystal, the average 

coordination number of Eu2+ (nEu2+), the Eu-O bond distance (dEu-O) and the bond 

disorder ( 2
O-Eu ) were obtained, as shown in Table 2.2.  The magnitudes of nEu2+ and 

dEu-O in EuO-TiO2 and 2EuO-TiO2 are much smaller than those in crystalline EuTiO3 

(nEu2+=12 and dEu-O=2.75 Å) and Eu2TiO4 (nEu2+=9 and dEu-O(avg)=2.70 Å), but very 

close to those in crystalline EuO (nEu2+=6 and dEu-O=2.57 Å), indicating that the local 

structures of Eu2+ ions in EuO-TiO2 and 2EuO-TiO2 thin films are possibly similar to 

that in EuO.  A similar phenomenon has been observed in amorphous SrTiO3 whose 

crystalline counterpart has the same structure to that of crystalline EuTiO3; the 

coordination number of Sr2+ and the Sr-O bond distance were estimated to be 6.5 and 

2.52 Å, respectively [20].  The values of nEu2+ and dEu-O decrease with the increase of 

m in mEuO-TiO2 (m=1, 2, 4).  The decrease of nEu2+ with the increase of m is 

consistent with that obtained by CEM measurement.  
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Fig. 2.7: Results of EXAFS fitting for EuO-TiO2 (a), 2EuO-TiO2 (b), and 4EuO-TiO2 

(c).  The open squares are the Fourier transform of the Eu L3-edge EXAFS oscillations 

and lines are the fit.  

(a) 

(c) 

(b) 
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    Figure 2.8(a) shows the Ti K-edge XANES spectra of the amorphous thin films as 

well as those of crystalline EuTiO3 and anatase as references.  The spectra of the thin 

films contain a pronounced pre-edge peak corresponding to the 1s-3d transition.  The 

intensity of this peak is much stronger than those of crystalline EuTiO3 and anatase, 

indicating that the local environment of the Ti in the thin films is noncentrosymmetric 

[21].  The information of the pre-edge peak has been used to distinguish the 

coordination state of Ti.  It has been found that for 4-fold, 5-fold, and 6-fold 

coordinated Ti compounds, the correlation between the intensity and energy of the 

pre-edge peak separates into different domains, as shown in Fig. 2.8(b) [22].  By 

aligning the data obtained in this work with those reported in Ref. 22 using anatase for 

calibration, the correlation between the intensity and energy of the pre-edge peaks for 

the amorphous thin films almost falls into the domain of 4-fold coordination, suggesting 

the average coordination number of Ti in the amorphous thin films is near 4.   

The local structure of Ti in the amorphous thin films was further evaluated through 

Ti K-edge EXAFS spectra.  Figure 2.9 shows the Fourier transform of the Ti K-edge 

EXAFS oscillation.  The spectra are dominated by a peak around 1.4 Å due to the 

absorption of the first Ti-O shell, which again confirms the disordered structure of the 

thin films.  An octahedral QFS model was adopted to analyze this peak.  The average 

coordination number of Ti4+ (nTi4+), the nearest Ti-O bond distance (dTi-O) and the bond 

disorder ( 2
O-Ti ) derived by fitting the theoretical curve to the experimental spectra are 

shown in Table 2.3.  The values of nTi4+ are consistent with the results of the XANES 

spectra and very close to those in the Ti4+-containing oxide glasses [23].  It has been 

known that TiO2 usually acts as an intermediate oxide or network-modifying oxide 

since it doesn’t form glass by itself [24].  However, Sakka et al. [23] reported that 
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TiO2 can be a glass-forming oxide in glasses (e.g., K2O·TiO2, Cs2O·TiO2, and so on) 

where Ti4+ ions have a small coordination number (i.e. nTi4+ = 4) based on the concept 

of Zachariasen [24].  The low magnitudes of nTi4+ in the present thin films suggest that 

Ti4+ serves as a glass-forming cation in the amorphous structure.  Furthermore, the 

values of dTi-O are smaller than those in crystals containing TiO6 octahedra but 

comparable to those in crystals and glasses where Ti4+ ions are four coordinated by 

oxide ions [23,25-28], which confirms the low coordination state of Ti4+ in the 

amorphous thin films.   

 

Table 2.3: Parameters obtained by fitting the Ti K-edge EXAFS spectra. 

 nTi4+ dTi-O (Å) 
2

O-Ti  (Å2) 

EuO-TiO2 3.9(8) 1.88(1) 0.010(2) 

2EuO-TiO2 3.7(5) 1.830(8) 0.003(1) 

4EuO-TiO2 4.1(5) 1.850(8) 0.004(2) 
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Fig. 2.8 (a) Ti K-edge XANES spectra.  (b) Correlation between the intensity and 

energy of the pre-edge peak.  The open squares, the solid star and the open circles refer 

to the data of different reference compounds taken from Ref. 22, that of anatase 

obtained in this work, and those of the amorphous thin films, respectively.    
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Fig. 2.9: Results of EXAFS fitting for EuO-TiO2 (a), 2EuO-TiO2 (b), and 4EuO-TiO2 

(c).  The open squares are the Fourier transform of the Ti K-edge EXAFS oscillations 

and lines are the fit.  

 

(a) 

(c) 

(b) 
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2.3.3 Magnetic properties 

    Figure 2.10(a) shows the temperature dependence of magnetizaiton, M(T), 

measured under both ZFC and FC conditions in a magnetic field of 100 Oe for 

mEuO-TiO2 (m=1, 2, 4) along the out-of plane axis.  The thin films exhibit 

paramagnetic behaviors in the high temperature region.  With decreasing temperature, 

an abrupt increase can be observed in the M(T) curves, which indicates a magnetic 

transition from paramagnetic to ferromagnetic phase.  The ferromagnetic transition 

temperatures TC, defined by the infection point of the M(T) curve, were estimated to be 

5, 13 and 19 K for EuO-TiO2, 2EuO-TiO2 and 4EuO-TiO2, respectively.  Here, it is 

worth to mention that the value of TC for EuO-TiO2 is comparable to the magnetic 

transition temperature of crystalline EuTiO3 (TN =5.5 K [17]), while that for 2EuO-TiO2 

is higher than crystalline Eu2TiO4 (TC =9 K [17]).  These results are contrary to the 

usual understanding that magnetic transition temperature will be suppressed when the 

structure is transformed from crystalline phase to amorphous one [29].   

The inverse magnetic susceptibility as a function of temperature -1(T) (Fig. 

2.10(b)) shows a linear relation above 10 K and is describable in terms of the 

Curie-Weiss law: 

)(3

)( 2
effA








Tk

N
,                           (2.4) 

where NA is the Avogadro’s constant, eff is the effective magnetic moment of Eu2+, k is 

the Boltzmann constant.  By fitting Eq. (2.4) to -1(T), the values of  were obtained as 

8, 18, and 23 K for EuO-TiO2, 2EuO-TiO2 and 4EuO-TiO2, respectively.  The positive 

values of  suggest that ferromagnetic interactions are dominant in the amorphous thin 
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films, which is consistent with the previous report on Eu2+-containing glasses.  Figure 

2.10(c) shows  as a function of the Eu2+ content for the amorphous thin films as well as 

the previously reported Eu2+-containing oxide glasses.  The value of  approximately 

exhibits an exponential increase with the increase of Eu2+ concentration.  Since the 

value of  is proportional to the sum of all the magnetic interactions in the system, the 

exponential increase in  indicates that the ferromagnetic interactions are strengthened 

with    the increase of Eu2+ concentration.  Also, the values of  in EuO-TiO2 and 

2EuO-TiO2 are significantly higher than their crystalline counterparts (=3.8 and 10 K 

for crystalline EuTiO3 and Eu2TiO4 [17], respectively), which suggests an enhancement 

of the ferromagnetic interactions by amorphization. 

    In order to gain a deep insight into the magnetic behaviors at lower temperatures, 

the magnetization of the amorphous thin films was measured under lower magnetic 

fields.  Figure 2.11(a) shows the M(T) curves of EuO-TiO2 measured at magnetic 

fields of 1 and 10 Oe.  Below the sharp increase due to the ferromagnetic transition, a 

discrepancy between the ZFC and FC curves appears, indicating that the (meta)stable 

states in ZFC and FC modes are different.  Apparently, there is some phenomenon (e.g. 

spin frustration) takes place at lower temperatures and breaks the ferromagnetic 

coupling. 

The magnetization as a function of applied field (M(H)) was measured at 2 K for 

all the thin films.  Figure 2.11(b) shows the M(H) curve of EuO-TiO2 as an example.  

The magnetization increases rapidly with increasing magnetic field in a low-field region 

and tends to be saturated at a field higher than 1 T.  However, since the Eu2+ spins can 

be easily flipped perpendicular to the applied magnetic field due to the small magnetic 

anisotropy, the hysteresis loop in Fig. 2.11 (b) is not clearly observed. 
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Fig. 2.10: (a) M(T) curves of mEuO-TiO2 (m=1, 2, 4) measured at magnetic field of 100 

Oe.  (b) -1(T) for mEuO-TiO2 (m=1, 2, 4) measured at magnetic field of 100 Oe (filled 

squares) as well as the fit of Curie-Weiss law to the experimental data (solid line).  (c) 

The value of  as a function of Eu2+ concentration for Eu2+-containing glasses (solid 

squares, taken from Ref. 10) and the present thin films (open squares).  The solid line 

is an exponential fit to the experimental data. 
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EuO-TiO2 
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Fig. 2.11: (a) M(T) curves of EuO-TiO2 measured at magnetic field of 1 and 10 Oe.  

(b) M(H) of EuO-TiO2 measured at 2 K. 

10 Oe 

1 Oe 
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    The magnetic properties of the amorphous thin films were further studied through 

the measurements of AC magnetization.  Figure 2.12 depicts the 

temperature-dependent in-phase (M'(T)) and out-of-phase (M"(T)) components of AC 

magnetization measured with frequency (f) varying from 0.1 to 300 Hz.  The applied 

AC magnetic field is 1 Oe.  The M'(T) together with M"(T) curves exhibit similar 

behaviors for the three thin films.  The M'(T) curves show an f-independent sharp 

increase upon cooling which is in accordance with the ferromagnetic transition seen in 

the M(T) curves.  Then with further decreasing temperature, the M'(T) curves exhibit 

maxima with f-dependent intensities and positions.  The peak positions are shifted to 

higher temperatures and the peak intensity is suppressed with increasing f.  

Correspondingly the M"(T) curves exhibit f-dependent peaks and the peak positions are 

shifted to higher temperatures with increasing f.  These features are in contrast to those 

of conventional ferromagnets which have almost f-independent peaks in M'(T) and 

M"(T) curves but reminiscent of spin glass behavior.   

The peak temperature of the M'(T) curves can be viewed as spin freezing 

temperature (Tf).  The f-dependent shift of Tf,  = ΔTf/(TfΔlogf), were evaluated to be 

0.01, 0.02 and 0.0004 for EuO-TiO2, 2EuO-TiO2 and 4EuO-TiO2, respectively.  The 

values of  for EuO-TiO2 and 2EuO-TiO2 are comparable to while that for 4EuO-TiO2 

is one order smaller than those for conventional spin glasses [30].  The f dependence of 

Tf is also analyzed by the power law which is a well-known testing equation for the spin 

glass phenomenon [31]: 

 z

c

cf

T

TT 
 )(0                        (2.5) 

where  is equal to 1/f, 0 is a characteristic relaxation time, Tc is a critical temperature 
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and z is a critical exponent.  The obtained 0, Tc and z are shown in Table 2.4.  The 

values of 0 are much smaller than those for conventional spin glasses (10-13 s) and the 

values of z are larger than any reported one [30-33].  Therefore it seems that the 

power law is not applicable to the present thin film systems.  This is probably due to 

the closeness of the ferromagnetic and spin-glass transitions:  the systems run into spin 

glass phase immediately after the ferromagnetic magnetic transitions with decreasing 

temperature.  Both the ferromagnetic and the spin glass transition contribute to the 

peak in the M'(T) curve.  In the case of 4EuO-TiO2, the ferromagnetic transition 

smears out the spin glass transition, which results in a very small .  On the contrary, 

the relatively weak ferromagnetic transition peaks were overlapped by the spin glass 

ones for EuO-TiO2 and 2EuO-TiO2.  Therefore the values of  for EuO-TiO2 and 

2EuO-TiO2 are comparable to those for conventional spin glasses.  The systems which 

undergo a spin glass transition after a ferromagnetic transition are called as reentrant 

spin glasses. 

Table 2.4: The values of 0, Tc and z obtained from Eq. (2.5). 

 0 (s) Tc (K) z 

EuO-TiO2 9×10-19 5 17 

2EuO-TiO2 2×10-17 10 20 

4EuO-TiO2 6×10-49 18 25 

 

The reentrant spin glass nature of the thin films is corroborated by the 

measurement of DC magnetic field superimposed AC magnetization.  Figure 2.13(a) 

shows the temperature dependent AC magnetization of EuO-TiO2 measured at an 

applied AC field of 1 Oe with f =10 Hz under different DC fields.  Both M'(T) and 

M"(T) curves are significantly suppressed by applying the DC fields.  The inset of Fig. 
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2.13(a) is a close look at the M'(T) curves, from which the two peaks ascribed to the 

spin glass (Tf) and ferromagnetic (TC) transitions, which overlap with each other in the 

absence of DC field, can be observed when the amplitude of DC field reaches 5 Oe.  

Figure 2.13(b) depicts the frequency-dependent AC magnetization measured at an AC 

field of 1 Oe and a DC field of 5 Oe.  With increasing f, Tf shifts to higher 

temperatures while TC keeps unchanged for all frequencies.  This again confirms the 

ferromagnetic and reentrant spin glass transitions in the amorphous thin films. 
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Fig. 2.12: M'(T) and M"(T) for EuO-TiO2 (a), 2EuO-TiO2 (b), and 4EuO-TiO2 (c) 

measured at AC field of 1 Oe with f of 0.1, 0.3, 1, 3, 10, 30, 100, and 300 Hz (from top 

to end).   

f

f f f 

f 
f 
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Fig. 2.13: (a) M'(T) and M"(T) for the EuO-TiO2 measured at AC field of 1 Oe and 

superimposed DC fields of 0, 0.1, 0.2, 0.5, 1, 2, 5 Oe (from up to down).  The inset of 

(a) is an enlarge show of M'(T).  (b) M'(T) and M"(T) at an AC field of 1 Oe and a DC 

field of 5 Oe with f of 1, 10, 100, and 300 Hz (from top to end).  

f

f
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The magnetic mechanism in amorphous europium titanate thin films can be 

understood as follows: 

I. The predominance of ferromagnetic interactions results in ferromagnetic transition. 

As mentioned above, ferromagnetic interactions are dominant in the present 

amorphous thin films.  The random distribution of Eu2+ ions as well as the 

predominance of ferromagnetic interactions is supposed to result in ferromagnetic 

ordering of the magnetic moments.  It should be noted that the amorphization of 

crystalline EuTiO3, which breaks the delicate balance between antiferromagnetic and 

ferromagnetic ordering, is an effective and easy way to drive it from antiferromagnetic 

to ferromagnetic phase.  The enhancement of ferromagnetic interactions in amorphous 

phase and with the increase of m in mEuO-TiO2 (m=1, 2, 4) is probably due to the 

variation of the structure.  As indicated by the EXAFS results, the Eu2+ ions in 

EuO-TiO2 and 2EuO-TiO2 have local environment similar to those in EuO.  Since the 

ferromagnetic interactions in EuO are much stronger than those in crystalline EuTiO3 

and Eu2TiO4 [16], a change of the structure of EuTiO3 and Eu2TiO4 from crystalline to 

amorphous phase could strengthen the ferromagnetic interactions.  Also, the decrease 

in the values of nEu2+ and dEu-O with the increase of m, which tends to reduce the number 

of antiferromagnetic 90 superexchange interactions and intensify the ferromagnetic 

indirect interactions between NN Eu2+ ions, can result in enhancement of ferromagnetic 

interactions. 

II. Coexistence of ferromagnetic and antiferromagnetic interactions leads to reentrant 

spin glass transition.   

The amorphous structure of the thin films has wide distributions of Eu-O-Eu 

angles and Eu-Eu distances.  Therefore antiferromagnetic superexchange interactions 
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besides the ferromagnetic interactions are also expected to exist in the systems and the 

competition between the two kinds of magnetic interactions could result in spin 

frustration.  The process of the reentrant spin glass transition can be described by a 

random-field theory [34-37].  In this theory, the reentrant spin glass system contains a 

ferromagnetic part with high spin concentration and a spin glass part with low spin 

concentration together with an interface part.  With decreasing temperature, the spins 

in the ferromagnetic part order ferromagnetically, while the spins in the spin glass part 

are weakly magnetized under the influence of the ferromagnetic order in the 

ferromagnetic part.  As the temperature is decreased further, the spins in the spin glass 

part freeze in cooperation with all other spins in the system through the interface 

between ferromagnetic and spin glass parts.    

2.4  Conclusions 

Thin films of mEuO-TiO2 (m=1, 2, 4) were deposited on silica glass substrate by 

the PLD method and their structural and magnetic properties were investigated.  The 

resultant thin films were confirmed to be amorphous by XRD pattern, HRTEM image, 

and SAED pattern.  The valence state of Eu in the thin films was studied by 151Eu 

CEM spectra.  EXAFS analysis indicates that the Eu2+ ions in EuO-TiO2 and 

2EuO-TiO2 have local environment similar to those in EuO and the values of nEu2+ and 

dEu-O decrease with the increase of m in mEuO-TiO2 (m=1, 2, 4).  All the thin films 

have positive  and undergo a reentrant spin glass transition after a ferromagnetic 

transition.  The magnetic mechanism in the present thin films was discussed in terms 

of their structures.  
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Chapter 3 Structural and magnetic properties of bulk 
polycrystalline EuZrO3 and amorphous europium 
zirconate thin films 

3.1 Structural and magnetic properties of bulk 
polycrystalline EuZrO3 

3.1.1 Introduction 

Eu2+-bearing perovskite oxides, EuM4+O3 (e.g. M = Ti, Nb), have been studied in 

the last several decades for their intriguing magnetic and electrical properties [1-7].  A 

variety of magnetic and electrical properties have been observed, depending on the kind 

of M cations, oxygen non-stoichiometry, and aliovalent cationic substitution.  For 

instance, europium niobate (EuNbO3) behaves like a ferromagnetic metal [1,2], while 

the introduction of oxygen vacancies converts it into a superconductor with a critical 

temperature of about 6 K [3].  On the other hand, EuTiO3 is an antiferromagnetic 

insulator with quantum paraelectric properties as mentioned above [4-7].  Compared to 

EuNbO3 and EuTiO3, the structure and physical properties of EuZrO3 have been less 

investigated.  Shafer [8] first prepared EuZrO3 by a high-temperature solid-state 

reaction using ZrO2 and EuO as starting materials and ascribed its crystal structure to a 

cubic perovskite.  Recently, Viallet et al. [9] performed XRD pattern refinement on 

EuZrO3 prepared by the same procedure in Ref. 8 and showed that it crystallizes in 

orthorhombic symmetry at room temperature.  Namely, the previous reports on the 

crystal structure of EuZrO3 are quite controversial.  In addition, the magnetic ordering 

of EuZrO3 has not been observed down to 4 K [8,9], which was the lowest measurement 

temperature ever reported.  Therefore, further investigation is necessary to clarify both 

the crystal structure and magnetism of EuZrO3.  
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In this study, we have synthesized bulk polycrystalline EuZrO3 following the 

method described in Refs. 8 and 9, and examined its crystal structure and magnetic 

properties.  Almost all europium ions are present as the divalent state in the 

synthesized EuZrO3, as revealed by 151Eu Mössbauer spectroscopy.  The crystal 

structure is refined to an orthorhombic perovskite-type structure (Pbnm space group) 

through Rietveld analysis of the XRD pattern.  In contrast to previous reports, 

measurements of magnetic susceptibility down to 2 K demonstrate that orthorhombic 

perovskite EuZrO3 behaves as an antiferromagnet below about 4.1 K.  This is the first 

observation of magnetic ordering in EuZrO3.  

3.1.2 Experimental 

Polycrystalline EuZrO3 was prepared from powders of EuO and ZrO2 following 

the reaction described by the formula, EuO + ZrO2 = EuZrO3.  Firstly EuO powder 

was prepared using the method described in Chapter 2.  The obtained EuO was then 

thoroughly mixed with reagent-grade ZrO2.  After that the mixture was pressed into a 

pellet and sintered at 1550 ºC for 10 h in an Ar(95)/H2(5) (vol%) atmosphere.  

Powder XRD patterns were recorded on a Rigaku Rint 2500 X–ray diffractometer 

with Cu Kα radiation.  Rietveld analysis was performed by a least-square method using 

the GSAS refinement program [10,11,12].  The lattice constants, atomic coordinates, 

occupation factors, and isotropic thermal parameters were refined freely for all atoms.  

Crystal structure of EuZrO3 was drawn with the refined parameters using the VESTA 

software [13].  151Eu Mössbauer effect measurements were performed in a standard 

transmission geometry at room temperature to evaluate the valence state of europium 

ions and the local environment around Eu2+ ions.  The -ray source is same with the 
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CEM measurements and the velocity calibration was done with the same method 

described in Chapter 2.  Magnetic susceptibilities were carried out with a SQUID 

magnetometer (Quantum Design MPMS-XL) in a temperature range of 2-300 K under 

both ZFC and FC conditions at an external magnetic field of 50 Oe.  The field 

dependence of magnetization was recorded at 2 K under magnetic fields up to 5 T. 

3.1.3 Results and discussion 

3.1.3.1 Crystal structure 

Figure 3.1 shows the XRD pattern of the polycrystalline EuZrO3 sample at room 

temperature (open circles).  All the diffraction peaks can be indexed as an 

orthorhombic perovskite phase (Pbnm space group), which is consistent with the result 

reported by Viallet et al. [9] but not with that by Shafer [8].  Utilizing the 

orthorhombic structure of SrZrO3 as a starting model, Rietveld refinement was 

performed, yielding an overall good agreement between the observed and calculated 

diffraction profiles (solid line).  The final refinement converged to Rwp = 7.8%, Rp = 

5.2%, and χ2 = 1.92.  The Rp factor is much smaller than that in Ref. 9 (11.9%).  

Some structural parameters deduced from the Rietveld refinement are summarized in 

Tables 1 and 2.  The refined lattice constants, a = 5.79469(9), b = 5.82521(7), and c = 

8.19799(14) Å, are close to those reported in Ref. 9.  A view of the crystal structure of 

EuZrO3 is illustrated in Fig. 3.2(a).  The structure shows a GdFeO3-type distortion 

through the rotation of ZrO6 octahedra, due to the smaller size of Eu2+ ion compared to 

the cubo-octahedral interstice formed by the corner-sharing ZrO6 network.  The 

rotating angles in a-b plane () and normal to a-b plane () are estimated to be 6.2 

and 12.7, respectively, as shown in Figs. 3.2(b) and (c).  The degree of the structure 
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distortion of ABO3-type perovskites can be evaluated by the tolerance factor, 

/ 2t A O B O      , where <A-O> and <B-O> represent the mean 

cation-oxygen interatomic distances of A and B sites, respectively [14].  Geometrically, 

t equals to 1 for an ideal (cubic) perovskite.  For EuZrO3 where Eu2+ and Zr4+ ions 

occupy the A- and B-sites, respectively, t is estimated to be 0.983, which again suggests 

a certain distortion from ideal perovskite structure. 
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Fig. 3.1: Powder XRD pattern of EuZrO3 synthesized by the solid-state reaction 

between EuO and ZrO2 (open circles) and the profile calculated by the Rietveld 

refinement (line).  Vertical ticks indicate the expected reflection positions for the 

orthorhombic EuZrO3.  The bottom curve is the difference between experimental and 

calculated profiles. 
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Fig. 3.2: (a) Crystal structure of EuZrO3 drawn based on Rietveld refinement results.  

(b) and (c) illustrate the structure of EuZrO3 projected along the [001] and [110] 

directions, respectively.  The dashed lines indicate the corresponding positions of ZrO6 

octahedra in the ideal perovskite structure. 
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Table 1: Atomic coordination, site occupancy, and isotropic thermal factors (Uiso) for 

orthorhombic EuZrO3. 

 x y z Ocuppancy Uiso (Å2) 

Eu 0.00557(25) 0.52478(8) 0.25 0.988(1) 0.0183(2) 

Zr 0 0 0 0.971(2) 0.0136(3) 

O1 -0.0789(19) -0.0115(9) 0.25 1.029(24) 0.0189(48) 

O2 0.2171(13) 0.2798(11) 0.0458(11) 0.981(18) 0.0238(35) 

Lattice constants (Pbnm): a = 5.79469(9), b = 5.82521(7), and c = 8.19799(14) Å.  

Weighted profile Rwp = 7.8%, profile Rp = 5.2%, and reduced χ2 = 1.92. 

 

Table 2: Selected distances (Å) in EuZrO3. 

  NN Eu-Eu (×2) 4.1540(21) NN Eu-O1 2.482(11) NN Zr-O1 (×2) 2.100(2) 

  NN Eu-Eu (×2) 4.0630(20) NN Eu-O1 2.745(5) NN Zr-O2 (×2) 2.093(7) 

  NN Eu-Eu (×2) 4.10966(11) NN Eu-O1 3.162(5)  NN Zr-O2 (×2) 2.115(7) 

Mean NN <Eu-Eu> 4.1089 NN Eu-O1 3.329(12) Mean NN <Zr-O> 2.103 

 NNN Eu-Eu (×2) 5.7950(20)  NN Eu-O2 (×2) 2.518(7)   

 NNN Eu-Eu (×2) 5.8252(7)  NN Eu-O2 (×2) 2.755(8)   

 NNN Eu-Eu (×4) 5.6640(11)  NN Eu-O2 (×2) 2.974(9)   

 NNN Eu-Eu (×4) 5.9535(11)  NN Eu-O2 (×2) 3.438(8)   

Mean NNN <Eu-Eu> 5.8092 Mean NN <Eu-O> 2.924   
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3.1.3.2 151Eu Mössbauer spectroscopy 

Figure 3.3 shows the room-temperature 151Eu Mössbauer spectrum of EuZrO3.  

Two peaks are observed around -13 and 0.5 mm/s, assigned to Eu2+ and Eu3+ absorption, 

respectively.  The fraction of Eu2+ relative to the total europium ions was estimated to 

be about 0.96 from the area ratio of the two absorption peaks, which is comparable to 

those in EuZrO3 and EuTiO3 as reported previously [5,8].  The Eu2+ absorption peak in 

Fig. 3.3 is asymmetrically broadened with a shoulder around -11.5 mm/s, suggesting the 

presence of electric quadrupole interaction between the electric field gradient and the 

electric quadrupole moment of 151Eu nucleus.  Since the analysis of asymmetric 

Mössbauer spectrum using a single Lorentzian gives rise to a significant error in isomer 

shift value [15], we have utilized the method developed by Shenoy and Dunlap as 

described in Chapter 2 [16].  During the calculation 12 possible transitions with a 

Lorentzian line shape were taken into account, and the magnetic hyperfine interaction 

was ignored because EuZrO3 is paramagnetic at room temperature as described below.  

The fit of the theoretical curve to the Eu2+ absorption peak yields  = -12.64±0.02 mm/s, 

eVzzQg = -10.32±0.21 mm/s,  = 2.65±0.05 mm/s, and  = 0.46±0.05.  The  value of 

EuZrO3 is very close to that of cubic perovskite EuTiO3 (-12.5±0.1 mm/s) but slightly 

different from that of EuZrO3 (-13.1±0.2 mm/s) reported by Berkooz [17] (Note that the 

values of  reported in Ref. 17, which were relative to Eu2O3, are converted to those 

referred to EuF3 by adding 1.037 mm/s to the original values).  It is most probable that 

the difference in  between the present EuZrO3 and the one reported previously stems 

from the fact that the contribution of quadrupole interactions is taken into account in the 

present analysis; otherwise, the  value is equal to the datum derived by Berkooz, 
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corresponding exactly to the peak position of the Eu2+ absorption (see Fig. 3).  Based 

on the above analyses of XRD pattern and Mössbauer spectrum, we believe that the  

value (-12.64 mm/s) obtained in this work is more reliable.  On the other hand, since 

the quadrupole interaction for Eu2+ -containing compounds mainly reflects the electric 

field gradient caused by the surrounding ligands due to the small anisotropy of 4f 

electrons [18], the non-zero quadrupole interaction (eVzzQg = -10.32 mm/s) and 

non-zero asymmetry parameter ( = 0.46) indicate the presence of non-axial electric 

field gradients at Eu2+ sites, consistent with the orthorhombic structure of EuZrO3 where 

the Eu2+ sites have the point symmetry m(C1h).  The value of  is almost the same to 

the FWHM of absorption peak obtained for cubic EuS (2.5 mm/s), ensuring the 

occupation of single crystallographically equivalent sites by Eu2+ ions.  
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Fig. 3.3: Room-temperature Mössbauer spectrum of EuZrO3 (open squares).  The solid 

line represents the theoretical spectrum calculated by Eqs. (2.1)-(2.3) in which the 

presence of quadrupole interaction is considered.  The component lines of the 12 

transitions (solid black lines) are also shown for the Eu2+ absorption peak at around -12 

mm/s.  The Eu3+ absorption peak at around 0.5 mm/s is simply analyzed by a single 

Lorenzian because of the poor shape resolution.  The bottom curve is the difference 

between experimental and calculated profiles. 
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3.1.3.3 Magnetic properties 

Figure 3.4(a) illustrates the magnetic susceptibility () as a function of temperature 

(T) measured for EuZrO3 under the external magnetic field of 50 Oe.  A kink structure 

corresponding to a magnetic transition is observed at 4.1 K without any divergence 

between ZFC and FC magnetic susceptibilities.  The magnetization (M) as a function 

of external magnetic field (H) at 2 K is shown in Fig. 3.4(b).  Since the Eu2+ ion has an 

S = 7/2 spin with a Heisenberg character and least magnetic anisotropy, the Eu2+ spins 

are first flipped and then gradually changed into FM arrangement with increasing H.  

The magnitude of M tends to be saturated at higher H than 3 T.  The saturation 

magnetization is 6.87 B, which is very close to the theoretical spin-only magnetic 

moment of Eu2+ (7 B).  This result, together with the presence of kink structure in the 

-T curve, indicates the antiferromagnetic order at the ground state.   

We have analyzed the -T curve in the high-temperature region by considering the 

contribution arising from both Eu2+ and impurity Eu3+ ions:  

    0
3

mol
2

molmol )Eu()1()Eu(    cc ,             (3.1) 

where c is the molar ratio of Eu2+ to the total europium ions, and 0 is the 

temperature-independent term.  The magnetic susceptibility of Eu2+, mol(Eu2+), can be 

calculated by the Curie-Weiss law as represented by Eq. 2.4.  The ground state 7F0 of 

Eu3+ is nonmagnetic, and the excited states 7FJ (J = 1, 2, ..., 6) are so close to the ground 

state that the energy differences are comparable to kT at room temperature.  In 

consideration of the first three excited states, the magnetic susceptibility of Eu3+, 

mol(Eu3+), can be written as [19] 
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where a = /kT is the ratio of the multiplet width ( is the spin-orbit coupling constant) 

to the thermal energy.  If we take  = 370 cm-1 as reported for EuAlO3 [20] and eff = 

7.94 B as obtained theoretically, the experimental susceptibility can be well reproduced 

with Eqs. (3.1), (3.2), and (2.4) (see the solid line in Fig. 3.4(a)), yielding c = 0.97 and  

= +0.07 K.  The value of c is very close to that obtained from the Mössbauer 

measurement.  The positive  value implies the predominance of ferromagnetic 

interactions between localized Eu2+ spins in EuZrO3.    
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Fig. 3.4: (a) Temperature dependence of magnetic susceptibility of EuZrO3 (open 

squares) measured in a magnetic field (H) of 50 Oe.  The solid line represents the 

theoretical curve.  The inset shows both FC (open squares) and ZFC (closed squares) 

curves in the low temperature region.  (b) Field dependence of magnetization of 

EuZrO3 (closed circles) measured at 2 K.  The solid line is a guide for the eye. 
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In the final part, we will address the mechanism responsible for the observed 

antiferromagnetic ordering in EuZrO3.  In Eu2+-containing crystalline oxides with 

perovskite-type structure, the magnetic structure is predominantly determined by the 

NN and NNN exchange interactions between Eu2+ ions [4-6,21-23].  For 

antiferromagnetic perovskites where magnetic ions are located on a simple cubic lattice, 

there exist three types of antiferromagnetic ordering, namely, A-, C-, or G- type (see Fig. 

3.5), and the values of J1 and J2 can be derived from the following equations using the 

molecular-field approximation [23],  

)126(
3

)1(2
21 JJ

k

SS



 ,                       (3.3) 

)42(
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21N1 JJ
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 ,                        (3.6) 

where TN1, TN2, and TN3 are the Néel temperatures for A-, C-, and G-type 

antiferromagnetic ordering, respectively.  In pseudocubic perovskite EuZrO3, Eu2+ ions 

locate on an approximately cubic lattice.  Disregarding the structure distortion and 

setting S = 7/2, one obtains J1/k = +0.033 K and J2/k = -0.031 K for an A-type 

antiferromagnetic structure using Eqs. (3.3) and (3.4), while the analysis on a G-type 

antiferromagnetic structure using Eqs. (3.3) and (3.6) yields J1/k = -0.032 K and J2/k = 

+0.017 K.  There is no solution by combining Eq. (3.3) with Eq. (3.5), so the 

possibility of the C-type antiferromagnetic ordering can be ruled out for EuZrO3.  

Although we do not have further experimental evidence to distinguish the A-type 

antiferromagnetic structure from the G-type one for EuZrO3 at this moment, previous 

analysis of magnetic structure for a series of Eu2+ -containing perovskite oxides may 
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allow us to deduce the magnetic structure of EuZrO3.  In cubic perovskite EuTiO3, the 

values of J1/k and J2/k are evaluated to be -0.014 K and = +0.037 K, respectively.  

Greedan et al. [23] applied the molecular-filed approximation to cubic perovskite 

EuMg0.5W0.5O3 and EuLu0.5Ta0.5O3, and compared their J1 and J2 values with those 

obtained for EuTiO3.  They found that the J1 and J2 values vary systematically with the 

NN and NNN Eu2+ distances, respectively, if a G-type antiferromagnetic ordering is 

assumed for EuMg0.5W0.5O3 and EuLu0.5Ta0.5O3.  Namely, the value of J1/k decreases 

from –0.014 K (EuTiO3) to –0.095 K (EuLu0.5Ta0.5O3) with increasing the NN Eu2+ 

distance from 3.904 to 4.100 Å, while the value of J2/k decreases from +0.037 K 

(EuTiO3) to –0.016 K (EuLu0.5Ta0.5O3) as the NNN Eu2+ distance increases from 5.52 to 

5.80 Å.  Considering the fact that the mean NN and NNN Eu2+ distances in EuZrO3 

are 4.1089 and 5.8092 Å, respectively (see Table 2), the systematic variations of J1 and 

J2 values with NN and NNN Eu2+ distances are more compatible for the G-type 

antiferromagnetic structure than for the A-type one.  Here, it should be noted that there 

exist differences in the J1 and J2 values for the G-type antiferromagnetic ordering 

between EuLu0.5Ta0.5O3 and EuZrO3 despite their similar NN and NNN Eu2+ distances.  

This may be caused by the neglect of the structural distortion in EuZrO3 involving the 

distribution of Eu-O-Eu bond angles during the above calculation.  Also, it is 

anticipated for orthorhombic perovskite EuZrO3 with A sites occupied by magnetic ions 

that the presence of single-ion anisotropy and magnetic dipole-dipole interactions may 

lead to spin canting; however, the degree of spin canting should be considerably small 

in EuZrO3 since Eu2+ is an S-state ion, which is similar to the case in orthorhombic 

perovskite GdAlO3 where Gd3+ ions are in the same S ground state [24].  Further 

studies are required to clarify the magnetic structure in EuZrO3. 
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Fig. 3.5: Schematic depiction of the A-, C-, and G- type AFM structures.  The arrows 

represent spin orientation in a cubic lattice. 
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3.1.4 Conclusion 

In summary, perovskite EuZrO3 was synthesized through a high temperature 

solid-state reactionand its structural and magnetic properties were examined.  Through 

the Rietveld analysis of XRD data the crystal structure of EuZrO3 was refined to 

orthorhombic perovskite (Pbnm space group) with lattice constants a = 5.79469(9), b = 

5.82521(7), and c = 8.19799(14) Å.  The analysis of 151Eu Mössbauer spectrum 

indicates that almost all the europium ions are present as Eu2+ and occupy the distorted 

sites with non-axial electric field gradients.  An antiferromagnetic behavior of EuZrO3 

is observed below TN~4.1 K with a positive  of 0.07 K.  The possible mechanism of 

the magnetic transition has been discussed. 
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3.2 Magnetic properties of amorphous europium zirconate 
thin films 

3.2.1 Introduction 

    The ferromagnetism discovered in amorphous europium titanate thin films is quite 

unique in comparison with most insulating amorphous magnets which usually show 

spin glass behaviors.  To further confirm the ferromagnetic nature in such systems, it is 

necessary to extend the study to other amorphous Eu2+-containing systems.  The 

results mentioned above demonstrate that crystalline EuZrO3 has similar magnetic 

structure to crystalline EuTiO3, that is, a G-type antiferromagnetic structure with 

dominant ferromagnetic interactions.  Therefore a small structural perturbation is 

expected to result in a large variation of the magnetic properties in EuZrO3.  This 

makes amorphous europium zirconates good candidates for the study of the magnetism 

of amorphous Eu2+-containing systems. 

    In this study, amorphous zirconate thin films with nominal composition of 

EuO-ZrO2 and 4EuO-ZrO2 have been prepared by the PLD method and their structural 

and magnetic properties have been examined.  Both EuO-ZrO2 and 4EuO-ZrO2 exhibit 

ferromagnetic transitions with reentrant spin glass transitions.  The value of TC in 

4EuO-ZrO2 was estimated to be about 22 K, which is the highest value among 

Eu2+-containing amorphous insulating materials. 

3.2.2 Experimental 

Thin films of EuO-ZrO2 and 4EuO-ZrO2 were prepared by a PLD method via the 

same experimental procedure to that for the preparation of amorphous europium titanate 

thin films.  The laser energy and frequency were set as 180 mJ and 10 Hz, respectively.  
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The thin films were deposited on silica glass substrates at room temperature under the 

base pressure of 10-6 Pa.  The target for the deposition of EuO-ZrO2 was the 

polycrystalline EuZrO3 pellet described above, while that for the deposition of 

4EuO-ZrO2 was prepared from EuO and ZrO2 powders with a mole ratio of 4:1 under 

an Ar(95)/H2(5) (vol%) atmosphere.  The thickness of the thin films examined by a 

surface profiler (Alpha-Step IQ, KLA-Tencor) was about 160 nm.  RBS measurements 

indicate that the molar ratio of Eu to Zr in the thin film were 0.95:1 and 3.45:1 for 

EuO-ZrO2 and 4EuO-ZrO2, respectively (see Fig. 3.6).  The structure of the thin films 

was characterized by XRD (Rint2500, Rigaku) with Cu Kα radiation and HRTEM 

observations (JEM-2100F, JEOL).  The valence state of Eu ions was examined by 

151Eu CEM measurements using the same procedures as described in Chapter 2.  The 

magnetization of the thin films was recorded on a SQUID magnetometer (Quantum 

Design MPMS-XL).  The DC magnetic susceptibilities were measured under ZFC and 

FC modes at DC magnetic fields of 20, 50 and 100 Oe in a temperature region of 

2-300K and the magnetization as a function of magnetic fields were obtained at 2 K in a 

magnetic field region of –5~5 T.  The AC magnetic measurements were carried out at 

an AC magnetic field of 3 Oe and DC magnetic fields of 0-5 Oe in a temperature region 

of 2-30 K with frequency varying from 0.1 to 300 Hz.  

3.2.3 Results and discussion 

The XRD patterns of EuO-ZrO2 and 4EuO-ZrO2 are shown in Fig. 3.7 (a), which 

indicate that no crystalline structure exists in the thin films.  The amorphous nature of 

the thin films was also confirmed by HRTEM measurements.  The HRTEM image and 

the SAED pattern of EuO-ZrO2 are shown in Fig. 3.7 (b). 
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Fig. 3.6: Experimental (open circles) and the simulated (solid lines) RBS spectra of 

EuO-ZrO2 (a) and 4EuO-ZrO2 (b). 
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Fig. 3.7: (a) XRD patterns of EuO-ZrO2 and 4EuO-ZrO2.  (b) TEM image of 

EuO-ZrO2.  The inset shows SAED pattern of EuO-ZrO2.  
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Fig. 3.8: 151Eu CEM spectra measured at room temperature for EuO-ZrO2 (a) and 

4EuO-ZrO2 (b).  The open squares represent the experimental data, and the solid lines 

are the fit of theoretical curve using Eqs. (2.1)-(2.3).  The component lines 

corresponding to the 12 transitions are shown for the Eu2+ absorption peak at around 

–12 mm/s. 
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    Figure 3.8 shows the room-temperature CEM spectra of EuO-ZrO2 and 4EuO-ZrO2.  

Similar to those of amorphous europium titanate thin films, the spectra are composed of 

two peaks around –13 and 0.5 mm/s, corresponding to the absorptions due to Eu2+ and 

Eu3+, respectively.  The fractions of Eu2+ over total Eu estimated from the area ratio of 

the two absorptions are 96% and 63% for EuO-ZrO2 and 4EuO-ZrO2, respectively.  

Again, it should be mentioned that CEM measurement which preferentially probes the 

surface layer of the thin film may result in a relatively large deviation in the value for 

4EuO-ZrO2.  The Eu2+ absorption bands show a hyperfine structure due to the presence 

of quadrupole interactions.  Using the same method for analyzing the spectra of 

amorphous europium titanate thin films, the isomer shift (), quadrupole interaction 

parameter (eVzzQg), FWHM of the absorption (), and asymmetry parameter of the 

electric gradient () were estimated and summarized in Table 3.3.  The  value for 

EuO-ZrO2 is close to that for EuO-TiO2, indicating similar coordination number of Eu2+ 

in both systems.  In the same way, the coordination number of Eu2+ in 4EuO-ZrO2 

could be similar to that in 4EuO-TiO2.  The magnitudes of eVzzQg and  for EuO-ZrO2 

and 4EuO-ZrO2 are slightly higher than those for amorphous europium titanate thin 

films, suggesting the distribution of electrons supplied by oxide ions around a Eu2+ ion 

is more asymmetrical in amorphous europium zirconate thin films than that in 

amorphous europium titanate thin films.  The  values for EuO-ZrO2 and 4EuO-ZrO2, 

which reflect the site-to-site variation or the distortion of the amorphous structure, are 

consistent with those for amorphous europium titanate thin films. 
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Table 3.3 Parameters obtained by the fit of the CEM spectra using Eqs. (2.1)-(2.3). 

  (mm/s) eVzzQg (mm/s)  (mm/s)  (mm/s) 

EuO-ZrO2 -11.9 -18.3 1.0 3.4 

4EuO-ZrO2 -11.3 -18.0 0.86 3.4 

Figures 3.9(a) and (b) depict the M(T) curves of EuO-ZrO2 and 4EuO-ZrO2 

measured under ZFC and FC conditions at different magnetic fields.  The magnetic 

behaviors of EuO-ZrO2 and 4EuO-ZrO2 are very similar to those of amorphous 

europium titanate thin films.  With decreasing temperature the M(T) curves exhibit a 

sharp increase, which is a signature of ferromagnetic transition.  The values of TC were 

estimated to be 8 and 22 K for EuO-ZrO2 and 4EuO-ZrO2, respectively.  The TC value 

in 4EuO-ZrO2 is higher than any other amorphous insulating Eu2+-containing materials 

ever reported.  With further decreasing temperature the M(T) curves measured at 

magnetic fields of 20 and 50 Oe exhibit a discrepancy between those under ZFC and FC 

conditions, indicating a reentrant spin glass transition at lower temperatures.  The 

-1(T) curves of EuO-ZrO2 and 4EuO-ZrO2 are shown in Fig. 3.9(c), demonstrating a 

nearly linear behavior in the high temperature region.  By fitting Eq. (2.4) to the high 

temperature region of -1(T), the values of  were obtained to be 11 and 26 K for 

EuO-ZrO2 and 4EuO-ZrO2, respectively.  The positive  values again suggest that 

ferromagnetic interactions are dominant in amorphous Eu2+-containing oxides.  The 

M(H) curves of EuO-ZrO2 and 4EuO-ZrO2 (see Fig. 3.9(d)) show an abrupt increase 

with the increase of magnetic field and are almost saturated at 1 T, which are similar to 

those of amorphous europium titanate thin films. 

The AC magnetizations of EuO-ZrO2 and 4EuO-ZrO2 were measured to further 

understand their magnetic properties.  Figure 3.10 shows M'(T) and M"(T) curves of 
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the thin films measured at an AC field of 3 Oe with f varying from 0.1 to 300 Hz.  The 

M'(T) curve exhibits a sharp f-independent increase and a peak with peak position 

shifting to higher temperature upon increasing f.  These behaviors are very alike the 

reentrant spin glass behavior observed in amorphous europium titanate thin films.  

Through Eq. (2.5) the f-dependent peak shift  was evaluated to be about 0.01 for 

EuO-ZrO2 and 4EuO-ZrO2.  This value is comparable to those in conventional spin 

glasses [25], suggesting that the peaks in M'(T) curves are dominated by spin glass 

transitions.  Further evidences for the reentrant spin glass transition in EuO-ZrO2 and 

4EuO-ZrO2 can be obtained from the DC field superimposed AC measurements.  

Figure 3.11(a) gives the M'(T) and M"(T) curves of EuO-ZrO2 measured at an AC field 

of 3 Oe with f of 10 Hz under different DC fields.  The peaks in M'(T) and M"(T) 

curves are suppressed by applying DC field, and when the DC field reaches 5 Oe, a 

shoulder at TC appears in higher temperature side of the M'(T) curves.  The shoulder 

position does not change while the main peak position shifts to higher temperature with 

varying f (see Fig. 3.11(b)), suggesting that both ferromagnetic and spin glass 

transitions occur in the thin films.    

The magnetic mechanism in EuO-ZrO2 and 4EuO-ZrO2 is supposed to be similar 

to that in amorphous europium titanate thin films as discussed in Chapter 2.  The 

slightly higher TC and  values in EuO-ZrO2 and 4EuO-ZrO2 compared to those in 

EuO-TiO2 and 4EuO-TiO2 are probably due to the difference in their structures resulting 

from the different ion radii of Zr4+ and Ti4+.  However, because of the absence of 

structural information for EuO-ZrO2 and 4EuO-ZrO2, a detailed explanation on this 

issue can not be given at this moment. 
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Fig. 3.9: M(T) curves for EuO-ZrO2 (a) and 4EuO-ZrO2 (b) measured at magnetic fields 

of 20, 50 and 100 Oe (from up to down).  (c) -1(T) for EuO-ZrO2 (solid squares) and 

EuO-ZrO2 (solid circles) measured at magnetic field of 50 Oe as well as the fit of 

Curie-Weiss law to the experimental data (solid lines).  (d) M(H) of EuO-ZrO2 and 

4EuO-ZrO2 measured at 2 K. 



90 
 

 

 

 

 

 

 

 

Fig. 3.10: M'(T) and M"(T) for EuO-ZrO2 (a) and 4EuO-ZrO2 (b) measured at AC field 

of 3 Oe with f of 0.1, 0.3, 1, 3, 10, 30, 100, and 300 Hz (from top to end). 
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Fig. 3.11: (a) M'(T) and M"(T) for EuO-ZrO2 measured at AC field of 3 Oe under 

superimposed DC fields of 0, 1, 2, and 5 Oe (from up to down).  (b) M'(T) and M"(T) 

at an AC field of 3 Oe and a DC field of 5 Oe with f of 1, 10, and 100 Hz (from top to 

end). 
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3.2.4 Conclusions 

Amorphous thin films of EuO-ZrO2 and 4EuO-ZrO2 have been prepared by a PLD 

method and their structural and magnetic properties have been investigated.  Similar to 

amorphous europium titanate thin films, EuO-ZrO2 and 4EuO-ZrO2 exhibit 

ferromagnetic and reentrant spin glass transitions with positive .  The observed 

ferromagnetic transitions confirm that ferromagnetism is intrinsic in such amorphous 

Eu2+-containing oxides with high Eu 2+ concentration.  
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Chapter 4 Magnetodielectric coupling in bulk 
polycrystalline EuZrO3 

4.1 Introduction 

The coupling between electric dipoles and localized spins, by which the electrical 

(magnetic) property can be controlled by magnetic (electric) field, has attracted a lot of 

attention in the viewpoint of fundamental research and industrial applications [1-8].  

Previous studies have focused on multiferroics where spontaneous polarization exists 

and linear magnetoelectrics where polarization can be induced by an applied magnetic 

field due to the presence of certain symmetry [1-4].  Recently, a new term 

magnetodielctrics has been introduced to classify magnetic materials which neither 

possess spontaneous polarization nor satisfy the symmetry constraints for the linear 

magnetoelectric effect, but nevertheless show a coupling between dielectric properties 

and magnetization [5-8].  Such materials usually depict a change in dielectric constant 

at the magnetic transition temperature or show finite magnetocapacitance.   

A typical example of magnetodielectrics is EuTiO3 [5].  As shown in Fig. 1.4 (c), 

the dielectric constant of EuTiO3 follows the feature of normal quantum paraelectric 

above TN and exhibits a sharp decrease below TN.  The dielectric property of EuTiO3 is 

suggested to be associated with a soft phonon mode which tends to zero frequency 

when the temperature approaches zero.  As a result, the energy scale of the dielectric 

constant is comparable to that of a magnetic interaction or magnetic field, which leads 

to a strong magnetodielectric coupling in EuTiO3.  Goian et al. proposed that similar to 

those in SrTiO3, PbTiO3, and BaTiO3, the soft phonon mode in EuTiO3 is Slater-type 

mode [9].  Since the Slater-type mode is largely dependent on the covalency of the B-O 
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bonds in the ABO3-type perovskite [10], the magnetodielectric effect in EuTiO3 can be 

understood in terms of the impact of the magnetic exchange interaction between Eu2+ 

ions on the electron density involved in the Ti-O bonding.  One way to examine this 

hypothesis is to search for another Eu2+B4+O3-type perovskite with similar magnetic 

property but different degree of covalency of the B-O bond.  The above study has 

demonstrated that EuZrO3 has very similar crystalline and magnetic structures to those 

of EuTiO3.  On the other hand, one may expect the valence electronic structure of these 

two perovskites to be quite different.  Namely, in contrast to partially covalent Ti-O 

bond in EuTiO3, the Zr-O bond in EuZrO3 is more ionic, similar to the case of SrZrO3.  

This makes EuZrO3 an important reference material for understanding of the 

magnetodielectric effect in Eu2+-based perovskites. 

In this study, dielectric measurements have been performed in EuZrO3 as a 

function of temperature and magnetic field.  The dielectric constant gradually 

decreases upon cooling without any quantum paraelectric behavior; however, below TN 

it exhibits a pronounced drop that qualitatively resembles that observed in EuTiO3.  

The magnitude of the magnetodielectric effect in EuZrO3 has been evaluated and 

discussed in comparison with that of EuTiO3. 

4.2  Experimental  

    The sample used for dielectric measurements was EuZrO3 ceramic with 98 % 

density prepared from single phase EuZrO3 powder by spark plasma sintering, SPS (Dr. 

Sinter, SPS-1050, Japan), at 1450 ℃ under 130 MPa uniaxial pressure and base vacuum 

pressure of 2×10-2 Pa [11].  The EuZrO3 powder was prepared from Eu2O3 and ZrO2 

(both 99.9% pure) at 1300 ℃ for 20 h in pure hydrogen under a flow rate of 80 cm3/min. 
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To release the residual lattice strain after SPS, the EuZrO3 ceramics were annealed at 

1300 ℃  in H2 gas for 20 h.  For dielectric measurements Au electrodes were 

spattered on the discs of 7 mm diameter and 1 mm thickness.  Dielectric properties 

were measured with Agilent E4980 Precision LCR Meter in the temperature interval of 

2.5-300 K and magnetic field of 0-8 T utilizing a home-made dielectric measurements 

probe with the Physical Property Measurement System (Quantum Design PPMS). 

4.3 Results and discussion 

Figures 4.1(a) and (b) show the dielectric constant (') and the loss tangent (tan) 

of EuZrO3 as a function of temperature, respectively.  The value of ' is weakly 

temperature dependent with d'/dT = 6.810-3 K-1.  From 300 K to 5 K, ' gradually 

decreases from 30.1 to 28.45 with no indication of the quantum paraelectric behavior.  

This is very similar to that in SrZrO3 [12] and can be attributed to the predominantly 

ionic Zr-O bond which does not favor formation of the soft phonon mode.  Above 175 

K, ' shows low-frequency dispersion which, we believe, arises from the finite 

electronic conductivity also evidenced from the large tan values (Fig. 4.1(b)).  The 

value of tan exhibits a linear relationship with the inverse angular frequency () (not 

shown).  According to  



0

'
'* i ,                         (4.1) 

where 0 is the vacuum constant, we conclude that above 175 K the imaginary part of 

the dielectric constant is dominated by the electronic conductivity. 

   The low-temperature dielectric behavior of EuZrO3 is shown in Fig. 4.2(a) as a 

function of applied magnetic field.  The curve measured at H = 0 demonstrates an 



98 
 

anomalous drop below about 4 K, which is the temperature corresponding to the 

antiferromagnetic transition.  With increasing magnetic field, ' at low temperatures 

gradually increases and finally the cusp disappears.  This behavior resembles that of 

magnetization, where the cusp disappears due to the ferromagnetic arrangement of the 

spins under a high magnetic field (Fig. 4.2(b)).  The magnetic field dependent ' (H)/' 

(0) is shown in the inset of Fig. 4.2(a).  The change of ' is about 0.2% at 4 T, which is 

much smaller than that in EuTiO3 [5]. 
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Fig. 4.1: Temperature dependence of (a) dielectric constant, ', and (b) dielectric loss, 

tan, of EuZrO3 at selected frequencies f = 0.1, 0.3, 0.7, 1.7, 4.4, 11.3, 29.2, 75.3, 194, 

and 500 kHz (from top to end). 
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Fig. 4.2: (a) Dielectric constant at 200 kHz measured in magnetic fields of 0, 10, 15, 20, 

30, 40, 60, 80 kOe (from up to down).  The inset shows the magnetic field dependence 

of the dielectric constant (normalized to the value at zero field) at 2.5 K.  (b) 

Magnetization measured in magnetic fields of 0.05, 10, 30, 50 kOe (from up to down). 



101 
 

To investigate the influence of magnetic interaction on the dielectric properties, we 

have performed a mean-field calculation of the spin system with S = 7/2 [5,13].  

Assuming that the spins on Eu2+ in EuZrO3 locate on a cubic lattice with a G-type 

antiferromagnetic ordering, under mean-field approximation the Hamiltonian can be 

written as  

 
 i

i
ji

ji
ji

ji ShSSJSSJH
],[

2
,

1 ,               (4.2) 

where Si is the Heisenberg spin at Eu site i, and h is the external magnetic field parallel 

to the z axis.  The exchange constants J1 and J2 equal to -0.032/k K and 0.017/k K, 

respectively, as evaluated in Chapter 3.  <i,j> and [i,j] denote the summation over the 

NN and NNN neighbors, respectively.  The G-type magnetic structure can be divided 

into two equivalent sublattices a and b.  Thus, 

H = Ha + Hb = 2Ha,                        (4.3) 

where Ha and Hb are the Hamiltonians belonging to a and b sublattices, respectively.  

In the mean-field approximation Ha can be calculated by 

 
ai

z
ai

z
a

ai

x
ai

x
aa SHSHH ,                     (4.5) 

where  

x
a

x
a

x
a SJSJH 21 126  ,                    (4.6) 

z
a

z
a

z
a SJSJhH 21 126  .                    (4.7) 

Here x and z denote the spin components.  The thermoaverage of the spin components 

on the sublattice can be obtained as 
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z
az

a

x
ax

a S
H

H
S  .                          (4.9) 

The spin correlation between nearest neighbors can be approximately evaluated by 

22 z
a

x
aji SSSS  ,                      (4.10) 

and the z component of the total spin moment can be expressed by 

z
az SS 2 .                           (4.11) 

    The calculated values of <Si·Sj> and <Sz> at different temperatures under several 

magnetic fields are shown in Fig. 4.3(a) and (b), respectively.  The behaviors of <Si·Sj> 

and <Sz> are very similar to those of ' and magnetization, respectively, which gives a 

direct evidence for the magnetodielectric coupling.  By fitting the experimental data of 

' to the following formula 

),1)(0(')(' ji SSHH                    (4.12) 

where ' (H = 0) is dielectric constant at zero magnetic field, and  is the coupling 

constant between spin correlation and dielectric constants, the value of  was obtained 

to be 1.110-4.  This value is a factor of 27 lower than that of EuTiO3 (i.e., 2.7410-3 

[5]), suggesting a much weaker magnetodielectric coupling in EuZrO3 compared to that 

in EuTiO3.  In accord with the hypothesis of Goian et al. [9], this difference can be 

attributed to stronger covalency of the Ti-O bond in EuTiO3 which favors formation of 

the soft phonon mode which, in turn, facilitates coupling with low-energy magnetic 

excitations. 
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Fig. 4.3: (a) Spin pair correlation between nearest-neighbor sites <Si·Sj> under magnetic 

fields of 0, 10, 15, 20, 30, 40, 60, 80 kOe (from up to down) and (b) the z component 

(parallel to the magnetic field) of the total magnetization <Sz> measured under magnetic 

fields of 0.05, 10, 30, 50 kOe (from up to down) calculated under a mean-field 

approximation by assuming that the spins on Eu2+ in EuZrO3 locate on a cubic lattice.  
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4.4 Conclusions 

    The dielectric properties of bulk polycrystalline EuZrO3 have been measured and 

the magnetodielectric effect was examined based on a mean-field calculation of the spin 

system.  At low temperatures EuZrO3 shows a magnetodielectric effect qualitatively 

similar to that in EuTiO3 but has no quantum paraelectric behavior.  The magnitude of 

the magnetodielectric coupling in EuZrO3 is much smaller than that in EuTiO3, which 

can be understood by the difference in the covalency between the Zr-O and Ti-O bonds. 
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Summary 

In this thesis, for the purpose of gaining deep insight into mechanism of magnetic 

interactions and phase transition in Eu2+-containing compounds and developing new 

types of spintronic devices, amorphous europium titanate and europium zirconate thin 

films as well as bulk polycrystalline EuZrO3 have been fabricated and their structural, 

magnetic and dielectric properties have been investigated.  The magnetic properties of 

the amorphous thin films were understood in terms of the local structures of Eu2+ ions 

as examined by 151Eu CEM and EXAFS spectra.  The structure of EuZrO3 was refined 

by Rietveld analysis and its magnetic and dielectric properties were examined and 

compared with those of EuTiO3.  The results are summarized as follows. 

    In chapter 1, the theoretical background of magnetism for Eu2+-containing 

compounds was described and the progress in related studies was reviewed.  Since the 

4f electrons on Eu2+ ions are shielded by 5s and 5p closed shells, the mechanisms of 

magnetic exchange interactions between Eu2+ ions are different from the interactions 

between transition-metal ions, which have been widely studied.  The mechanisms 

proposed previously were overviewed and their applicability and limitations were 

discussed.  The research status of Eu2+-containing compounds was reviewed with a 

focus on magnetic properties of EuX (X is O, S, Se, and Te) and EuTiO3.  

In chapter 2, amorphous europium titanate thin films with nominal compositions of 

mEuO-TiO2 (m=1, 2, 4) were prepared by the PLD method and their structural and 

magnetic properties were investigated.  The amorphous nature of the thin films was 

confirmed by XRD pattern, HRTEM image, and SAED pattern.  The valence state of 

Eu in the thin films was examined by 151Eu CEM spectra.  The analyses of CEM and 
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EXAFS spectra indicate that the local structures of Eu2+ ions in amorphous EuO-TiO2 

and 2EuO-TiO2 thin films are similar to that in EuO, and the coordination number of 

Eu2+ and Eu-O bond length decrease with the increase of m in mEuO-TiO2 (m=1, 2, 4).  

All the thin films show positive Weiss temperatures and undergo a reentrant spin glass 

transition after a ferromagnetic transition as the temperature is decreased.  The 

mechanism of magnetic phase transition was discussed in terms of their structures.  

In chapter 3, bulk polycrystalline EuZrO3 and amorphous europium zirconate thin 

films with nominal compositions of mEuO-ZrO2 (m=1, 4) were prepared and their 

structural and magnetic properties were investigated.  In section 3.1, bulk 

polycrystalline EuZrO3 was prepared by a high-temperature solid-state reaction method.  

The crystal structure of EuZrO3 was refined to be an orthorhombic perovskite by 

Rietveld analysis of XRD pattern, consistent with one of the previous reports.  An 

antiferromagnetic transition was observed in EuZrO3 with a positive Weiss temperature 

of 0.07 K.  The magnetic structure of EuZrO3 was discussed with regard to a G-type 

antiferromagnetic structure.  In section 3.2, amorphous europium zirconate thin films 

were fabricated by the PLD method and the valence state of Eu in the thin films was 

examined by 151Eu CEM spectra.  Similarly to amorphous europium titanate thin films, 

amorphous europium zirconate thin films exhibit ferromagnetic and reentrant spin glass 

transitions with positive Weiss temperatures.  Furthermore, as confirmed by these 

results, the fact that ferromagnetic interactions are dominant is intrinsic to 

Eu2+-containing oxides with high Eu2+ concentration.  

In chapter 4, the dielectric properties of bulk polycrystalline EuZrO3 were 

measured and the magnetodielectric effect was examined based on the calculation of 

spin correlation under the mean-field approximation.  EuZrO3 does not show quantum 
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paraelectric behavior but a magnetodielectric coupling at low temperatures.  The 

magnitude of the coupling constant in EuZrO3 was evaluated to be a factor of 27 lower 

than that in EuTiO3, which can be understood by the difference in the covalency 

between Zr-O and Ti-O bonds. 
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