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ABSTRACT
Multiferroic materials, which simultaneously exhibit ferroelectricity and
ferromagnetism, have attracted a great deal of attention due to their physical origin and
potential application in novel electronic devices. In this dissertation, the synthesis and
properties of multiferroic thin films grown by molecular-beam epitaxy have been studied
to understand the nature of multiferroism and therefore to explore a new route to creating
strong multiferroic materials.
Epitaxial thin films of BiMnO3 have been grown by a reactive molecular-beam
epitaxy. The pressure-temperature region for the adsorption-controlled growth region was
calculated and experimentally established by reflection high energy electron diffraction
and x-ray diffraction. Under the optimal growth region, phase-pure and epitaxial BiMnO3
films with  rocking curve full width at half maximum values as narrow as 11 arc sec
(0.003) were synthesized. The structural and magnetic properties of stoichiometric films
are found to depend on the oxygen activity used during growth. Optical absorption
measurements reveal that BiMnO3 has a direct band gap of 1.10.1 eV.
Phase-pure, stoichiometric, unstrained, and epitaxial (001)-oriented EuTiO3 thin
films have been grown on (001) SrTiO3 substrates by a reactive molecular-beam epitaxy.
Magnetization measurements show antiferromagnetic behavior with TN = 5.5 K.
Spectroscopic ellipsometry measurements reveal that unstrained EuTiO3 thin films have a
direct optical band gap of 0.93  0.07 eV.
Strained, epitaxial (001)-oriented EuTiO3 films have been grown on (001) LSAT
and (110) DyScO3 substrates in a reactive molecular-beam epitaxy to induce -0.9% and
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+1.1% of biaxial strain, respectively. A full width at half maximum of a rocking curve is
as narrow as 8 arc sec (0.002°). As the first-principles calculations predict, the strained
EuTiO3 film on (110) DyScO3 exhibits simultaneous ferroelectricity and ferromagnetism.
Optical second harmonic generation reveals that this film experiences a phase transition
at ~250 K to polar point group in agreement with theory, and in this state domain
switching by electric fields is observed. Magneto-optic Kerr effect and superconducting
quantum interference device measurements show that the strained EuTiO3 film on (110)
DyScO3 is ferromagnetic with TC = 4.6 K.
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Chapter 1
Introduction
In recent years, multiferroic materials have seen a lot of research interest because
of their ferroelectric and ferromagnetic properties and potential applications. 1,2 These
materials were studied in the 1960s and 1970s, but then interest diminished largely
because single-phase materials with both ferroelectric and ferromagnetic properties could
not be widely synthesized. Following advances in theory and experimentation, the
renaissance of multiferroic materials arrived in the early 2000s. Many multiferroics
including single-phase, composite and multilayer multiferroics, have been studied, but
their ferroelectric or ferromagnetic properties are often weak or exhibit only at low
temperatures, which still prevents them from being used in the applications.
A new approach was proposed to create useful multiferroics by the spin-lattice
coupling model in magnetically ordered insulators.3 Particularly EuTiO3 thin films under
biaxial strain were predicted to show strong ferroelectric and ferromagnetic properties as
well as the strong magnetoelectric coupling between these ferroic properties.
This dissertation is focused on the growth of multiferroic BiMnO3 and EuTiO3
thin films by means of a reactive molecular-beam epitaxy (MBE). The main objectives
are 1) to create strong multiferroic oxides by applying epitaxial strain, guided by firstprinciples calculations and 2) to grow high crystalline thin films of materials previously
only grown in polycrystalline form. Achieving the epitaxial thin film growth of
multiferroic materials should improve the understanding of multiferroism. Specifically,
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the experimental confirmation of the spin-lattice coupling model in EuTiO3 will not only
facilitate the understanding of strain-induced multiferroism, but prove its usefulness in
the search for novel higher temperature multiferroics with strong properties.
The organization of this thesis is described as follows: Chapter 2 provides
background information about multiferroics and MBE. Chapter 3 details the growth of
high crystalline BiMnO3 films in adsorption-controlled mode in MBE and the effect of
growth condition on the structure and ferromagnetic properties of BiMnO3. Chapter 4
describes the MBE growth and optical properties of unstrained EuTiO3 films. Chapter 5,
the highlight of this dissertation, consists of the growth of strained EuTiO3 films and the
characterizations of simultaneous ferroelectricity and ferromagnetism in these films.
Chapter 6 concludes this dissertation with a summary of the results and suggests future
work that could be performed to further understand the multiferroism in strained oxides.
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Chapter 2
Background

2.1 Multiferroics
Multiferroic materials are defined as a single phase or composite material that
possesses two or all three of the so-called ‗ferroic‘ properties: ferroelectricity
(spontaneous electrical polarization), ferromagnetism (spontaneous magnetization) and
ferroelasticity (spontaneous strain).1,2 The key challenge in multiferroic materials is not
only to exhibit both ferroelectricity and ferromagnetism, but to produce a strong coupling
between them and thus increase functionality via magnetoelectric coupling. 3 The
relationship between multiferroic and magnetoelectric materials is shown in Figure 2.1.
Ferromagnets and ferroelectrics are a small subgroup of magnetically polarizable and
electrically polarizable materials, respectively. The intersection of these ferromagnets and
ferroelectrics represents multiferroic materials. They are very rare in nature because
ferroelectrics need to be insulating in order to exhibit ferroelectricity while many
ferromagnets tend to be metallic and most magnetic insulators exhibit antiferromagnetic
ordering. The magnetoelectric coupling (Figure 2.1) refers to the induction of
magnetization by an electric field or electrical polarization by a magnetic field. It is an
independent phenomenon that can, but need not, arise in any of the materials that are both
magnetically and electrically polarizable. The ideal multiferroics for application would be
a single phase material with a strong coupling at room temperature so that the magnetic
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(or electric) order of the material could be controlled with an applied electric (or
magnetic) field. Proposed applications include multistate memories,4 magnetic sensors,5
and spintronics devices.6

Figure 2.1 The relationship between multiferroic and magnetoelectric materials
(Reproduced from Ref. 1).
The paucity of multiferroic materials can be explained by the different filling of d
shells among ferroelectric and magnetic materials. 7,8 Most ferroelectrics are transition
metal oxides, in which transition ions have empty d shells. These positively charged ions
like to form ‗molecules‘ with one (or several) of the neighboring negative oxygen ions.
This collective shift of cations and anions inside a periodic crystal creates cation offcentering and hence induces bulk electric polarization. In contrast, magnetism requires
transition metal ions with partially filled d shells, while completely filled shells do not
participate in magnetic ordering. The exchange interaction between uncompensated spins
of different ions gives rise to long-range magnetic ordering. Therefore, the different
requirement for the d shells in ferroelectrics and magnets makes these two ordered states
mutually exclusive.
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Nevertheless a few multiferroics have been reported so far. The bismuth-based
magnetic ferroelectrics-BiFeO3 and BiMnO3 are two of most studied multiferroic
materials. 9 In this family of oxides, the stereochemical activity of the lone pair on the
large bismuth provides the ferroelectricity while the small cation contributes the magnetic
ordering. BiFeO3 is ferroelectric with TC = 1103 K and antiferromagnetic with TN =
643 K. 10 The heteroepitaxial thin films of BiFeO3 exhibited a room-temperature
spontaneous polarization of ~90 μC/cm2, an order of magnitude higher than the bulk.11
Subsequent First-principles calculations of the spontaneous polarization in BiFeO3
suggested a value between 90 and 100 μC/cm2. 12 The magnetization is rather small
(~0.05 µ B per unit cell) due to a canting of the antiferromangetic moment. 13 The
magnetoelectric coupling coefficient was as high as 3 V/cm Oe at zero applied field.11
BiMnO3 was predicted to be simultaneously ferroelectric and ferromagnetic. 14 The
ferroelectricity has been analyzed within first-principles electronic structure calculations,
and attributed to the stereochemical activity of the Bi 6s2 lone pairs.15 BiMnO3 is one of
few multiferroics that exhibit ferromagnetism with a Curie temperature at ~109 K. The
largest saturation magnetization has been reported to be 3.92 μB per formula unit. 16 The
ferroelectric hysteresis loop has been observed in polycrystalline 17 and thin film
samples 18 , 19 of BiMnO3, although the measured ferroelectric polarization was small
(~0.043 μC/cm2 at 200 K).17 Recent studies, however, have called into question the
ferroelectricity in BiMnO.16 First-principles calculations have predicted that BiMnO3
belongs to the centrosymmetric C2/c space group that does not allow any
ferroelectricity20 and the observed ferroelectricity is due to a small polar canting of an
antiferroelectric structure in BiMnO3.21
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The orthorhombic rare-earth manganites RMnO3 and RMn2O5 (R = Tb or Dy) are
‗geometrically driven‘ multiferroics.22,23 The formation of a symmetry-lowering magnetic
ground state that lacks inversion symmetry induces the small ferroelectricity in these
frustrated magnets. Because of this nature, the polarization is strongly coupled with
magnetization. The strong magnetoelectric coupling is successfully explained by
antisymmetric Dzyaloshinskii-Moriya interaction.8 The change of polarization is closely
related to the change of permittivity  with magnetic field, which reaches up to several
hundred percent in this family of materials.24,25
Other multiferroics include multiferroic nanostructures such as CoFe2O4 pillars
embedded in a BaTiO3 matrix26 and CoFe2O4 pillars embedded in a BiFeO3 matrix.27
Controlling the ferroelectric and ferromagnetic orders by strain is recently proposed as a
new approach to creating useful multiferroics. 28 - 30 According to the first-principles
calculations,28 the magnetically ordered insulators that are neither ferroelectric nor
ferromagnetic can be transformed into strong ferroelectric ferromagnets using biaxial
strain because their spins and lattice vibration are coupled. In the EuTiO3 system, the
dielectric constant varies in response to the ordering states of Eu spins due to the
coupling between the localized spins and a soft phonon mode. 31 First-principles
calculations of EuTiO3 thin films28 predicted that ferromagnetic spin alignment softens a
low-frequency polar mode that is strongly coupled to epitaxial strain. Therefore, a
simultaneous ferroelectric and ferromagnetic ground state in EuTiO3 can be stabilized by
applying proper biaxial strain on EuTiO3 films.
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2.2 Molecular beam epitaxy
Molecular-beam epitaxy (MBE) is a thin film deposition technique that utilizes
the highly-controlled thermal evaporation of atoms or molecules from individual cells in
a high vacuum environment. The schematic of an EPI 930 MBE chamber32 is shown in
Figure 2.2. Beams of molecules generated by each source cell react on the substrate
surface to produce an epitaxial thin film. The temperature of the source cell controls the
beam flux and the beam shutter located in front of the cell controls the duration of
deposition. In comparison to other deposition techniques such as pulsed-laser deposition
(PLD) and sputtering, this technique is capable of controlling the layering at the one unit
cell level in a clean vacuum environment without the absence of highly energetic
species.33 MBE was initially developed for the deposition of compound semiconductors
of GaAs and GaAs/AlGaAs in the 1960s 34 , 35 and its use has expanded to other
semiconductors, metals, and insulators.36,37
Oxide MBE, which is used for the growth of BiMnO3 and EuTiO3 thin films, is
the result of a recent development of MBE. Different from conventional MBE systems,
oxide MBE uses the oxidizing agents such as oxygen or oxygen/ozone mixture to oxidize
thin films. An oxidant is supplied through the oxygen nozzle in Figure 2.2 and its flow is
precisely controlled with a piezoelectric gas valve.38 The tolerable pressure of the oxidant
is limited so as not to destroy the long mean free path necessary for MBE. The high
temperature components such as heater filaments, crucibles, and substrate holders also
must be made of materials that are resistant to the oxidant. Some oxides that are difficult
to oxidize in oxygen require the use of more reactive oxidant such as pure ozone and
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plasma sources. 39 This ozone, however, is highly toxic and flammable and therefore
careful operation is necessary.
Among the many thin film growth techniques in MBE, codeposition and
adsorption-controlled growth shown in Figure 2.3 are utilized in this work. In
codeposition growth, all the component molecules are deposited on the substrate surface
simultaneously by opening the source shutters at the same time. The flux of the
individual molecular beam is calibrated before deposition by a quartz crystal
microbalance (QCM) to yield the desired film composition. The film thickness is
controlled by the duration of shutter opening. EuTiO3 films are grown in this manner. In
adsorption-controlled growth, the film growth occurs similar to that of the codeposition,
but the difference is that the total amount of non-volatile molecules determines the film
thickness. During growth, volatile molecules and oxygen are continuously supplied to the
substrate while the nonvolatile component is supplied intermittently for each monolayer
dose. This sequence repeats until the desired thickness is reached. In the case of BiMnO3
thin film growth, the volatile bismuth (~3 times greater than the manganese incident flux)
and oxygen/ozone mixture are supplied to the film surface while the nonvolatile
manganese is supplied for each monolayer dose and terminated. A similar approach has
been widely used in the growth of III-V and II-VI compound semiconductors 40 and
ferroelectric oxide thin films.41-43
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Figure 2.2 A schematic of the growth chamber of a molecular-beam epitaxy system.

Figure 2.3 Thin film growth techniques in MBE. (a) codeposition of EuTiO3. (b)
adsorption-controlled deposition of BiMnO3.
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Reflection high energy electron diffraction (RHEED) is one of the widely used
in situ analysis techniques in MBE. 44 It can reveal the evolution of thin film surface
during MBE growth. The electron beam with energy ranges from 5 to 100 keV is incident
on the film surface at a grazing angle of a few degrees and is diffracted toward a
phosphorous detector screen. In order to eliminate electron-beam scattering by gas
molecules, an ultrahigh vacuum environment, which is common in MBE, is necessary.
The diffraction of the incident beam leads to the appearance of the intensity-modulated
streaks (or rods) normal to the shadow edge. These streaks are superimposed on a
uniform background created by inelastically scattered electrons. RHEED is extremely
surface sensitive because the penetration depth of electrons is small due to this shallow
angle of incidence. Spots on the RHEED screen occur as a result of three-dimensional
volume diffraction at islands while steaks characterize smooth layer film growth. The
analysis of the RHEED intensity oscillations during the growth of a film can be used for
composition control and flux calibration. In multicomponent systems with two or more
nonvolatile constituents, adjusting the ratio of incident fluxes in response to the
appearance of identifiable impurity spots in the RHEED pattern has been used
successfully for composition control.45 In addition, RHEED intensity oscillations have
been used for the determination of a full monolayer coverage during the deposition of the
codeposition of multicomponent oxides.46-48
Figure 2.4 shows RHEED intensity oscillations during EuTiO3 thin film growth
on the (001) SrTiO3 substrate. The RHEED patterns and oscillations are collected by a
CCD camera and K-space KSA software.49 10 kV electrons are forward scattered from a
surface at a grazing angle of ~0.5 to 3.0° using a Staib EK-12-R electron source50 with a
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RH-15 RHEED gun. The electrons are then detected on a phosphorous screen revealing
the reciprocal space diffraction pattern. RHEED oscillations are the average intensity of
the first order diffraction spot along the SrTiO3 substrate [110] direction and recorded as
a function of time. RHEED patterns are also recorded along the same substrate direction
at a specific time. Figure 2.4(a) reveals the Ti-terminated bare substrates51 prior to growth.
Once both the europium and titanium shutters open, the average intensity of the first
order diffraction spot starts to oscillate, as shown in Figure 2.4, and the period of each
oscillation equals the monolayer formation time. These intensity oscillations indicate the
occurrence of the two-dimensional layer-by-layer growth. The formation of a single
complete layer is seen at the maximum intensity, with the RHEED pattern shown in
Figure 2.4(b), while the half coverage layer is seen at the minimum intensity in Figure
2.4(c). The RHEED oscillations and patterns are very sensitive to the flux ratio between
europium and titanium, the substrate temperature, the substrate termination, and the
oxygen partial pressure. When the substrate temperature or oxygen partial pressure is not
optimal, the oscillation tends to decay quickly or not to be observed at all. The titaniumdeficiency or titanium-excess in the film can be identified by detecting the half-order
spots between the specular spot and the first order diffraction spot.
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Figure 2.4 RHEED intensity oscillations from EuTiO3 thin film growth on (001) SrTiO3.
Each europium and titanium flux is equal to 1.61013 atoms/(cm2s). (a) RHEED patterns
of a Ti-terminated bare (001) SrTiO substrate at T = 650 ºC prior to growth. (b)
3

sub

RHEED patterns after 5 monolayers of EuTiO3. (c) RHEED patterns after 3 monolayers
of EuTiO3.
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2.3 Strain engineering in oxide thin films
The strain state in thin films can be manipulated by epitaxailly growing on the
appropriate substrates. The resulting strained film often exhibits physical properties
different from its bulk counterpart. Especially, perovskite oxide thin films under biaxial
strain showed enhanced ferroelectric polarization,52 hundreds of degrees shift in Curie
temperatures, and room temperature ferroelectricity in non-ferroelectric materials. 53
Strains can be imparted into thin films through differences in lattice parameters and
thermal expansion behavior between the film and the underlying substrate. 54 Utilizing
lattice mismatch between the substrate and the film, coherent films can be grown to
impose uniform strain on films that do not exceed their critical thickness where they start
to relax. Fully coherent, epitaxial thin films have the advantage that high densities of
threading dislocations are avoided. The strain field around dislocations in the film locally
makes its ferroelectric properties inhomogeneous and often degraded.
In order to achieve fully strained films, the appropriate high-quality substrates are
crucial. The high-quality substrates need structurally and chemically compatible with the
films. Chemical incompatibility can result in interfacial reaction layers or interdiffusion
of unwanted elements into the films. Structural incompatibility also can lead to strain
relaxation of the films. The commercially-available high quality oxide substrates and
corresponding perovskite thin films are shown in Figure 2.5. Rare earth scandate
substrates55 from DyScO3 to PrScO3 have been recently developed and they have lattice
spacing very close to those of interesting perovskite ferroelectrics such as BiMnO3,
BiFeO3, and BaTiO3. In case of EuTiO3 thin films, unstrained films can be grown on
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SrTiO3 substrates because their lattice constants are almost equal. LaAlO3, LaSrGaO4,
LSAT, and NdGaO3 substrates positioned on the left side of the EuTiO3 film can impart
compressive strains by -0.21%, -0.16%, -0.10%, and -0.09%, respectively. On the other
hand, DyScO3 and GdScO3 substrates on the right side of the EuTiO3 films can induce
tensile strain by 1.1% and 1.5%, respectively.
Additionally, methods to prepare atomically defined surfaces are useful to achieve
strained film. For (001)-oriented SrTiO3 substrates, a TiO2-terminated (001) SrTiO3
surface has been perfected by Koster et al.51 and has been extensively used in the growth
of BiMnO3 and EuTiO3 thin films in this work. For rare earth substrates (DyScO3,
NdScO3, and GdScO3), atomically sharp ScO2-terminated surfaces have been recently
reported.56

Figure 2.5 Lattice constant of commercially-available oxide substrates (bottom of axis)
compared with several perovskite films (top of axis).
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2.4 X-ray diffraction
X-ray diffraction (XRD) is one of the most powerful nondestructive methods for
determining the structure, phase purity, crystalline perfection, and lattice parameters of
crystalline materials. This technique is based on Bragg‘s law:57
2dsinθ = nλ
where n is a positive integer (1, 2, 3, …, n), λ is the wavelength of the x-rays, d is the
distance between atomic planes, and θ is the angle of incidence of the x-rays with respect
to the atomic planes. In Figure 2.6, 2dsinθ is the path length difference between two
incident x-ray beams. This difference must equal an integer value of the λ of the incident
x-ray beams for constructive interference to occur so that a reinforced diffracted beam is
produced.

Figure 2.6 Schematic of Bragg‘s law showing the angle of reflection and the d plane
spacing.
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In order to determine the crystalline quality of MBE-grown thin films, a Philips
X‘Pert MRD PRO system58 was used in this work. This system consists of a four-circle
diffractometer, a hybrid monochromator (combining a Göbel mirror with a 4-bounce Ge
(220) monochromator) on the incident optics and an open Xe proportional counter
detector on the detector optics. Alternatively, the detector can be placed behind a
triple-axis Ge (220) analyzing crystal for rocking curve scans. The four-circle
diffractometer shown in Figure 2.7 has four degrees of freedom- θ, 2θ, , and χ.

Figure 2.7 Schematic of a four-circle diffractometer showing four degrees of freedom in
θ, 2θ, , and χ.

The measurement of out-of-plane lattice constants of the film is possible by
running θ-2θ scans in which the incident x-ray beam is diffracted from crystallographic
planes parallel to the substrate surface. This scan also helps identify film phases and the
orientation of each phase. Lattice constants and d spacing in Bragg‘s law are related in a
orthorhombic crystal system by the following equation: 59
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1 h2 k 2 l 2

 
d 2 a 2 b2 c 2
where a, b, c are lattice constants and h, k, l are the Miller indices. To minimize errors in
the calculation of lattice constants, a Nelson-Riley analysis is used. 60 This analysis
involves a plotting the calculated out-of-plane lattice constant for each out-of-plane peak

cos 2 
as a function of
and extrapolating the linear fit to zero, which yields the accurate
sin 
out-of-plane lattice constant c of the sample. The error bar of the lattice constant is
defined as the mean arithmetic spread of this plot.
The crystal perfection of the film is characterized by scanning only the θ circle
with the 2θ circle fixed at an angle that satisfies Bragg's law. These scans are referred to
as ω or rocking curve scans where the difference between the 2θ/2 and θ is defined as ω.
Running rocking curve scans can reveal the mosaicity in the film. The full width at half
maximum (FWHM) of the rocking curve is measured for the film and the substrate and
then compared. The wider the peak, the larger the volume of material with an orientation
tilted away from the substrate normal.60 When the FWHM difference is minimal, and the
FWHM from the film is narrow, the film generally possesses the high crystalline quality.
In the case of strained films, the relaxation can be examined by the shape of the rocking
curves. If the film thickness is above the critical level where it starts to relax, the rocking
curve will have contributions due to both Bragg and diffuse scattering above the critical
thickness. The sharp peak from Bragg scattering is attributed to the long range crystalline
order of the strained portion of the film while the diffuse scattering is consistent with the
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existence of dislocations and local relaxation of the film as is typically observed in
semiconductor films.61-63
The calculation of the in-plane lattice constants of the film is achieved by
examining off-axis crystallographic planes by rotating the φ and χ circles at a fixed 2θ
and θ. Assuming the strained film has a tetragonal structure, measuring h0h and 00l
diffraction peaks (h = 0, 1, 2, …, and l = 0, 1, 2,…) can determine the in-plane lattice
constants a. An off-axis peak scan about the φ axis can also provide information about
the epitaxy and crystal structure of the film. For example, if the EuTiO3 film is on cubeon-cube epitaxy with the (001) SrTiO3 substrate, the 101 film reflection will have four
peaks in a 360° scan of the φ axis. If there are twins in the film, there will be multiple sets
of four peaks for each orientation.
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Abstract
We have developed the means to grow BiMnO3 thin films with unparalleled
structural perfection by reactive molecular-beam epitaxy and determined its band gap.
Film growth occurs in an adsorption-controlled growth regime calculated using
CALPHAD. Within this growth window bounded by oxygen pressure and substrate
temperature at a fixed bismuth overpressure, single-phase films of the metastable
perovskite BiMnO3 may be grown by epitaxial stabilization. X-ray diffraction reveals
phase-pure and epitaxial films with  rocking curve full width at half maximum values as
narrow as 11 arc sec (0.003). Optical absorption measurements reveal that BiMnO3 has a
direct band gap of 1.10.1 eV.
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Manuscript
Multiferroic materials are being studied for their rich properties, fascinating
physics, and application potential.1 Bismuth manganite, BiMnO3, is a well-known, but
controversial multiferroic. Early first-principles calculations suggested that BiMnO3
might be simultaneously ferroelectric and ferromagnetic, arising from bismuth 6s lone
pairs and magnetic ordering of manganese.

2

Subsequent experiments confirmed

multiferroism in thin films. 3-7 The prediction of its ferroelectricity was based on the
reported noncentrosymmertic C2 space group of BiMnO3. 8 - 10 Recent theories and
experiments, however, find that BiMnO3 belongs to the centrosymmetric C2/c space
group and therefore stoichiometric BiMnO3 may not be a multiferroic at all.11-13
To better establish the properties of BiMnO3, we have grown films of it by
reactive molecular-beam epitaxy (MBE) using adsorption-controlled growth conditions.
Adsorption-controlled growth conditions are the standard way of growing phase-pure IIIV and II-VI compound semiconductors14-17 as it provides automatic composition control
via thermodynamics. It has also been applied to the growth of ferroelectric oxide thin
films. 18 -21 In this Letter, we first describe the adsorption-controlled growth of single
phase BiMnO3 films by controlling bismuth overpressure, substrate temperature, and
oxidant partial pressure in MBE. The ferromagnetic properties and optical absorption
spectrum of BiMnO3 films grown by adsorption-controlled growth are then reported.
The pressure-temperature region for the adsorption-controlled growth of BiMnO3
was calculated using the CALPHAD approach22 and was empirically established using in
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situ reflection high-energy electron diffraction (RHEED) and confirmed by ex situ four
circle x-ray diffraction (XRD). Figure 3.1 shows a calculated Ellingham diagram
representing the phase stability regions of (I) BiMnO3 + Mn3O4, (II) BiMnO3, and (III)
BiMnO3 + Bi2O2.5 as a function of substrate temperature and O2 overpressure. The
boundaries between regions I, II, and III were calculated with the Gibbs free energy
functions of the gas phase containing various bismuth and Bi–O species and the stable
and metastable manganese and bismuth oxides, all taken from the SGTE database. 23
Unfortunately there is no Gibbs free energy of formation reported for BiMnO3 or Bi2O2.5.
First-principles calculations, using the generalized gradient approximation (GGA) and
GGA plus Hubbard U (GGA+U) method, predicted the enthalpy of formation of BiMnO3
to be between +400 and +4000 J/mol of BiMnO3 with respect to Bi2O3 and Mn2O3,
respectively.24 Since there is no detailed crystal structure of Bi2O2.5 available for firstprinciples calculations, we assume its enthalpy of formation to be +100 or +4500 J/mol
with respect to bismuth and Bi2O3, as assumed in Ref. 21. The phase stability region was
calculated using THERMOCALC25 with the partial pressure of bismuth fixed at 2.610-10
atm, which corresponds to the pressure at the plane of the substrate for an incident
bismuth flux of 5.51013 atom/(cm2s).26 The solid lines in Figure 3.1 bound the BiMnO3
region (region II) with formation enthalpies of +4000 and +100 J/mol for BiMnO3 and
Bi2O2.5, respectively, specifying the narrowest growth window possible, while the dashed
lines represent the stability for +400 and +4500 J/mol, indicating the approximate
uncertainty in the growth window due to the lack of relevant free energy data.
BiMnO3 thin films were deposited on buffered-HF treated (001) SrTiO327 and
(110) DyScO3 substrates in a similar manner to previous adsorption-controlled oxides by
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MBE.18-20 The volatile bismuth and oxygen components were supplied continuously and
the nonvolatile component (manganese) was supplied in doses corresponding to
individual (MnO2) monolayers making up the BiOMnO2BiOMnO2 stacking
sequence along the [001] pseudocubic growth direction of the BiMnO3 perovskite
structure. Due to the narrow growth window for phase-pure BiMnO3 growth (region II in
Figure 3.1), the substrate temperature was monitored in situ by measuring the absorption
edge of the SrTiO3 substrate. 28 The thermodynamic predictions were verified by
investigating a horizontal slice through Figure 3.1 at constant bismuth (bismuth flux =
5.51013 Bi/(cm2s)) and oxygen (O2 + ~10% O3 background pressure = 110-6 Torr)
overpressure during the deposition of BiMnO over a temperature range of 580690 °C
and a fixed Bi:Mn flux ratio of 3:1. The in situ RHEED patterns collected along the
<110> azimuthal direction of (001)-oriented SrTiO3 delineating the three regions are
superimposed in Figure 3.1. Above 650 °C (region I), RHEED spots are observed and
can be indexed to diffraction from (101)-oriented Mn3O4. The presence of this phase was
verified by ex situ XRD. Between 610 and 640 °C (region II), phase-pure BiMnO3 can be
grown. Below 610 °C (region III), additional spots form, which can be indexed by ex situ
XRD as (001)- and (110)-oriented Bi2O2.5. The occurrence of these spots corresponds to
the phase boundary separating region II and III. A change of bismuth flux or oxygen
activity results in a shift of the growth window of single-phase BiMnO3 (region II in
Figure 3.1). The calculated O2 overpressures compare well with what is expected given
the enhanced activity of O3 and our directed gas inlet that locally increases the oxygen
pressure at the substrate surface.26

30

The structure of two 29 nm thick BiMnO3 films deposited on (001) SrTiO3 was
characterized. Both films were grown under adsorption-controlled conditions (region II in
Figure 3.1) at an oxidant background pressure of 110-6 Torr and the 3:1 Bi:Mn flux ratio
stated above. The difference was that one film was grown in ~10% ozone directly out of
an ozone generator at Tsub = 590 °C whereas the other was grown using distilled ozone
(~80% ozone)29 at Tsub = 630 °C. θ-2θ XRD scans of both films in Figure 3.2(a) reveal
them to be phase-pure and epitaxial. The full width at half maximum (FWHM) of the ω
rocking curve of the 002 film peaks are equal to 80 arc sec (0.02°) and 36 arc sec (0.01°),
which are the same as the underlying SrTiO3 substrates. Both films show clear thickness
fringes (Figure 3.2(b)), corresponding to a film thickness of 29  2 nm. The out-of-plane
lattice constant was calculated to be 4.01  0.01 Å for the BiMnO3 films grown in ~10%
ozone and 3.98  0.01 Å for the film grown in distilled ozone. The extended out-of-plane
lattice constants result from the lattice mismatch between the SrTiO3 substrate (a = 3.905
Å ) and the BiMnO3 film (apseudocubic = 3.952 Å ).10 The ~0.03 Å difference in out-of-lattice
constants between the two samples is a result of the different oxidating atmosphere
during growth. The films grown in ~10% ozone show a longer lattice constant than the
films grown in distilled ozone. Rutherford backscattering spectrometry confirms that the
ratio of Bi:Mn of these films is 1:1 within the 5% experimental error of the
measurements.
Magnetic measurements on the same two BiMnO3 films are shown in Figure 3.3.
Both films exhibit clear ferromagnetic hysteresis loops. The oxygen-rich films tend to
show lower TC and saturation magnetization than the oxygen-stoichiometric films.
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BiMnO3 films grown in ~10% ozone showed a ferromagnetic transition at ~105 K, which
is close to TC of bulk BiMnO3, and a magnetization value of 2.5 B/Mn at 5 K. In contrast,
films grown in distilled ozone showed a TC at ~95 K and a magnetization value of 1.9
B/Mn at 5 K. A depression of TC has been reported in films grown by pulsed-laser
deposition.4,30 We attribute it to oxygen stoichiometry since the Bi:Mn ratio was observed
not to influence the transition temperature.
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Measurements on bulk BiMnO3+x

(0<x<0.16) samples also observed this depression of TC and magnetization in samples
with higher oxygen content.13
The optical spectra of BiMnO3 films grown on (001) SrTiO3 and (110) DyScO3
at Tsub = 640 °C in a background pressure of 110-6 Torr of distilled ozone were
measured in transmittance using a Perkin-Elmer Lambda-900 spectrometer (3000 – 190
nm; 0.41 – 6.53 eV) with bare substrates as references. The film on DyScO3 had a
rocking curve FWHM of 11 arc sec (0.003), comparable to the underlying DyScO3
substrate and over 100 narrower than any reported BiMnO3 film.4-7 Absorption was
calculated as α(E) = -(1/d)ln(T(E)), where d is the film thickness, T is the measured
transmittance, and E is the energy of the light.
Figure 3.4 displays the absorption spectrum of BiMnO3 at 300 and 4 K. The
onset of optical absorption in BiMnO3 is ~0.75 eV (1650 nm),32 much lower than the
~2.2 eV (560 nm) onset in BiFeO3 thin film samples.21,33,34 Peaks are observed in the
absorption response at ~1.6 eV (780 nm) and ~5.5 eV (230 nm), with a broad shoulder
near 4 eV. The near-infrared feature in perovskite manganites has been studied
extensively.

35 - 38

Relevant predictions from first-principles electronic structure
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calculations for BiMnO3 include strong Mn-O hybridization, a stereochemically-active Bi
lone pair that mixes Bi and O states, and insulating behavior in calculations that employ
strong exchange correlation.2,12,39,40 Several very different assignments might reasonably
account for the 1.6 eV near infrared excitation in BiMnO3: (i) on-site excitations between
crystal field split 3d levels, (ii) charge transfer excitations involving strongly hybridized
Mn3+ and oxygen states, or (iii) transitions between localized Hubbard bands. Based upon
comparison with electronic structure calculations,2,12,39,40 the experimental spectrum of
chemically similar materials with Mn3+ centers in locally distorted octahedral
environments such as LaMnO3,35-38 and the overall intensity ( ~1.0510-5 cm−1), we
assign the near infrared peak at ~1.6 eV to charge transfer excitations between mixed O
2p and Mn 3d states. The limited temperature dependence of the 1.6 eV structure
supports this assignment. A plot of (αE)2 vs. energy (inset, Figure 3.4) places the 300 K
charge gap in BiMnO3 at ~1.1 ± 0.1 eV.32 Our fitting indicates that BiMnO3 has a direct
band gap.
According to recent electronic structure calculations,40 the charge excitations are
predicted to be strongly spin polarized. The gap is determined by majority carriers, and
minority states are involved only above 3 eV. Higher energy excitations (above 3.7 eV
(330 nm)) are assigned as O 2p→Mn 3d charge transfer, with some mixing of Bi 6p
levels above 3 eV. The aforementioned electronic excitations sharpen and blue shift
slightly with decreasing temperature (Figure 3.4). We find no obvious anomalies at the
105 K Curie temperature within our sensitivity, indicative of modest charge-spin
interactions.
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In summary we have applied MBE to the growth of BiMnO3. The structural
quality achieved represents a dramatic improvement. The structural and magnetic
properties are found to depend on the oxygen activity used during growth. The relatively
small direct band gap of BiMnO3 could be relevant to ferroelectric solar cell applications,
e.g., creating a solid solution with BiFeO3 with Eg=2.7 eV21,33,34 could result in a band
gap ideally matched to the solar spectrum.
We gratefully acknowledge the financial support from the National Science
Foundation through grant DMR-0507146 and the MRSEC program (DMR-0820404) and
from the U.S. DOE through grant DE-FG02-01-ER45885(UT).
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Figures

Figure 3.1 Calculated Ellingham diagram and RHEED patterns collected along the [110]
azimuth of SrTiO3 during the deposition of BiMnO3 at different temperatures and oxygen
partial pressures. Solid lines represent phase boundaries using +4000 and +100 J/mol
formula unit Gibbs free energies for BiMnO3 and Bi2O2.5, respectively, specifying the
narrowest growth window possible. Dashed lines are for +400 and +4500 J/mol formula
unit, indicating the approximate uncertainty in width of the growth window. Phase
stability between BixOy gases and BiMnO3 + Mn3O4, BiMnO3, and BiMnO3 + Bi2O2.5
condensed phases is represented by regions I, II, and III, respectively.

39

Figure 3.2 (a) -2 x-ray diffraction scans of BiMnO3 films grown on (001) SrTiO3
substrates using ~10% ozone (blue) and distilled (~80%) ozone (red). Substrate peaks are
marked with an asterisk (*). (b) a close-up of the 001 peak, showing thickness fringes and
a clear difference in the out-of-plane lattice constant.
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Figure 3.3 Field-cooled and zero field-cooled magnetization of the same BiMnO3 films as
Figure 3.2 grown using ~10% ozone (blue) and distilled ozone (red). (inset) Magnetic
hysteresis for the same BiMnO3 films at 5 K.

41

Figure 3.4 Optical absorption spectrum of 33 nm thick BiMnO3 films at 300 and 10 K.
Spectral data collected on BiMnO3/SrTiO3 and BiMnO3/DyScO3 films were combined to
create a composite absorption curve and were identical in the overlap regime. (inset)
Charge gap extraction from 300 K absorption.
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Abstract
Phase-pure, stoichiometric, unstrained, epitaxial (001)-oriented EuTiO3 thin
films have been grown on (001) SrTiO3 substrates by reactive molecular-beam epitaxy.
Magnetization measurements show antiferromagnetic behavior with TN = 5.5 K, similar
to bulk EuTiO3. Spectroscopic ellipsometry measurements reveal that EuTiO3 thin films
have a direct optical band gap of 0.93  0.07 eV.
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Manuscript
EuTiO3 has many similarities to SrTiO3 including being a quantum
paraelectric1,2 and crystallizing in a cubic structure (space group Pm 3 m ) with a lattice
parameter of 3.905 Å at room temperature.2-5 In contrast to the diamagnetic nature of
SrTiO3, bulk EuTiO3 exhibits antiferromagnetic order at 5 K due to the existence of
localized 4f moments on the Eu2+ site. 6 , 7 While SrTiO3 is on the brink of being
ferroelectric, EuTiO3 is on the brink of being simultaneously ferroelectric and
ferromagnetic. 8 , 9 The permittivity of bulk EuTiO3 is strongly coupled with its
magnetism, showing an abrupt decrease in dielectric constant at the onset of the
antiferromagnetic Eu2+ ordering.2
With its nearly identical lattice constant, SrTiO3 has been shown to be an
excellent substrate for the growth of epitaxial EuTiO3 films.10 Significantly different
structural and magnetic properties, however, have been reported for EuTiO3 thin films.
As-grown EuTiO3-δ thin films by pulsed-laser deposition (PLD) on (001) SrTiO3
substrates exhibit expanded out-of-plane spacings (0.4% to 2% longer than bulk
EuTiO3)10-13 and are ferromagnetic with a Curie temperature of about 5 K.11,12 Biaxial
strain has been predicted to cause significant changes to the properties of EuTiO3,
including the emergence of a multiferroic ground state where EuTiO3 is simultaneously
ferromagnetic and ferroelectric at sufficiently high values of strain (1.2% biaxial
compression).8 As the lattice constant of EuTiO3 is identical to that of SrTiO3 within
<0.1%, the epitaxial growth of fully oxygenated EuTiO3 films is not expected to yield
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ferromagnetic films or films with extended lattice constants. The negligible (<0.5%)
variation in the cubic lattice constant of oxygen deficient EuTiO3-δ over its wide single
phase field, 14 , 15 up to the EuTiO2.5 limit14 of the perovskite EuTiO3-δ structure, is
insufficient to explain the 2% variation in out-of-plane lattice spacings observed in
epitaxial EuTiO3-δ films grown on (001) SrTiO3 by PLD.11-13
One possibility is that the ferromagnetism observed in epitaxial EuTiO3 films on
SrTiO3 arises from extrinsic effects, masking the intrinsic properties of EuTiO3 thin films.
Extrinsic effects are known to occur in thin films, particularly for deposition technologies
involving energetic species which can induce defects. For example, some homoepitaxial
SrTiO3 films grown by PLD have been reported to be ferroelectric16 in striking contrast to
the intrinsic properties of SrTiO3, which is not ferroelectric at any temperature.1
Homoepitaxial SrTiO3 films grown by PLD are also known to exhibit lattice spacings
that deviate significantly from the SrTiO3 substrates they are grown on, 17,18 although
SrTiO3-δ itself exhibits negligible variation in its cubic lattice constant up to the SrTiO2.5
limit19,20 of the perovskite SrTiO3-δ structure in bulk. Such issues lead to the question of
what the intrinsic properties of unstrained EuTiO3 films really are.
To clarify the different ferromagnetic orderings reported for bulk and thin film
EuTiO3, the growth of high crystalline quality epitaxial thin films is desired. Reactive
molecular-beam epitaxy (MBE) has been successful in the preparation of high quality
thin films of related oxides including SrTiO3,21,22 BaTiO3,22,23 and EuO22,24 by optimizing
the independent growth parameters including oxygen partial pressure. In this letter, we
report the epitaxial growth of unstrained EuTiO3 thin films on (001) SrTiO3 by reactive
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MBE and discuss the resulting structural perfection, micro-structure, chemical analysis,
magnetic ordering, band gap, and complex dielectric function.
EuTiO3 films were grown on buffered-HF treated SrTiO3 (001) substrates25 in a
reactive MBE system. Molecular beams of europium and titanium were generated using a
conventional effusion cell and a Ti-BallTM titanium sublimation pump, 26 respectively.
Europium and titanium were codeposited onto the substrate under an oxygen background
partial pressure of 310-8 Torr at a substrate temperature of 650 °C. A thin layer (~10 nm
thick) of amorphous silicon was deposited on some of the EuTiO3 films to prevent
oxidation of Eu2+ into Eu3+ upon exposure to air.24 The flux of each metal was measured
before growth by a quartz crystal microbalance calibrated by Rutherford backscattering
spectrometry (RBS) measurements. Film growth was monitored by reflection highenergy electron diffraction (RHEED).
The structural perfection of a silicon-capped, 22 nm thick EuTiO3 film grown on
(001) SrTiO3 was characterized by x-ray diffraction (XRD). As Figure 4.1(a) shows, an
out-of-plane θ-2θ scan reveals phase-pure, epitaxial (001)-oriented EuTiO3. The 00l
reflections from the film are buried by the high intensity of the substrate 00l reflections
because the lattice constant of EuTiO3 is equal to that of SrTiO3 (a = 3.905 Å ).3,4 An ω
rocking curve around the 002 peak (not shown) also reveals a single reflection from the
SrTiO3 substrate. Clear thickness fringes corresponding to a film thickness of 22  1 nm
are observed from a high-resolution θ-2θ scan of the 001 EuTiO3 + 001 SrTiO3 peak in
Figure 4.1(b). These Kiessig fringes indicate the presence of a lattice-matched unstrained
EuTiO3 film with a smooth film surface. Figure 4.1(c) shows the RBS and channeling
spectra of an uncapped, 200 nm thick EuTiO3 film utilizing He+ ions with an energy of
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1.4 MeV. The overlaid results of a RUMP27 simulation with the RBS spectra reveal a
Eu:Ti ratio of 1:1, indicating that the film composition is stoichiometric within
experimental error (±5%). The low channeling minimum χmin = 3% confirms the good
crystallinity of the film.
Figure 4.2(a) and Figure 4.2(b) show high-angle annular dark field (HAADF)
images from a scanning transmission electron microscope (STEM) of the same film
analyzed in Figure 4.1(a). The entire epitaxial heterostructure is observed, and the
interface between the film and the substrate is atomically sharp. The valence state of
europium in the same film was analyzed by x-ray absorption spectroscopy (XAS) at
beamline 4-ID-C of the Advanced Photon Source. The XAS data in Figure 4.2(c) show a
behavior consistent with europium in the 2+ valence state. Comparison with calculations
allows us to determine that Eu3+ is below the detectable level, and from this we can
confirm that the film contains >90% Eu2+.28
Contrary to prior reports of ferromagnetic behavior in PLD-grown EuTiO3-δ
films,11,12 the MBE-grown thin films exhibit a clear magnetic transition with a small
magnetic response consistent with antiferromagnetic order. Figure 4.3 shows the
temperature dependence of the magnetization as a function of film thickness measured
using a superconducting quantum interference device magnetometer (Quantum Design
MPMS). The results were obtained by subtracting the diamagnetic contribution of the
SrTiO3 substrate. Due to the possible formation of a ferromagnetic europium silicate
layer (e.g., Eu2SiO4)14 during silicon deposition on top of EuTiO3 films, uncapped films
were measured in Figure 4.3. For 200 nm, 100 nm, and 50 nm thick films, an
antiferromagnetic transition occurs at 5.5 K, which corresponds to the antiferromagnetic
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transition temperature TN of bulk EuTiO3.6,7 The low field dependence of magnetization
for the same 200 nm thick EuTiO3 film at 1.8 K is shown in the inset of Figure 4.3. The
spin-flop transition is indicated by the change of curvature at around 1.5 kOe and no
remnant magnetization is observed. The saturation magnetizations (not shown) measured
for all films analyzed in Figure 4.3 at 1.8 K under a high magnetic field (>10 kOe) are 6.7
 0.5 Bohr magnetons (B) per europium atom, which is close to the magnetic moment of
a Eu2+ ion (7 B/Eu). The bulk-like antiferromagnetic behavior of MBE-grown unstrained
EuTiO3 thin films in combination with RBS and XAS analyses confirms that the MBEgrown films are stoichiometric and have the desired europium valance state. These results
support the notion that our growth conditions allow us to investigate the intrinsic
magnetic properties of EuTiO3 thin films and that prior results11,12 are dominated by
extrinsic effects.
The optical band gap of an uncapped, ~53 nm thick EuTiO3 film grown on (001)
SrTiO3 was determined by spectroscopic ellipsometry. Room temperature ellipsometric
spectra in (, ) were collected ex situ at three angles of incidence, i = 55°, 70°, and
85°,

using

a

variable-angle

rotating-compensator

multichannel

spectroscopic

ellipsometer 29 , 30 over a spectral range from 0.75 to 6.5 eV. The complex dielectric
function spectra (ε = ε1 + i ε2) shown in Figure 4.4(a) were extracted using a least squares
regression analysis and an unweighted root mean square error function 31 to fit the
experimental ellipsometric spectra to a four-medium optical model consisting of a semiinfinite SrTiO3 substrate / bulk film / surface roughness / air ambient structure where the
free parameters correspond to the bulk thickness of the EuTiO3 film, surface roughness,
and a parameterization of the EuTiO3 dielectric function. The dielectric function
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parameterization of EuTiO3 consists of five Gaussian 32 oscillators representing the
critical point features at energies greater than 3.0 eV, two Tauc-Lorentz oscillators33,34
sharing a common Tauc gap below 3.0 eV, a high energy Sellemeier oscillator,35 and a
constant additive term to ε1 represented by ε∞. The optical properties of the surface
roughness layer are represented by a Bruggeman effective medium approximation 36
consisting of a 50% bulk film / 50% void mixture. After obtaining a bulk layer thickness
of 54.2  1.3 nm and a surface roughness thickness of 2.3  0.4 nm from the
parameterized optical model, the complex dielectric function spectra were directly
obtained by the numerical inversion of the i = 70° spectra for band gap determination.
From the complex dielectric function spectra obtained by numerical inversion, the
absorption coefficient  is obtained. The onset of optical absorption is observed at 0.85 
0.02 eV for the EuTiO3 film. The direct or indirect band gap may be determined from a
linear extrapolation of (E)2 or (E)1/2, respectively. 37 An additional criteria for
identification of the indirect band gap involves the presence of two distinct slopes in
(E)1/2, which was not observed and indicates that EuTiO3 is a direct band gap material.
The direct band gap, represented by a linear extrapolation of (αE)2 as shown in Figure
4.4(b), is at 0.93 ± 0.07 eV. These values are considerably higher than the Eg = 0.4 eV
gap between the filled europium f-level and the empty titanium d-level predicted by
density functional calculations within the GGA+U approximation using an appropriate U
- J = 5 eV on the europium f orbital determined by Fennie and Rabe.8
A comparison between the dielectric functions of EuTiO3 and SrTiO3, which
share the same crystal structure and lattice constants,3,4 shows that each material shares
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common high energy critical point features, but exhibits different low energy behavior
below the indirect band gap of SrTiO3 at 3.2 eV. 38 Below the band gap of SrTiO3,
EuTiO3 continues to exhibit substantial absorption and shows two additional critical point
features at 1.44 eV and 2.80 eV, which are not present in SrTiO3. These features mirror
comparisons between the absorption spectra of SrO39 and EuO,40 and can be attributed to
interactions between f- and d-level states.
Having achieved the intrinsic properties of unstrained EuTiO3 in thin films, we
will next investigate the effects of biaxial strain imposed by coherent epitaxial growth on
appropriate substrates on ferromagnetic and ferroelectric ordering.8
We gratefully acknowledge the financial support from the National Science
Foundation through grant DMR-0507146 and the MRSEC program (DMR-0520404 and
DMR-0820404). Work at the Advanced Photon Source is supported by the U.S.
Department of Energy, Office of Science, Office of Basic Energy Sciences, under
Contract No. DE-AC02-06CH11357.
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Figures

Figure 4.1 (a) -2 x-ray diffraction scans of a silicon-capped, 22 nm thick (001)oriented EuTiO3 on (001) SrTiO3. Substrate peaks are marked with an asterisk (*). (b) a
close-up of the 001 peak, showing thickness fringes. (c) RBS random and channeling
spectra of an uncapped, 200 nm thick EuTiO3 film on (001) SrTiO3 with the simulated
curve (dashed line). The simulated curve gives a thickness of 200 nm and a Eu:Ti ratio of
1:1.
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Figure 4.2 (a) HAADF STEM image of the same film analyzed in Figure 4.1(a). (b)
Atomically sharp interface of the EuTiO3 film and the SrTiO3 substrate. (c) Eu M4,5 edges
from XAS, showing the valence state of europium is 2+.
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Figure 4.3 Field-cooled magnetization of 8 nm, 22 nm, 50 nm, 100 nm, and 200 nm thick,
uncapped EuTiO3 films at H = 100 Oe, showing an antiferromagnetic ordering with TN =
5.5 K. (inset) Field dependence of the magnetization for the same 200 nm thick EuTiO3
film at 1.8 K.
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Figure 4.4 (a) Dielectric function spectra of an uncapped, ~53 nm thick EuTiO3 film on
(001) SrTiO3 over a spectral range from 0.75 to 6.5 eV. (b) Linear extrapolation of (αE)2
= 0 to determine the direct band gap.
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Abstract
Ferroelectric ferromagnets, the pinnacle of multiferroic research, are exceedingly
rare, fundamentally interesting materials that could give rise to new technologies in
which the low power and high speed of field-effect electronics are combined with the
permanence and routability of voltage-controlled ferromagnetism 1 , 2 . Further, the
properties of what few compounds simultaneously exhibit these phenomena1-5 pale in
comparison to useful ferroelectrics or ferromagnets: their spontaneous polarizations (Ps)
or magnetizations (Ms) are smaller by a factor of 1000 or more. The same holds for
(magnetic or electric) field-induced multiferroics6-8. Due to the weak properties of singlephase multiferroics, composite and multilayer approaches involving strain-coupled
piezoelectric and magnetostrictive components are the closest to application today1,2.
Recently, however, Fennie and Rabe proposed a new route to ferroelectric
ferromagnets

9

—transforming magnetically ordered insulators that are neither

ferroelectric nor ferromagnetic, of which there are many, into ferroelectric ferromagnets
using a single control parameter: strain. The system targeted, EuTiO3, was predicted to
simultaneously exhibit strong ferromagnetism (Ms ~ 7 µ B/Eu) and strong ferroelectricity
(Ps ~ 10 µC/cm2) under large biaxial compressive strain9. These values are orders of
magnitude higher than any known ferroelectric ferromagnet and rival the best materials
that are solely ferroelectric or ferromagnetic. Hindered by the absence of an appropriate
substrate to provide the desired compression, we show both experimentally and
theoretically the emergence of a multiferroic state under biaxial tension with the
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unexpected benefit that even lower misfits are required, thereby enabling higher quality
crystalline films. The resulting genesis of a strong ferromagnetic ferroelectric points the
way to high temperature manifestations of this spin-lattice coupling mechanism10. Our
work demonstrates that a single experimental parameter, strain, simultaneously controls
multiple order parameters and is a viable alternative tuning parameter to composition11
for creating multiferroics.

63

Manuscript
Using epitaxy and the misfit strain imposed by an underlying substrate, it is
possible to strain dielectric thin films to percent levels—far beyond where they would
crack in bulk. Such strains are used to enhance the mobility of transistors12 and increase
superconducting13, ferromagnetic14,15, and ferroelectric16 transition temperatures. In fact,
it has been shown experimentally and theoretically that such strains can even stabilize
systems in novel non-bulk phases, for example SrTiO3 in ferroelectric phases17,18.
Recently Fennie and Rabe9 proposed a route to achieving simultaneously strong
ferromagnetism and ferroelectricity in a single phase: exploiting a generic mechanism in
which the electron spin couples to the lattice

 2   02   Si  S j

(1)

where  is the frequency of an infrared-active phonon (lattice) mode and

Si  S j is the


nearest neighbor spin-spin correlation function. Such spin-lattice coupling normally leads

 term in conjunction
to magnetocapacitance 19, but Fennie and Rabe theorized that this

with strain could tune multiple ferroic order parameters simultaneously, resulting in the
emergence of new ground states9. A simple model that captures the essential physics of
this tuning behaviour can be written as a first order transition induced by a bi-quadratic
coupling of lattice and magnetic order parameters




F

M, P   1 2 AP P 2  1 2 AM M 2  1 4 BP P 4  1 4 BM M 4  M 2 P 2

F
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where F is the Landau free energy and P, M, and L are the ferroelectric, ferromagnetic,
and antiferromagnetic order parameters, respectively. The sign and strength of the biquadratic coupling term,  —positive for antiferromagnetic order, negative for
ferromagnetic order—originates from the spin-lattice coupling and is at the origin of the

 bi-quadratic magnetoelectric coupling, as well its change of sign
tuning behaviour. Such
under magnetic bias, was recently confirmed for unstrained bulk EuTiO3 and found to be
large 20 . The above model led Fennie and Rabe to predict that (001) EuTiO3 would
transform from its paraelectric and antiferromagnetic unstrained ground state19 to a
simultaneously ferromagnetic and ferroelectric ground state for compressive strains
exceeding 1.2%9.
Due to the lack of appropriate substrates and the high strains involved for those
that do exist (e.g., LaAlO3 with s ≈ –2.9%), we were not able to experimentally achieve
the biaxial compression required while maintaining a high quality crystalline film. This
led us to extend the calculated strain phase diagram of (001) EuTiO3, which previously
considered only the effect of biaxial compression9, to include biaxial tension (Figure
5.1a). By doing so, see Supplementary Discussion 1, we find that the theoretical critical
strain to reach the ferroelectric ferromagnetic ground state is lower in biaxial tension
<
(s >
~ +0.75%) than biaxial compression (s ~ –1.2%). Lower strains are attractive as they
allow thicker commensurately strained films to be grown, provided suitable substrates
exist. Tensile strain has the added advantage that the ferroelectric polarization is in-plane,
eliminating the importance of finite size effects associated with depolarization fields21,22.
To assess the theoretical phase diagram we prepare commensurate EuTiO3 films on
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substrates in the same structural family (perovskites) with lattice constants suitably close
to EuTiO3 so films of sufficient thickness to test for ferroelectricity and ferromagnetism
can be grown. Commensurate films reduce the complicating influence of dislocations on
film properties23. Our approach is illustrated in Figure 5.1b-c.
Our experiments are performed on 22 nm thick commensurate (001)-oriented
EuTiO3 films grown by reactive molecular-beam epitaxy 24 on (001) (LaAlO3)0.29—
(SrAl1/2Ta1/2O3)0.71 (LSAT), (001) SrTiO3, and (110) DyScO3 substrates. These substrates
impart biaxial strains of –0.9%, 0.0%, and about +1.1%, respectively. The structural,
ferroelectric, and ferromagnetic properties of these films (in addition to multiple control
samples including bare substrates) are measured to assess the predictions of Figure 5.1a.
X-ray diffraction (XRD, Figure 5.2a) and cross-sectional scanning transmission
electron microscopy (STEM, Figure 5.2b) reveal the films to be commensurate, smooth,
and of high structural perfection. Cross-sectional chemical mapping of the interface
between the EuTiO3 and DyScO3 substrate with atomic resolution (Figure 5.2b),
demonstrates that the film/substrate interface is abrupt.
Temperature-dependent second harmonic generation (SHG) measurements
(Figure 5.3a) indicate the paraelectric-to-ferroelectric transition temperature (Tc) of the
films. Materials lacking inversion symmetry exhibit SHG and ferroelectrics lack
inversion symmetry. Therefore SHG activity is a necessary, but insufficient condition for
ferroelectricity. Only the EuTiO3/DyScO3 film exhibits an SHG response with Tc ~ 250 K.
The absence of SHG response from the EuTiO3 strained at s = –0.9% (EuTiO3/LSAT)
and s = 0.0% (EuTiO3/SrTiO3) indicates that EuTiO3 in these strain states is not
ferroelectric.
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Having determined that the EuTiO3 film strained by s = +1.1% (EuTiO3/DyScO3)
is potentially ferroelectric, we ask if it satisfies additional ferroelectric criteria: (1) a polar
point group, (2) a peak in dielectric constant vs. temperature at Tc, and (3) changes in
domain populations when an electric field is applied. To establish the point group
symmetry SHG polar plots are collected (Figure 5.3b). The experimental data fit well
with the mm2 polar point group model with the spontaneous polarization along <100>p,
where the subscript p refers to pseudocubic indices. These results are consistent with the
first principles calculations. Domain dynamics are probed by monitoring the SHG
intensity as a function of applied in-plane electric field (Figure 5.3c).
An additional test of the ferroelectric phase transition is made by measuring the
dielectric constant as a function of temperature on a strained EuTiO3/DyScO3 film. Due
to the low bandgap of EuTiO3 (0.9 eV)24 and associated leakage issues, the low frequency
dielectric constant ( 
r 0) is extracted from far-infrared reflectance measurements on a
100 nm thick EuTiO3/DyScO3 film (Figure 5.3d, Supplementary Discussion 2). A peak in

r 0 vs. temperature
is clearly seen at a comparable temperature to the onset of the phase

transition revealed by SHG in Figure 5.3a. The dielectric anomaly is caused by an optical


soft mode, which exhibits a minimum frequency at Tc (see Figure 5.5). The soft mode
anomaly is additional evidence for the ferroelectric phase transition in strained
EuTiO3/DyScO3. All these results are consistent with EuTiO3 strained by s = +1.1%
undergoing a paraelectric-to-ferroelectric transition at about 250 K.
Testing for ferromagnetism in strained EuTiO3/DyScO3 films is complicated by
the large paramagnetic response of the DyScO3 substrate. If a superconducting quantum
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interference device (SQUID) magnetometer is used under typical measurement magnetic
fields, the paramagnetic response of the thick substrate swamps the signal from the
strained EuTiO3 film. For this reason a combination of magneto-optic Kerr effect
(MOKE) and SQUID magnetometry is used. Exploiting the optical nature of the MOKE
technique, the probe is tuned to a wavelength between 690 nm and 750 nm to maximize
the absorption in the EuTiO3 epilayer while minimizing interactions with the substrate.
This renders the measurement insensitive to the paramagnetic substrates as well as to the
antiferromagnetic state of DyScO3 below its Néel temperature of 3.1 K25. The MOKE
response from all three EuTiO3 films and a bare DyScO3 substrate is shown in Figure
5.4a. The EuTiO3 strained by s = +1.1% (EuTiO3/DyScO3) exhibits a clear
ferromagnetic hysteresis loop, with sharp switching to full saturation, signifying that it is
ferromagnetic in contrast to the EuTiO3 with s = –0.9% (EuTiO3/LSAT) or s = 0.0%
(EuTiO3/SrTiO3). The temperature dependence of the MOKE (Figure 5.4b) shows that
the Curie temperature (TC) of the s = +1.1% strained sample is 4.24±0.02 K (see
Supplementary Discussion 3), slightly lower than the 5.5 K Néel temperature of
unstrained EuTiO319,24.
Since the MOKE measurements of ferromagnetism are not on an absolute scale,
SQUID measurements are used to quantify the spontaneous magnetization of EuTiO3
strained by s = +1.1%. These measurements are made in nominally zero residual
magnetic field to minimize the paramagnetic response of the substrate. The strained
EuTiO3 is cooled in a 100 Oe field, a field found sufficient to polarize the EuTiO3 film,
yet sufficiently small to minimize the residual magnetic field during subsequent SQUID
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measurements. The observed magnetization (Figure 5.4b) is seen to rise at the same
temperature (TC) as the MOKE signal and follows it until the antiferromagnetic transition
of the DyScO3 substrate at 3.1 K, where the substrate signal masks the magnetization of
the strained EuTiO3 film. In agreement with the MOKE results, clear hysteresis loops are
observed below 4 K (see inset to Figure 5.4b) and the spontaneous magnetization of the
strained EuTiO3 is seen to be large, i.e., several µ B/Eu. Polarized x-ray measurements of
the local moment connect the observed magnetism with that of Eu2+ (see Supplementary
Discussion 4). From the combination of these results, and since the ferromagnetism
occurs well above the antiferromagnetic transition of the DyScO3 substrate, we conclude
that the observed ferromagnetism is not correlated with the magnetic ordering of the
underling substrate.
Bulk EuTiO3 exhibits a decrease in its dielectric constant as it is cooled through
its antiferromagnetic transition19. Due to the change in the sign of the spin-spin
correlation function in equation (1) when strained EuTiO3 becomes ferromagnetic,
EuTiO3/DyScO3 should exhibit an increase in its dielectric constant as it is cooled
through its ferromagnetic transition. Such behaviour was observed (see Figure 5.4c),
further corroborating the ferromagnetic transition in commensurately strained
EuTiO3/DyScO3 and its strong spin-lattice coupling.
In summary, we use first principles calculations to design a strong ferroelectric
ferromagnet by exploiting strain in combination with spin-lattice coupling. Our results
confirm the theorized mechanism9 and open the door to higher temperature embodiments
of strong ferromagnetic ferroelectrics10, which would enable dramatic improvements in
numerous devices: magnetic sensors 26 , energy harvesting, high-density multistate
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memory elements27, wireless powering of miniature systems28, and tunable microwave
filters, delay lines, phase shifters, and resonators29,30.
Method Summary
We perform first-principles density-functional calculations using projector
augmented-wave

potentials

within

spin-polarized

GGA + U

approximation

as

implemented in the Vienna Ab Initio Simulation Package (VASP) (see Supplementary
Discussion 1).

EuTiO3 thin films were grown by reactive molecular-beam epitaxy

(MBE)24 from elemental europium and titanium sources at a substrate temperature of
650 °C in a background partial pressure of molecular oxygen of 310-8 Torr. EuTiO3
films in three strain states (EuTiO3/DyScO3, EuTiO3/SrTiO3, and EuTiO3/LSAT, see
Table 5.1) as well as bare substrates were characterized (i) structurally by XRD (see
Supplementary Discussion 5 and 6) and STEM; (ii) chemically by STEM-EELS,
Rutherford backscattering spectrometry (RBS, see Figure 5.6), and x-ray absorption
spectroscopy (XAS) (see Supplementary Discussion 4); (iii) for ferroelectricity by SHG
(see Supplementary Discussion 7) and FIR reflectance (see Supplementary Discussion 2);
(iv) for ferromagnetism by MOKE (see Supplementary Discussion 3) and SQUID (see
Figure 5.7); and (v) for the temperature dependence of capacitance (see Supplementary
Discussion 8).
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Figures

Figure 5.1 Predicted effect of biaxial strain on EuTiO3 and our approach to imparting
such strain in EuTiO3 films via commensurate epitaxy on (110) DyScO3, (001) SrTiO3,
and (001) LSAT substrates. a, First principles epitaxial phase diagram of strained EuTiO3
from –2% (biaxial compression) to +2% (biaxial tension) calculated in 0.1% steps.
Regions with paraelectric (PE), ferroelectric (FE), antiferromagnetic (AFM), and
ferromagnetic (FM) behaviour are shown. b,c, Schematic view of bulk unstrained EuTiO3
and epitaxially strained EuTiO3 thin film on the DyScO3 substrate, showing the in-plane
expansion due to biaxial tension.
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Figure 5.2 Structural characterization by XRD and STEM of 22 nm thick commensurate
EuTiO3 films grown on (110) DyScO3, (001) SrTiO3, and (001) LSAT substrates.
a, -2 XRD scans of EuTiO3/DyScO3 (red), EuTiO3/SrTiO3 (blue), and EuTiO3/LSAT
(green) in the vicinity of the out-of-plane 001p EuTiO3 reflection. Clear thickness fringes
are seen. The substrate peaks are denoted with asterisks (*). b, Annular dark field
(ADF) and spectroscopic imaging of the same EuTiO3/DyScO3 heterostructure
characterized in a. (top) ADF-STEM images of the structure showing a coherent
interface and a low density of defects in the EuTiO3 film. (bottom) A-site and B-site
elemental maps of the interface obtained by combining the Eu-M4,5 (green) and Dy-M4,5
(red) electron energy loss spectroscopy (EELS) edges, and the Ti-L2,3 (yellow) and ScL2,3(blue) edges extracted from two separate 256256 pixel spectrum image acquisitions
(one for the Eu/Dy edges, the other for Sc/Ti). Intermixing is limited to 1-2 atomic layers
at the interface.
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Figure 5.3 SHG and FIR measurements showing that commensurate EuTiO3 strained in
biaxial tension by +1.1% on DyScO3 is ferroelectric below Tc ~ 250 K. a, Temperature
dependence of SHG signal of EuTiO3/DyScO3 (red), EuTiO3/SrTiO3 (blue), and
EuTiO3/LSAT (green). b, Experimental polar plots (points) with mm2 fit (line) with
analyser along <100>p directions at 5 K for EuTiO3/DyScO3. c, SHG hysteresis loop
(top) and corresponding polarization loop (bottom) for EuTiO3/DyScO3 at 5 K.
d, Dielectric constant ( 0 ) vs. temperature of a nearly commensurate (s = +1.1%)
100 nm thick EuTiO3/DyScO3 film determined by FIR spectroscopy.
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Figure 5.4 MOKE, SQUID, and capacitance measurements showing that commensurate
EuTiO3 strained in biaxial tension by +1.1% on DyScO3 is ferromagnetic below
TC = 4.24±0.02 K and that these two properties are coupled. a, MOKE measurements at
2.0 K of EuTiO3/DyScO3 (red), EuTiO3/SrTiO3 (blue), EuTiO3/LSAT (green), and bare
DyScO3 substrate (gold). b, Temperature dependence of the magnetization measured
using both MOKE and SQUID. The inset shows the isothermal SQUID magnetization
curves at T = 1.8 and 3.8 K. The red data points with error bars (representing one sigma
variations for both temperature and Kerr) show the temperature dependence of the
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remanent value of Kerr for EuTiO3/DyScO3. c, Temperature dependence of capacitance
of EuTiO3/DyScO3 near TC. The capacitance of a bare DyScO3 substrate measured under
the same conditions is also shown.
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Methods
EuTiO3 is a cubic perovskite oxide (space group Pm3 m ) with a lattice constant of
a = 3.905 Å at room temperature31,32. This oxide is the subject of this study because its
PE+AFM ground state lies very close to a phase transition shown in Figure 5.1a. Due to
this sensitivity it is imperative to select a thin film growth technique that can yield the
intrinsic properties of EuTiO3. Reactive MBE24, in contrast to other methods utilized for
EuTiO3 film growth33-37, is so far the only technique that has been able to achieve the
intrinsic properties of unstrained EuTiO3 as-grown films.
EuTiO3 thin films were grown by MBE in an EPI 930 MBE chamber. Molecular
beams of europium and titanium were generated using a conventional effusion cell and a
Ti-BallTM titanium sublimation pump38, respectively. The ~1.51013 atoms/cm2·s of each
metal flux was measured before growth by a quartz crystal microbalance (QCM)
calibrated by RBS measurements. Europium and titanium were codeposited onto the
substrate under an oxygen background partial pressure of 310-8 Torr. This oxygen
partial pressure was found to be optimal for the growth of single-phase EuTiO3 films with
the desired oxidation states of Eu2+ and Ti4+. The substrate temperature was at 650 °C and
the growth rate was ~0.1 Å /s. In situ reflection high-energy electron diffraction (RHEED)
images are consistent with the growth of smooth and epitaxial thin film surfaces during
deposition (see Figure 5.8). Following deposition, the EuTiO3 thin films were cooled
under the same oxygen partial pressure in which they were grown (310-8 Torr).
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Substrates
(001) LSAT, (001) SrTiO3, and (110) DyScO3 substrates were selected to induce
biaxial strains of –0.9%, 0.0%, and about +1.1% on EuTiO3 films, respectively. These
substrates are isostructural with EuTiO3 (all are perovskites), are commercially available
with high structural perfection, and have lattice constants in the region of interest to test
the predictions of Figure 5.1a 39 . In addition, SrTiO3 and LSAT are non-magnetic,
simplifying magnetic characterization. LSAT is technically tetragonal though its c/a
structural distortion is sufficiently small (0.9995) that we treat it is if it were cubic with a
= 3.869 Å 40. SrTiO3 is cubic at room temperature with a lattice constant of a = 3.905 Å 32,
which is nearly the same lattice constant of EuTiO3. The (001) SrTiO3 substrate was
treated in buffered-HF for 30 seconds and annealed at 950 °C for 1 hour to obtain TiO2
termination on the surface prior to EuTiO3 film growth41. DyScO3 is orthorhombic with
lattice constants a = 5.440 Å , b = 5.717 Å , and c = 7.903 Å 42. The (110) DyScO3 surface
has a rectangular surface mesh that strains EuTiO3 by +1.0% along the 1 1 0DyScO in3

plane direction and by +1.2% along the perpendicular 001DyScO in-plane direction. The
3


(110) DyScO3 substrate was annealed at 1000 °C for 13 hours in flowing oxygen at 1 atm


pressure to promote a ScO2-terminated surface.

Theory
Within density-functional theory, the failure of the generalized gradient approximation
(GGA) properly to capture the physics of strongly correlated systems is well established.
A widely accepted approach beyond GGA is the GGA plus Hubbard U (GGA + U)
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method 43 . We perform first-principles density-functional calculations using projector
augmented-wave (PAW) potentials within spin-polarized GGA + U approximation as
implemented in VASP44-47 with a plane wave cut-off of 500 eV and a 888 -centred kpoint mesh. The PAW potential for Eu treated the 4f7 5s2 5p6 6s2 as valence states. All
calculations were performed with collinear spins and without LS-coupling. As expected
for Eu2+ which lacks orbital degrees of freedom, inclusion of LS-coupling does not
change the results. Values of the Eu on-site Coulomb, U = 5.7 eV, and exchange, JH = 1.0
eV, parameters were used that give a reasonable account of the magnetic exchange
constants which were extracted by mapping GGA + U calculations of the total energy for
different spin configurations at T = 0 onto a classical Heisenberg model; Espin =
ijJijSiSj (note, in our notation the energy per spin bond is 2J). Note, given the
relatively small energies involved, electronic relaxations were converged to less than 107

eV while ionic relaxations were performed until residual forces reached less than

0.510-3 eV/Å . Phonon frequencies were calculated using the direct method where each
ion was moved by approximately 0.01 Å and also using density-functional perturbation
theory as implemented in VASP. Calculations with GGA + U overestimate the lattice
constant by ~1%. We introduce a shift of the zero for 33, the out-of-plane component of
the stress, so that 33 = 0 for the cubic structure at the experimental lattice constant,
aexp = 3.9 Å . Thus, the correct cubic structure is obtained at misfit strain   (a-aexp)/aexp
= 0.
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Supplementary figures and tables

Figure 5.5 Temperature dependence of the polar phonon frequencies below 200 cm-1
obtained by fitting the reflectance spectra in Figure 5.10. The minimum in the soft mode
frequency near 250 K as well as the appearance of new modes below 150 K provide
evidence of ferroelectric (Tc) and antiferrodistortive (TAFD) phase transitions, respectively.
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Figure 5.6 Rutherford backscattering spectrometry (RBS) random (orange) and
channelling (blue) spectra of a 22 nm thick EuTiO3 film on a (110) DyScO3 substrate,
measured using He+ at 1.4 MeV. The data was analysed using the RUMP software
package. The red dashed curve shows the simulated spectrum for a 22 nm thick film with
a Eu:Ti ratio of 1:1, confirming the stoichiometry of the film within the error margins
(approx. 10% due to the small film thickness). The film exhibits a channelling minimum
yield min of 6%, which is a low number for such a thin film, supporting the good
crystallinity of the EuTiO3.
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Figure 5.7 Temperature dependence of the magnetic moment of EuTiO3/DyScO3 from
Figure 5.4b superimposed on the magnetic moment of a bare DyScO3 substrate. Both
data sets were measured at nominally zero field after being cooled down from 10 K to 1.8
K in an applied magnetic field of 100 Oe. Note that the kink around 3.1 K in the
EuTiO3/DyScO3 data corresponds to the antiferromagnetic transition of DyScO3. The
paramagnetic background coming from the DyScO3 substrate was subtracted from both
data sets using the data above the Néel temperature of the DyScO3 substrate.
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Figure 5.8 Reflection high-energy electron diffraction (RHEED) patterns observed from
each substrate surface before deposition (top) and from the EuTiO3 surface after
deposition (bottom). a, Along the 110  azimuth of the LSAT substrate. b, Along the
110  azimuth of the SrTiO3 substrate. c, Along the 1 11 azimuth of the (110) DyScO3
substrate. All three films reveal smooth surfaces without any extra streaks arising from
second phases.
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Table 5.1 Three 22 nm thick EuTiO3 films on DyScO3 (red-colored columns) were grown
side-by-side on the same sample holder. XRD revealed these samples are nearly identical.
We performed ferroelectric and ferromagnetic characterizations on these samples. Under
the same optimized growth condition, EuTiO3 films on SrTiO3 and LSAT were also
deposited.
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Supplementary discussion 1
First-principles density-functional calculations of strained EuTiO3
The soft-mode theory of ferroelectricity associates the appearance of a spontaneous
electrical polarization with the softening and ―freezing-in‖ of an infrared (ir)-active
phonon mode of the high-symmetry paraelectric structure. For example, as the
temperature is lowered, a single ir-active mode softens. The dielectric susceptibility, -1
~ 2, thus follows Curie-Weiss behaviour, which at an ideal second order phase transition
diverges thereby inducing a phase transition to a ferroelectric structure.
In cubic EuTiO3 there are three, 3-fold degenerate T1u ir-active phonon modes. In
Figure 5.9, we show the evolution of the lowest-lying ir-active phonon frequency with
biaxial strain with spins aligned in parallel (FM) and in antiparallel (G-type AFM)
configurations. Under biaxial in-plane strain, the 3-fold degenerate T1u mode splits into a
singlet, A2u, and a doublet, Eu, which have polarizations parallel and perpendicular to the
out-of-plane direction, respectively. For compressive strains, the A2u softens while the Eu
modes harden, consistent with the effective volumes of these modes increasing and
decreasing, respectively, under compressive strain 48 . The exact opposite occurs under
tensile strains. Therefore in Figure 5.9 we show the lowest-lying ir-active A2u mode
under biaxial compressive strain and the lowest-lying Eu mode under biaxial tensile strain.
At zero strain we have bulk, cubic EuTiO3 with  A2 u  TO1 = 70 cm-1 and 77 cm-1
for FM and AFM, respectively (note the AFM phonon frequency has subsequently been
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measured for bulk EuTiO3 and was found to be in remarkable agreement with the theory
prediction49). It is this difference in the ferroelectric instability for the AFM and FM
orderings that leads to (1) a giant magnetocapacitive effect near the critical strains c,
(2) electric and magnetic field control within the intermediate region, and (3) a
ferroelectric-ferromagnetic ground state for biaxial strains greater than 1.2% as
previously shown for compressive strains9. Here we extend the work9 of C. J. Fennie and
K. M. Rabe by calculating the phase diagram under biaxial tensile strains. Notice:
1.

The strain to reach the critical strain, intermediate regions, and the

ferroelectric-ferromagnetic ground state is approximately 40% lower under biaxial tensile
strain then under biaxial compressive strain.
2.

In the paraelectric structure, biaxial compressive strain favors the

antiferromagnetic phase, while biaxial tensile strain can be seen to drive the system into
the ferromagnetic phase, albeit at much higher critical strains and with much less energy
lowering then in the ferroelectric phase.
3.

Regardless, the ferroelectric distortion stabilizes the ferromagnetic phase.

We point out that our density-functional theory (DFT) study also identifies an
unstable soft oxygen rotation mode similar to that in SrTiO3, however, with an even
larger instability. Given the fact the DFT grossly overestimates the angle of rotation in
SrTiO3, it is reasonable to assume similar inaccuracies occur in the description of EuTiO 3.
As such, we intentionally froze out this rotation instability, i.e., we ignored it, arguing
that the unrotated state describes more accurately the actual experimental system (we
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point out that to date all experiments directly looking for the rotation in EuTiO3 have
failed to identify it, suggesting the effect is small).

Figure 5.9 a, EuTiO3 lowest frequency infrared-active phonon vs. biaxal strain with spins
aligned parallel (FM) and antiparallel (G-type AFM). A region where 2 is negative
indicates a ferroelectric instability. b, Enthalpy difference between states with spins
aligned parallel (FM) and antiparallel (G-type AFM) vs. biaxial strain; (open circles) in
paraelectric structure (P4/mmm) and (solid dots) in ferroelectric structure (P4mm –
compression, A2mm – tensile). Box identifies regions of electric and magnetic field
control as discussed in Ref. 9. Note, in all calculations, only distortions associated with a
q = 0 instability have been considered, in particular, rotations of the oxygen octahedral
have been ignored.
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Supplementary discussion 2
Determination of static dielectric constant from far-infrared reflectance
Previous radiofrequency and far-infrared reflectance (FIR) studies of EuTiO3
incipient ferroelectrics ceramics have shown that the low-frequency dielectric
permittivity is determined only by contributions of polar phonons, i.e., no dielectric
dispersion has been observed below the phonon frequencies49.
Polar phonons should exhibit strong anomalies near a displacive ferroelectric phase
transition. For that reason we investigated FIR reflectance of 22, 42, and 100 nm thick
EuTiO3 films (all strained in biaxial tension by +1.1%) deposited on (110) DyScO3
substrates. Infrared reflectance spectra of all of the samples gave qualitatively the same
results, but the sensitivity of the experiment was the best in the thickest of the films
(100 nm). Therefore the results obtained only on this film are presented here. FIR spectra
of a bare (110) DyScO3 substrate as well as of the 100 nm thick EuTiO3 film are shown
in Figure 5.10. Reflectance bands (polar phonons) from the substrate dominate in the
EuTiO3/DyScO3 spectra, but the polar phonons from the thin films are also clearly
distinguishable (see Figure 5.10b). Considering the opacity of the substrate, its
reflectivity spectra were fit with the factorized form of the dielectric function 50 . The
resultant parameters from the substrate were used to fit the reflectance spectra of the
EuTiO3/DyScO3 with a sum of harmonic oscillators using software for evaluation of the
dielectric function of a two-slab system51. The resulting phonon frequencies are plotted
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versus temperature in Figure 5.5. At room temperature the TO1 soft mode occurs at a
frequency nearly three-times lower than in bulk EuTiO349, which is caused by the
proximity of the strain-induced ferroelectric phase transition temperature. Lattice
instability and the ferroelectric phase transition are demonstrated by the minimum in the
soft mode frequency at 250 K. The soft mode anomaly is responsible for the peak at
250 K in the temperature dependence of the static relative permittivity ( 
r,max 0  1500 –
see Figure 5.3d), if we calculate it from the contributions of all of the phonons. Below
250 K the soft mode frequency hardens remarkably on cooling.
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Figure 5.10 a, FIR reflectivity spectra of a bare (110) DyScO3 substrate. b, reflectance
spectra of a 100 nm thick EuTiO3 thin film deposited on a (110) DyScO3 substrate. Both
spectra were taken with polarization E || 1 1 0 . The frequencies of the polar phonons in
EuTiO3 are marked by arrows. Remarkable soft mode hardening below 250 K is clearly
seen.

 

Two new modes activate below 150 K in the vicinity of the soft mode frequency.
These modes should be structural soft modes activated from the Brillouin zone boundary.
Similar modes are well known in the closely related compound SrTiO3. They can only be
Raman active in a nonpolar antiferrodistortive phase52, but they also become IR active if
this phase is simultaneously non-centrosymmetric, which is satisfied when EuTiO3
becomes ferroelectric. Similar activation of the structural soft mode in the FIR spectra as
well as a minimum of the soft mode frequency at Tc  270 K was also observed in
strained SrTiO3 films grown with the identical biaxial tensile strain state (i.e.,
SrTiO3/(110) DyScO3)53.
Splitting of TO2 (near 160 cm-1) and TO4 (near 525 cm-1) modes in
EuTiO3/DyScO3 is allowed at all temperatures below Tc  250 K, but it was distinguished
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only below 180 K (for TO4) and 120 K (TO2) probably due to the low intensities of these
modes. It is worth noting that the fit to the FIR reflectance spectra required imaginary
coupling  of the TO1 and TO2 modes in the ferroelectric phase. In such case the
permittivity has the form50

 *   

n
sj
s1 (22   2  i 2 )  s2 (12   2  i 1 )  2i s1s2

 

2
2
2
2
2 2
2
2
(1    i 1 )(2    i 2 )   
3 ( j    i j )
Supplementary Equation 1

where s j   j  2j (j = 1 - n) is the oscillator strength of the jth oscillator, j, j and j
mark transverse mode eigenfrequency, damping, and dielectric strength, respectively. 
is the high frequency permittivity far above the phonon frequencies and  is the
imaginary coupling constant between the first two modes. In spite of the real coupling the
imaginary coupling does not shift the ―dressed‖ phonon frequencies, but only changes the
shape of dielectric dispersion near the both phonon frequencies50, which has an influence
on the shape of reflection bands. Note that the second term in Supplementary Equation 1
expresses the Lorentz formula for uncoupled phonons. The static relative permittivity,

r 0 , in Figure 5.3d (was obtained from Supplementary Equation 1 for  = 0, i.e.
n





r (0) 

 
1

j

 

0

, where 0 is the permittivity of free space).

Similar coupling and mixing of both phonon eigenvectors was reported also in
EuTiO3 bulk samples 54 and it is probably responsible for the huge magnetocapacitive
effect in EuTiO3.
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Finally, we note that the spectra in Figure 5.5 and Figure 5.10 were obtained for

 

the electric vector E of the FIR beam polarized parallel to the 1 1 0 direction of the
DyScO3 substrate. Qualitatively the same temperature dependence of the phonon
parameters in the EuTiO3 thin film was obtained in the FIR spectra with perpendicular
polarization, i.e., E || [001]. Therefore the static permittivity obtained from both polarized
spectra exhibits also similar temperature dependence, as seen in Figure 5.3d.
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Supplementary discussion 3
Study of ferromagnetism in EuTiO3 thin films using magneto-optical
Kerr effect measurements
Magneto-optical Kerr effect (MOKE) measurements are made in a magneto-optical
cryostat with a split coil superconducting magnet capable of producing magnetic fields of
up to 8 T (with windows both parallel and perpendicular to the field) and temperatures
down to 1.2 K. For this measurement, the samples are mounted so that the field is applied
in the plane of the sample with the face of the sample positioned at the eucentric point of
the cryostat. Due to the large magnetostriction in DyScO3, bare DyScO3 and
EuTiO3/DyScO3 samples tend to fracture in high magnetic fields if they are mounted
directly to the copper sample stage. As a result, and as can be seen in the left panel of
Figure 5.11, the samples are mounted using spring clamps that allow for modest
distortion of the sample while holding them securely in place for optical measurements.
This allows the probe light to pass directly through the cryostat by reflecting at a glancing
angle from the sample surface (see Figure 5.11, right panel). This geometry maximizes
the sensitivity of the probe light to the in-plane component of the sample magnetization
during the application of the in-plane magnetic field.
The polarization of the probe beam is prepared to have linear polarization
perpendicular to the plain of incidence (parallel to the sample surface) and is analysed
outside the cryostat after reflection from the sample. The difference in polarization angle
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between the incident and reflected probe is the Kerr angle, Kerr. This rotation is
proportional to the product of the magnetization and the dielectric tensor of the sample,
making a quantitative determination of the magnetization difficult, but allowing for the
quantitative evaluation of the coercivity and systematic behaviour such as the
temperature dependence shown in Figure 5.4b of the main text.

Figure 5.11 Left Panel: Sample mount for MOKE measurements, spring clips secure
samples without strain while preserving optical access. Right Panel: Schematic of
MOKE measurement, probe light is incident at a glancing angle to maximize sensitivity
to the in-plane magnetization.
The data is processed as follows: Figure 5.12a is raw data from a single field sweep
at a temperature of 2 K. The field is swept from –50 Oe to +50 Oe and back to –50 Oe.
When the field comes back to –50 Oe, the signal does not exactly reproduce due to a
linear drift in time. This linear drift is subtracted to generate the data shown in Figure
5.12b. Finally, the offset is set to zero and five full field scans are averaged to improve
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the signal to noise, as shown in Figure 5.12c (this data is the same as shown in Figure
5.4a). Note that despite the averaging, the magnetic field reversal does not show
noticeable broadening, indicating excellent reproducibilty in Hc.

Figure 5.12 Analysis of the MOKE data. a, Raw data from a single MOKE scan (–50 Oe
to +50 Oe to –50 Oe). b, A linear drift in time is subtracted so that the first and last data
points coincide. c, The offset in θKerr is subtracted so that the loop is symmetric and five
individual scans are averaged (this data is the same as in Figure 5.4a). Excellent
reproducibilty in Hc prevents significant broadening of the magnetization reversal.
Due to linear drifts in time (see Figure 5.12), simply monitoring Kerr as a function
of temperature is not practical. As a result, the temperature dependence is determined by
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taking a series of hysterisis curves from low to high tempeture. As shown in Figure 5.13,
the remanent Kerr angle monotonically decreases as temperature is increased until, above
a temperature of ~4.3 K, the signal to noise ratio of the remanence drops below one. The
data is fit to a power law of the form:
M T   M 0 ( TC  T )

Supplementary Equation 2
shown by the dashed line in Figure 5.13. The model fits well with the experimental curve
and yields a TC of 4.24±0.02 K and a critical exponent β of 0.42±0.02, in reasonable
agreement with the theoretical estimate of 0.5 for a three dimensional ferromagnet55. The
coercivity, Hc, is also extracted from the magnetization curves for all temperatures. As
shown in Figure 5.13, Hc montonically decreases with increasing temperature, consistent
with the TC calculated above. While far from exhaustive, this analysis supports the
assertion that EuTiO3 is a well behaved ferromagnet for a biaxial strain of +1.1%.

Figure 5.13 Temperature dependence of the remanent Kerr angle and coercivity for
EuTiO3/DyScO3. Error bars represent one sigma variation for temperature, θKerr, and Hc.
The dashed line is a power law fit to remanent and yields a TC of 4.24±0.02 K and a critical
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exponent of 0.42±0.02, consistent with the theoretical prediction of 0.5 for a three
dimensional ferromagnet.
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Supplementary discussion 4
Polarized x-ray absorption study of uncapped and silicon-capped
EuTiO3/DyScO3
Element-resolved polarized X-ray absorption spectroscopy (XAS) measurements
were performed at beamline 4-ID-C of the Advanced Photon Source, with magnetic
fields of up to 7 T applied in the plane of the film. The measurements were performed by
monitoring the intensity, I, of left (-) and right (+) circularly polarized x-rays absorbed by
the specimen simultaneously using the surface/interface sensitive total-electron-yield
detection and more bulk sensitive fluorescence yield. The sum, I+ + I-, yields the XAS
signal, while the x-ray magnetic circular dichroism (XMCD) signal is derived from the
difference, I+ - I-. The XAS shown in Figure 5.14a compares the surface sensitive
electron yield from an uncapped and silicon-capped EuTiO3 films. The silicon-capped
data is from solely Eu2+ while the uncapped data shows signs of Eu3+ due to surface
oxidation56. By comparing with the bulk sensitive fluorescence yield, we conclude that
the Eu3+ signal is highly localized in the top 1-2 nm of the surface, which is in good
agreement with the TEM results. To learn about the magnetic order, we examine the
XMCD data taken at 6 K and 5 T as displayed in Figure 5.14b. This comparison shows
the level of XMCD for both the capped and uncapped samples indicating that the surface
oxidation does not influence the magnetic order. The magnitude of the XMCD when
saturated at a field of 5 T is consistent with a local Eu moment of 7 B/atom indicating
that the films are fully magnetic above TC57.
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Figure 5.14 a, Eu M5 edges from XAS, showing the valence state of europium in
uncapped and silicon-capped EuTiO3 films. b, XMCD spectra from the same samples,
consistent with a local Eu moment of 7 B/atom at 6 K and 5 T.
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Supplementary discussion 5
X-ray diffraction of EuTiO3 thin films
High-resolution X-ray diffraction (XRD; Panalytical X'pert Pro) using Cu Kα1
radiation was performed on EuTiO3 thin films. θ-2θ scans in Figure 5.15 show 22 nm
thick phase-pure epitaxial (001)-oriented EuTiO3 films with Kiessig fringes. The
presence of these fringes indicates that each film has a smooth film surface. The film
thicknesses calculated from these fringes were equal to those calculated from the total
deposited dose of europium and titanium from QCM flux calibration measurements made
prior to film growth. Figure 5.16 shows the rocking curve of the 002 peak for each
sample overlaid on the rocking curve of the nearest substrate peak. The full width at half
maximum (FWHM) of the rocking curve of the EuTiO3 film grown on (001) LSAT is
equal to 11 arc sec (0.003°), comparable to that of the underlying LSAT substrate. For
EuTiO3 on (110) DyScO3, the FWHM of the rocking curve of the EuTiO3 along the

1 1 0 and 001 in-plane

directions of the DyScO3 substrate is equal to 9 arc sec

(0.0025°), comparable to that of the DyScO3 substrate. This is the narrowest FWHM ever
reported for EuTiO3 films and demonstrates its high crystalline quality.
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Figure 5.15 θ-2θ XRD scan from EuTiO3 films grown on (001) LSAT (green), (001)
SrTiO3 (blue), and (110) DyScO3 (red) substrates.
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Figure 5.16 XRD rocking curves from EuTiO3 films grown on (001) LSAT and (110)
DyScO3 substrates. a, Superposition of the 002 EuTiO3 film (green) and 002 LSAT
substrate (black) peaks. b, c, Superposition of the 002 EuTiO3 film (red) and 220 DyScO3
substrate (gold) peaks along the 1 1 0 and 001 in-plane directions, respectively.

 

The in-plane and out-of-plane lattice constants of the strained and unstrained
EuTiO3 films were determined from the h0h and 00 diffraction peaks (h = 1,2 and  =
1,2,3). The in-plane lattice constants of each film were found to be coherent to the
corresponding substrates within experimental error (0.01 Å ). The out-of-plane lattice
constants of EuTiO3 films on (001) LSAT, (001) SrTiO3, and (110) DyScO3 were
calculated to be 3.9270.001 Å , 3.900.01 Å , and 3.8760.001 Å , respectively. The
extended out-of-plane lattice constant of EuTiO3 films on (001) LSAT is attributed to the
0.9% of biaxial compressive strain applied by the underlying LSAT substrate, while a
reduced out-of-plane lattice constant in EuTiO3 films on (110) DyScO3 is due to the 1.1%
of biaxial tensile strain. The out-of-plane lattice constant of EuTiO3 films on (001)
SrTiO3 shows no change since EuTiO3 and SrTiO3 have nominally identical lattice
constants.
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Figure 5.17 The dependence of the out-of-plane lattice strain zz as a function of the inplane lattice stain xx.
Figure 5.17 displays the dependence of the out-of-plane lattice strain as a function
of the in-plane lattice strain. A best fit line through these data points indicates that the
EuTiO3 film behaves with Poisson‘s ratio  = 0.240.01. Neither Poisson‘s ratio nor the
elastic stiffness tensor of bulk EuTiO3 has been reported, but we note that the observed
value from Figure 5.17 is close to that of bulk single crystal SrTiO3 ( = 0.232)58. The
observed behaviour is consistent with the substrate-induced biaxial strain on the
structural lattice deformation of the films, and rules out any gross extrinsic effects
including massive chemical interdiffusion at the interface.
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Supplementary discussion 6
Strain state of EuTiO3 films grown on SrTiO3 and DyScO3 substrates
Strain state of EuTiO3 films grown on SrTiO3 and DyScO3 substrates The
manipulation of epitaxial film strain may be achieved through commensurate growth
upon substrates selected for their specific lattice parameters. Thus a range of biaxial
lateral strain states from tensile through to compressive maybe achieved. Ensuring the
atoms of the overlayer rigidly adhere to the substrate surface lattice is, however, essential
to fully achieve the required strain. In order to establish such commensurate growth x-ray
diffraction can measure all three lattice parameters of the film and substrate and therefore
establish the extent to which a film structurally adheres to the substrate. In Figure 5.18, xray diffraction of highly epitaxial EuTiO3 films on a) (110) DyScO3 and b) (001) SrTiO3
surfaces is presented in the form of reciprocal space maps of the (114)ETO and (221)ETO
film reflections respectively. The measurements are presented with respect to the
substrate orientation and lattice parameters. The in-plane coordinates of both film
reflections coincide with their respective substrates clearly indicating in-plane lattice
matching and ensuring optimum strain is achieved.
The measurements were made at Sector 6-ID B at the Advanced Photon Source
using a PSI-Huber diffractometer. Use of the Advanced Photon Source (APS) was
supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy
Sciences, under Contract No. DE-AC02-06CH11357.
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Figure 5.18 XRD of EuTiO3 films grown on (110) DyScO3 and (001) SrTiO3. a, In-plane
Reciprocal Space Maps (RSM) of the (114) EuTiO3 reflection b, In-plane RSM of the
(221) EuTiO3 reflection.
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Supplementary discussion 7
Second harmonic generation study of EuTiO3 thin films
The temperature-dependent second harmonic generation (SHG) measurements
shown in Figure 5.3a were made on EuTiO3 thin films grown on (001) LSAT,
(001) SrTiO3, and (110) DyScO3 substrates. In order to verify that the observed SHG
signal is generated only by the film, the SHG response of the bare substrates under the
same input power density as the one used for the measurements of the EuTiO3 samples
(168 mW/mm2) was used. As shown in Figure 5.19a, no SHG signal was observed from
the bare substrates. In addition, the SHG response was measured as a function of the
angle of the input polarization of the SHG light, with the analyser along <100>p at 5 K.
The results are shown in Figure 5.19b-d and again reveal no SHG response from the bare
substrates.
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Figure 5.19 SHG measurements of bare (001) LSAT, (001) SrTiO3, and (110) DyScO3
substrates. a, The temperature dependence of the SHG response of the bare substrates at
the same input power density and plotted on the same scale as Figure 5.3a. b-d, SHG
polar plots at 5 K of these bare substrates along <100>p.
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Supplementary discussion 8
Temperature dependence of the capacitance of EuTiO3/DyScO3 and the DyScO3
substrate
Temperature-dependent capacitance measurements were performed on EuTiO3 thin films
grown on (110) DyScO3. Due to the lack of a suitable epitaxial underlying electrode that
can maintain the strain state of EuTiO3 thin films, silver interdigitated electrodes were
deposited on top of the EuTiO3/DyScO3 and also a bare DyScO3 substrate. The 1 m
thick interdigitated electrodes shown in Figure 5.20 had 100 m finger lengths and 15
m finger gaps. Measurements were performed with an applied voltage of 5 V at a 1 kHz
measurement frequency. Compared with features observed in EuTiO3 films grown on the
DyScO3 substrate, no anomaly was observed on the bare DyScO3 substrate, as shown in
Figure 5.4c. The quantitative extraction of 
r 0 from interdigitated capacitance
measurements on thin films is complex59-62. Since no discernable change in capacitance
occurs at the antiferromagnetic ordering
temperature of the DyScO3 substrate (see Figure
5.4c), we associate the strong increase in capacitance to an increase in 
r 0 of the
strained EuTiO3 as it goes through its ferromagnetic transition.
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Figure 5.20 Interdigitated electrodes used for the capacitance measurements shown in
Figure 5.4c.
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Chapter 6
Conclusions and future works

6.1 Conclusions
Epitaxial thin films of BiMnO3 have been grown by a reactive molecular-beam
epitaxy (MBE). The pressure-temperature region for the adsorption-controlled growth
region was calculated by CALPHAD and was experimentally established by reflection
high energy electron diffraction and x-ray diffraction (XRD). The optimal growth
condition is found at an oxidant background pressure of 110-6 Torr and the 3:1 Bi:Mn
flux over a substrate temperature range of 610650 °C. Under this growth region, phasepure and epitaxial BiMnO3 films with  rocking curve full width at half maximum values
as narrow as 11 arc sec (0.003) were grown. Above the substrate temperature of 650 °C,
(101)-oriented Mn3O4 was observed as a second phase, while (001)- and (110)-oriented
Bi2O2.5 phases were found below 610 °C. The structural and magnetic properties of
stoichiometric films are found to depend on the oxygen activity used during growth. The
oxygen-stoichiometric films grown in ~10% ozone show a longer lattice constant than the
oxygen-rich films grown in distilled ozone (~80% ozone). The same oxygenstoichiometric films tend to show higher saturation magnetization and ferromagnetic
Curie temperature (TC) than the oxygen-rich films. Optical absorption measurements
reveal that BiMnO3 has a direct band gap of 1.10.1 eV.
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Epitaxial thin films of stoichiometric EuTiO3 have been grown by a reactive MBE.
The film growth on (001) SrTiO3 was achieved by the codeposition of europium and
titanium under an oxygen background partial pressure of 3.310-8 Torr at a substrate
temperature of 650 °C. The film composition measured by Rutherford backscattering is
stoichiometric within experimental error. Transmission electron microscopy reveals that
the interface between the film and the substrate is atomically sharp. The valence state of
europium in the film is predominantly 2+, confirmed by x-ray absorption spectroscopy.
These unstrained thin films on (001) SrTiO3 order antiferromagnetically at 5.5 K in
agreement with bulk EuTiO3 and exhibit a direct optical band gap of 0.93  0.07 eV.
The same stoichiometric films were grown on (001) LSAT and (110) DyScO3
substrates to induce -0.9% and +1.1% of biaxial strain, respectively. XRD shows phasepure, epitaxial (001)-oriented EuTiO3 thin films commensurately strained to the
substrates they were grown on. A full width at half maximum of a rocking curve is as
narrow as 8 arc sec (0.002°). As the first-principles calculations predict, EuTiO3 films on
(110) DyScO3 exhibit simultaneous ferroelectricity and ferromagnetism. Optical second
harmonic generation reveals that the unstrained EuTiO3 on (001) SrTiO3 is not polar, as
expected, but that the strained EuTiO3 on (110) DyScO3 experiences a phase transition at
~250 K to polar point group in agreement with theory and in this state domain switching
by electric fields is observed. Far-infrared reflectance measurements also confirm a phase
transition temperature at ~250 K in the strained EuTiO3 on (110) DyScO3. Magneto-optic
Kerr effect and superconducting quantum interference device measurements reveal that
the strained EuTiO3 on (110) DyScO3 is ferromagnetic with TC = 4.6 K and its hysteresis
loop is clearly observed below TC.
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6.2 Future works

6.2.1 Electric and magnetic phase control in EuTiO3 thin films
In order to become a promising multiferroic material, the coupling of ferroelectric
and ferromagnetic order parameters is necessary in addition to the coexistence of ferroic
properties because cross-coupling can be utilized in potential devices. In the EuTiO3
system, the strong coupling between spins and polarization was predicted in the same
first-principles calculation confirmed by my work on strained EuTiO3.1 This coupling is
predicted to be large in the vicinity of the (AFM+PE) to (FM+PE) strain-induced phase
transition, as shown in Figure 6.1a. This is specifically at compressive strains (Figure
6.1b) between 0.9% and 1.2% and tensile strains (Figure 6.1b) between 0.5% and 1.0%.
The ground state of EuTiO3 in these regions is paraelectric and antiferromagnetic. Once
the electric (or magnetic) field is applied, the ferromagnetic (or ferroelectric) ordering is
predicted to dominate the antiferromagnetic (or paraelectric) one. The first-principles
calculations also predict a huge increase in dielectric constant at the boundary.
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Figure 6.1 (a) First-principles epitaxial phase diagram of EuTiO3. 2 (b) Schematic of
unstrained bulk EuTiO3(top) and epitaxially strained EuTiO3 thin films(bottom), showing
the in-plane compression(left)/expansion(right).
Since high quality EuTiO3 thin films with various strain states can be grown,
electric (or magnetic) phase control by magnetic (or electric) field experiment is an
enticing next step for EuTiO3. Targeted strain states marked in Figure 6.1 can be
achieved by growing films on appropriate substrates such as (LaAlO3)0.29–
(SrAl1/2Ta1/2O3)0.71, NdGaO3, and novel substrates that are being developed. The
structural and chemical analysis provided by synchrotron diffraction and spectroscopic
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techniques will be useful for confirming the strain state of these films, the valence state of
the cation atoms, and the coordination of the oxygen octahedral rotations. Using these
strained films, the induced ferromagnetism under an electric field and the switching of
the magnetization on reversal of the electric field can be tested. In situ x-ray studies of
the atomic-scale magnetic and structural response of a material under applied electric
and/or magnetic fields can provide invaluable insight into the mechanism responsible for
multiferroism.

6.2.2 Strain-induced multiferroism in other oxides
Following the first-principles calculations of the multiferroic state in strained
EuTiO3, strain-induced multiferroism in other systems (CaMnO33 and SrMnO34) has been
predicted. In the SrMnO3 system, both tensile and compressive epitaxial strain drive the
system through a series of phase transitions to a ferromagnetic-ferroelectric multiferroic
state with higher Curie temperature than strained EuTiO3. Although the ferromagnetic
phase is metallic, the polar distortion opens a gap in the electronic density of states,
resulting in the insulating character of this multiferroic phase. The possibility of electric
(or magnetic) phase control by magnetic (or electric) field is also predicted at the two
boundaries between ferromagnetic and antiferromagnetic phases.
In order to investigate the ferroelectric and ferromagnetic properties predicted by
first-principles calculations, the epitaxial growth of high crystalline CaMnO3 or SrMnO3
thin films on various oxide substrates is highly encouraging. There are already few
commercially-available substrates to impart compressive or tensile strain on these films.

120

This theory-driven strategy to create new multiferroics would open the door to the
realization of room temperature multiferroics in the future.
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Appendix A
Oxide substrate preparation
Substrate preparation is a very important step to achieve the successful growth of
epitaxial thin films since the quality of the substrate surface, which acts as a template for
the epitaxial growth, will affect that of the films grown on. The substrate for thin film
growth needs to have an atomically smooth surface and complete termination at a known
atomic layer. The following is the substrate preparation recipe for (001) SrTiO3 and (110)
DyScO3.

The TiO2-terminated (001) SrTiO3 substrates were prepared by following G. Koster‘s
recipe:1

1. Clean SrTiO3 substrates in Micro, acetone, isopropanol, and DI water for ~10 min in
each solution in ultrasonic.
2. Etch in Buffered oxide etch (BOE) for 30 sec (this step will remove SrO and leave
single TiO2-terminated surface).
3. Rinse in DI water and spin-dry at 5000 rpm.
4. Anneal SrTiO3 substrates in dedicated tube furnace in flowing 99.994% pure O2
atmosphere (UHP oxygen) at 950 ºC for 1 hr.
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The (110) DyScO3 substrates were prepared by following D. H. A. Blank‘s recipe:2

1. Clean DyScO3 substrates in acetone, isopropanol, and DI water for ~10 min in each
solution in ultrasonic.
2. Anneal DyScO3 substrates in dedicated tube furnace in flowing 99.994% pure O2
atmosphere (UHP oxygen) at 1000 ºC for 13 hr.
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Appendix B
Lift-off photolithography for interdigitated electrodes
The electric properties of MBE-grown thin films were measured using
interdigitated electrodes (IDT). The IDT electrode consists of thermally evaporated 1000
Å thick top Au layer and a 100 Å thick bottom Cr layer for adhesion. They were
patterned using a lift-off photolithography with an AZ nLOF 2020 negative photoresisit.1
The following is the bilayer lift-off photolithography process.

1. Pre-clean the sample in Micro, acetone, isopropanol, and DI water for 10 minutes in
each solution in ultrasonic.
2. Dehydrate the sample on hotplate at 180 ºC for 10 minutes.
3. Spin LOR-5A2 at 4000 rpm for 60 seconds.
4. Bake on hotplate at 180 ºC for 2 minutes.
5. Spin HMDS (adhesion promoter) at 2000 rpm for 40 seconds.
6. Bake at 115 ºC for 15 seconds.
7. Spin AZ nLOF 2020 photoresist at 2000 rpm for 60 seconds.
8. Remove edge beads.
9. Soft bake at 115 ºC for 75 seconds.
10. Expose in Karl Suss MA-6 mask aligner for 6 seconds.
11. Post exposure bake at 115 ºC for 75 seconds.
12. Develop in CD-26 for 1.8 minutes. Rinse in DI water and spin or blow dry.
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13. Oxygen ashing.
14. Evaporate 1000 Å Au with a 100 Å Cr adhesion layer.
15. Lift off the LOR and photoresist in MicroChem NanoRemover PG bath.2
16. Rinse in DI water and blow dry.
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