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Chapter 1

General Introduction

1.1 Background of oxide electronics
Complex oxide heterostructures have been attracting increasing interest for many years. This
is first because of the rich variety of physical properties observed in bulk, that are absent in
conventional semiconductors [1]. Perhaps the most famous example is the discovery of high-
temperature superconductivity in the cuprates [2]. Such novel physical properties are important
not only for fundamental physics, but also for possible device applications beyond conven-
tional semiconductor electronics. For example, despite many remaining challenges, the high-
temperature cuprate superconductors have been utilized for creating unconventional electronic
devices [3]. Colossal magnetoresistance in manganites [4] may enable the design of novel mag-
netically operated devices. Ferroelectricity of Pb(Zr,Ti)O3 has been applied to ferroelectric-gate
field-effect transistors, which work as a nonvolatile memory [5, 6].

Notably, perovskite oxides share the same crystal structure [Figs. 1.1(a) and (b)] with a small
difference in lattice constants [Fig. 1.1(c)]. This enables the fabrication of high-quality epitax-
ial heterostructures consisting of materials that have different physical properties. Artificial
heterostructures of such perovskite oxides show an even wider range of properties, which are
often different from those of the constituent materials. For example, La-Ca-Mn-O epitaxial
thin films show an extremely large magnetoresistance (ratio ∼ 106%), orders of magnitude
larger than in bulk [7, 8]. Another striking example can be found in superlattices. The [111]-
oriented LaCrO3-LaFeO3 superlattice shows ferromagnetic order, although the constituent ma-
terials both have antiferromagnetic character [9]. A high-mobility electron gas at the interface
between the insulating perovskite oxides LaAlO3 and SrTiO3 [10] is another representative
case, which has been attracting many studies on this system, including this Thesis.

Thanks to the recent development of the fabrication and analysis techniques of artificial
heterostructures, the field of oxide electronics is rapidly growing. One of the most common
fabrication techniques is pulsed laser deposition (PLD), where ceramics targets are ablated by
an ultraviolet pulsed laser and the evaporated species are transferred to substrates in the vacuum
chamber (explained in more detail in Chap. 3). After growth of high-quality thin films of Y-Ba-
Cu-O superconductors was demonstrated [12], PLD has been widely used for growth of artifi-
cial oxide heterostructures. A notable feature of PLD is that the energy source for evaporation
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Fig. 1.1 (a) Cubic perovskite structure of ABO3 and (b) its description as a stacking of al-
ternating layers in the <001> directions. (c) (Pseudo-)Cubic lattice constants of perovskites.
Adapted from Ref. [11].

is outside of the growth chamber, enabling flexible design of the growth system. In particular,
many growth parameters (temperature, ambient gas pressure, energy of the ablating laser, etc)
can be controlled over a wide range, which is often limited in other growth techniques. By opti-
mizing such growth parameters, high-quality oxide thin films have been fabricated. The ability
to grow high-quality films is often crucial to realize exotic physical properties. For example,
by optimizing the growth conditions with high accuracy [13], a high-mobility two-dimensional
electron system has been realized in the ZnO/MgxZn1−xO heterostructure, which is sufficiently
clean that it shows the quantum Hall effect [14].

It has been becoming more and more evident, however, that in order to grow high-quality
artificial oxide heterostructures by PLD, detailed control of the growth parameters is necessary.
Several studies have pointed out that the structural and electrical properties of PLD-grown
films can vary greatly with growth conditions, due to growth induced defects, especially off-
stoichiometry [15–18]. Controversies have been caused by the sensitivity of growth control.
For example, the actual physical mechanism of the room-temperature ferromagnetism in tran-
sition metal-doped TiO2 grown by PLD [19] remains an open question, in particular because
growth study using molecular beam epitaxy found negligible ferromagnetism in structurally
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high-quality films [20]. The origin of the conductivity at the LaAlO3/SrTiO3 interface is anoth-
er example, as discussed in the next Chapter.

The variation of the film quality thus often prevents detailed studies, potentially slowing
down the further advance of this field. Therefore, in order to make a thorough investigation of
complex oxide heterostructures, it is vital to obtain a better understanding on the sensitivity of
the physical properties to all of the standard control parameters in thin film growth.

1.2 Scope and outline of this Thesis
Motivated by these backgrounds, we set the goal of this Thesis as obtaining detailed knowledge
of the relationship between structural and electrical properties of complex oxide heterostruc-
tures, modulated by PLD growth conditions, which is necessary to further develop the field of
oxide electronics. Two complex oxide systems are employed to demonstrate the importance
of such fundamental growth study: the LaAlO3/SrTiO3 heterostructure and SrMoO3 thin films.
More detailed background and motivation to study these systems are described in Chap. 2.

The discovery of a conducting layer formed at the LaAlO3/SrTiO3 interface [10] has led
to extensive research on this system. In particular, the low density superconductivity and the
high electron mobility of SrTiO3 (Sec. 2.2.1) indicate the possibility of novel two-dimensional
electron physics in this system, such as the coexistence of the quantum Hall effect and super-
conductivity. However, the variation in growth parameters used by various groups leads to a
wide range of reported properties, which are sometimes contrary to each other, preventing a
thorough exploration of this system. In Chap. 4, we investigate the sensitivity of the properties
of this system to the PLD growth parameters, which gives better understanding of the growth
dependence of the electronic phase diagrams of this system. Based on the knowledge obtained,
the possibility to realize novel electronic states at the interface is next investigated: mobility
enhancement to observe quantum oscillations (Chap. 5) and ferromagnetism coexisting with
superconductivity (Chap. 6).

SrMoO3 is a “good and simple metal,” with the highest conductivity among perovskite ox-
ides [21], indicating that this material is a potentially useful building block of complex oxide
heterostructures (Sec. 2.4.1). However, studies of this material are currently very limited, be-
cause of the difficulty in growth of this material that requires extremely strong reducing con-
ditions. In Chap. 7, we aim to grow high-quality SrMoO3 thin films by systematically tuning
the PLD growth parameters, which should enable more detailed investigation of this potentially
interesting material.

As summarized in Chap. 8, the results obtained in this work will play an important role
as a basis for the study of complex oxide heterostructures. In particular, the high-quality
LaAlO3/SrTiO3 and SrMoO3 samples may enable the exploration of novel electron physics
in these systems.
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Chapter 2

Background

2.1 Outline
In this Chapter, we review previous studies on the systems investigated in this Thesis. For the
LaAlO3/SrTiO3 heterostructure, bulk properties of the constituent materials are first explained
in Sec. 2.2. Section 2.3.1 describes the most important discovery about this system: a con-
ducting layer formed at the interface. By reviewing possible origins of the conductivity and
controversy about this system in Secs. 2.3.2 and 2.3.3, the motivation to study this system is
explained in Sec. 2.3.4.

For SrMoO3, we first review bulk properties of this material in Sec. 2.4.1, which also explains
why this material is potentially interesting from a thin film perspective. Section 2.4.2 describes
a central experimental difficulty in studying this material. Based on this background, the aim
of growing high-quality SrMoO3 thin films is explained in Sec. 2.4.3.

2.2 Bulk properties of SrTiO3 and LaAlO3

2.2.1 SrTiO3

SrTiO3 has a cubic perovskite structure with a lattice constant of a = 3.905 Å at room tempera-
ture, and undergoes a cubic–tetragonal phase transition at around 105 K [22, 23]. Stoichiomet-
ric SrTiO3 is a band insulator with a wide bandgap of ≈ 3.2 eV [24–26]. The conduction band
consists of Ti 3d t2g bands with the minimum located at the Γ point, while the valance band
consists of O 2p bands with the maximum located either at the R point or the M point [27, 28].

The transport properties of SrTiO3 can easily be modified with a small compositional change.
The substitution of La at the Sr site, Nb at the Ti site, or the introduction of oxygen vacancies
induces electronic conduction in bulk SrTiO3. Notably, when the carrier density is relatively
low, the Hall mobility can exceed 104 cm2V−1s−1 at low temperatures [29–31], as shown in
Figs. 2.1(a) and (d).

This exceptionally high mobility among transition metal oxides is a result of effective screen-
ing from impurities or defects by the extremely large permittivity, ∼ 2×104ϵ0 (ϵ0 is the vacuum
permittivity) at low temperature, as shown in Fig. 2.1(b). This property is understood based
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on the idea that the effective temperature is limited by quantum fluctuations, suppressing the
ferroelectric transition [32, 33]. Due to this incipient ferroelectricity, the dielectric response
of SrTiO3 is sensitive to many external parameters. For example, the large permittivity at low
temperatures is suppressed by applying large electric fields [34, 35]. It is also remarkable that a
ferroelectric transition at finite temperature can be induced in SrTiO3 by chemical substitution
[36, 37] or by applying stress [38, 39].

Utilizing the extremely large permittivity of SrTiO3, the electronic properties of the
LaAlO3/SrTiO3 heterointerface can be electrostatically modulated from the back-side using
the SrTiO3 substrate as the gate dielectric [40–42]. However, as mentioned, the dielectric re-
sponse of SrTiO3 is a nonlinear function of the electric field applied, which adds complexity to
the back-gating [42, 43].

Another important feature of SrTiO3 is the low density superconductivity. As shown in
Figs. 2.1(c) and (d), SrTiO3 becomes superconducting below ≲ 300 mK over a carrier density
range of ∼ 1019–1020 cm−3 [44–47]. The low density limit is somewhat controversial; super-
conductivity has recently been found with an extremely low carrier density of 5.5 × 1017 cm−3

[48]. This carrier density range is much lower than those of other semiconductors, which be-
come superconducting only above a carrier concentration of ∼ 5×1020 cm−3 [49–53]. It is only
very recently that a few topological materials have been found to become superconducting with
a carrier density which is comparable to that for SrTiO3 [54–56].

2.2.2 LaAlO3

LaAlO3 has a trigonal perovskite structure with a pseudo-cubic lattice constant of a = 3.790 Å
and interior angles of α = β = γ = 90.5° at room temperature, and undergoes a cubic–trigonal
phase transition around 800 K [22, 60, 61]. Thus LaAlO3 is reasonably well lattice-matched to
SrTiO3, which enables the fabrication of the LaAlO3/SrTiO3 heterostructure. Because of its dis-
torted unit cell, LaAlO3 has two different directions of crystal domains, creating a “twin struc-
ture” [62]. Throughout this Thesis, all the Miller indices and the lattice constants of LaAlO3

are based on the pseudo-cubic perovskite unit.
LaAlO3 is also a band insulator with a wider bandgap of ≈ 5.6 eV [63]. Unlike transition

metal oxides, the valence state of each cation in LaAlO3 is fixed as La3+ and Al3+. Because
of the wide bandgap and the fixed valence, electronic conduction can hardly be induced in
LaAlO3. Indeed, as shown in Fig. 2.2(a), the conductivity of LaAlO3-based compounds is very
low (< 10−2 S cm−1) and shows an Arrhenius type temperature dependence [64], contrasting to
doped SrTiO3, which shows much higher conductivity (≳ 1 S cm−1) and metallic behavior.

The permittivity of bulk LaAlO3 is about 24ϵ0 and does not have a strong temperature de-
pendence over the temperature range of 300–4 K [65], as shown in Fig. 2.2(b). Because of this
large permittivity, although much smaller than that of SrTiO3, LaAlO3 can also be used as a
gate dielectric. Indeed, LaAlO3 films have been utilized for electric field-effect devices with a
top-gate geometry, which can effectively control the electronic properties of the LaAlO3/SrTiO3

heterointerface [66–68].
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Fig. 2.1 Physical properties of bulk SrTiO3. (a) Temperature dependence of the Hall mo-
bility, doped by Nb or oxygen vacancies with various carrier concentrations. From Ref. [30],
© 1967 American Physical Society. (b) Temperature dependence of the relative permittivi-
ty. From Ref. [33], © 1979 American Physical Society. (c) Temperature dependence of the
resistance, normalized by that at 1 K, of reduced SrTiO3. From Ref. [44], © 1964 Ameri-
can Physical Society. (d) Summary of the electron mobility (µ) at low temperature and the
superconducting transition temperature (Tc) of SrTiO3 single crystals as a function of three-
dimensional carrier density (n3D). Data are from Refs. [30, 57, 58] for µ and Refs. [47, 59]
for Tc. Data summary is courtesy of Y. Kozuka.
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Fig. 2.2 Physical properties of bulk LaAlO3. (a) Arrhenius plot of the total electrical con-
ductivity of LaAlO3-based compounds measured in air. Reprinted from Ref. [64], © 2000,
with permission from Elsevier. (b) Temperature dependence of the relative permittivity of
LaAlO3 (and NdGaO3). From Ref. [65],© 1994 IEEE.

2.3 LaAlO3/SrTiO3 heterointerface

2.3.1 Conductivity at the interface between two insulating oxides

Ohtomo and Hwang [10] have shown that a high-mobility electron gas is formed at the interface
between the band insulators LaAlO3 and SrTiO3. They have demonstrated that, when LaAlO3

is grown directly onto a TiO2-terminated SrTiO3 (001) substrate, the interface shows electronic
conduction. The transport properties of the interface are shown in Fig. 2.3.

Subsequent studies have found that the interface shows not only electrical conductivity, but
also many other intriguing properties. One representative example is the two-dimensional su-
perconductivity below ≈ 200 mK [69]. It has also been reported that the high-mobility electron
gas shows quantum oscillations at low temperature under high magnetic fields [70]. Magnetic
ordering has also been suggested as the ground state of samples with a relatively low conduc-
tivity [71].

It is also remarkable that inserting only one monolayer of SrO between the LaAlO3 film and
the SrTiO3 (001) substrate makes the system insulating [10, 72], emphasizing the importance of
the atomic scale details at the interface. These unexpected results motivated many researchers
to investigate the possibility of novel two-dimensional electron physics in this system as well
as to search for the origin of the conductivity, as briefly reviewed in the following sections.
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Fig. 2.3 Temperature dependence of (a) the sheet resistance, (b) the Hall coefficient, and (c)
the Hall mobility of LaAlO3 (60 Å)/SrTiO3 (001) heterostructures grown in various oxygen
pressures. Reprinted by permission from Macmillan Publishers Ltd: Nature [10], © 2004.
Re-labeled following the corrigendum.

2.3.2 Possible origins of the conductivity

The polar discontinuity picture
To explain the origin of the conductivity and the strong impact of the one monolayer of SrO
on it, the polar discontinuity picture has been suggested [73]. The perovskite structure ABO3

can be described as a stacking of alternating layers of AO and BO2 in the [001] direction (see
Fig. 1.1(b)). If we consider atomically-abrupt LaAlO3/SrTiO3 (001) interfaces with perfect
stoichiometry, they can be distinguished into two different types by the interface termination.
One type is LaO/TiO2, the other is AlO2/SrO. Hereafter these two interfaces are referred to as
the n-type and the p-type interfaces, respectively, as often used in the literature.*1

The n-type interface can be fabricated by depositing LaAlO3 directly on a TiO2-terminated
SrTiO3 (001) substrate, and the p-type interface can be fabricated by inserting one monolayer
of SrO in between. By utilizing the large difference in solubility in acids between SrO and
TiO2 (the latter is more stable), a TiO2-terminated SrTiO3 surface can be created by selectively
etching the SrO layer on the surface with buffered HF [74, 75], which has been applied in most
studies of the LaAlO3/SrTiO3 (001) interface.

In the ionic limit, SrTiO3 can be described as a sequence of charge-neutral sheets of (SrO)0

and (TiO2)0, whereas LaAlO3 can be described as a sequence of ±e-charged (e is the elementary
electric charge) sheets of (LaO)+ and (AlO2)−, as schematically shown in Figs. 2.4(a) and
(b). The charged sublayers produce an internal electric field E, which leads to a diverging
electrostatic potential V with the LaAlO3 film thickness, as shown in the figures. The interface
termination determines the sign of the divergence.

It should be noted that the diverging electrostatic potential is deduced based only on elemen-
tary electrostatic considerations. In this sense the polar discontinuity is a fundamental problem
in this system, and thus charge rearrangement is required to prevent the potential divergence. It
is also important to note that the polar discontinuity problem itself is not confined only to ox-
ide heterostructures. Essentially the same problem has already been discussed for conventional

*1 This notation is based on the type of the carriers at these interfaces expected from the polar discontinuity picture.
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Fig. 2.4 Schematic structure, charge density ρ, electric field E, and electrostatic potential V
of the LaAlO3/SrTiO3 heterostructure. (a) The unreconstructed LaO/TiO2 interface. (b) The
unreconstructed AlO2/SrO interface. (c) The reconstructed LaO/TiO2 interface via charge
transfer. (d) The reconstructed AlO2/SrO interface by the formation of oxygen vacancies.
Adapted from Ref. [73].

semiconductor heterojunctions [76, 77].
However, the system response to the polar discontinuity problem can be unconventional at

the LaAlO3/SrTiO3 interface. Unlike conventional semiconductors with fixed valence, where
stoichiometry change is the only option to resolve the polar discontinuity [76, 77], the multi-
valency of transition metal oxides can play an important role at the LaAlO3/SrTiO3 interface
[73]. Specifically, the multiple stable valence states of Ti (Ti4+ and Ti3+) may enable electronic
reconstructions instead of atomic ones.

At the n-type LaAlO3/SrTiO3 interface, a possible charge rearrangement to resolve this polar
problem is that half an electron per two-dimensional unit cell is introduced to SrTiO3, to make
the Ti ion at the interface to be Ti3.5+, as shown in Fig. 2.4(c). These extra electrons at the
n-type interfaces can be the origin of the conductivity. Analogous to this, the divergence at the
p-type interface can be avoided if half a hole per two-dimensional unit cell is introduced to
SrTiO3. However, since there is no available mixed-valence state to accept the holes, atomic



2.3 LaAlO3/SrTiO3 heterointerface 11

reconstructions are preferred, as in conventional semiconductor heterojunctions [76, 77]. The
introduction of oxygen non-stoichiometry was observed experimentally [73], preventing the
divergence but not contributing to the electrical conduction, as shown in Fig. 2.4(d).

Other possible origins of the conductivity
While the polar discontinuity picture has been supported by some studies, as briefly reviewed
in the next Section, other studies have revealed several results that cannot easily be explained
purely within the polar discontinuity picture. One representative example is the carrier density
modulation by the oxygen pressure during growth [10, 71]. Especially, the sheet carrier density
at the n-type interfaces can be as high as ∼ 1017 cm−2 when the LaAlO3 film is grown under
relatively low oxygen pressures. This value is much larger than half an electron per unit cell
(≈ 3.28 × 1014 cm−2), the expected value from the polar discontinuity picture. These results
can be explained more simply by oxygen vacancies introduced into the SrTiO3 substrate during
growth [78–80].

Several studies have point out that there can be a significant interdiffusion at the
LaAlO3/SrTiO3 interface [81–84]. It has also been suggested that the interdiffusion at the
n-type interface is thermodynamically favorable [83, 84]. As explained in Sec. 2.2.1, the sub-
stitution of La at the Sr site can induce electronic conduction in SrTiO3, and therefore the
intermixing can also be the origin of the interface conductivity.*2

2.3.3 Controversy about the LaAlO3/SrTiO3 heterointerface

Advantages of the polar discontinuity picture
An important advantage of the polar discontinuity picture is that it can explain the strong asym-
metry between the n-type and the p-type interfaces, as discussed above. Contrasting to this,
the oxygen vacancy picture and the intermixing picture have a great difficulty in explaining this
asymmetry. It is highly nontrivial, if not impossible, for only one monolayer of SrO to prevent
the SrTiO3 substrate from being reduced, or the cations near the interface from intermixing, so
that the p-type interface remains insulating.

Another strong point of the polar discontinuity picture is its ability to explain the metal-
insulator transition of the LaAlO3/SrTiO3 interface with film thickness [40]. It has been re-
ported that the n-type interface remains unmeasurably insulating when the LaAlO3 thickness is
below a critical thickness of 4 unit cells (uc). At 4 uc the conductivity shows an abrupt change,
and the interface becomes conducting above that thickness, as shown in Figs. 2.5(a-1) and (a-2)
[40]. This transition can be understood by considering the competition between the electrostatic
potential in the LaAlO3 film and the energy required for the electronic reconstruction.

This interpretation of the film thickness-driven metal-insulator transition expects that the
critical thickness is tunable by “diluting” the polarization of LaAlO3. Reinle-Schmitt et al. [85]
examined this possibility by growing (LaAlO3)x(SrTiO3)1−x solid solution films on SrTiO3 sub-

*2 Since the B-site in the perovskite structure ABO3 is enclosed by the oxygen octahedron, it is difficult for the
B-site cations to move. Thus the Al–Ti interdiffusion is unlikely, which would induce an acceptor-type defect in
SrTiO3, reducing the conductivity.
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Fig. 2.5 (a) Film thickness dependence of (a-1) the sheet conductance and (a-2) the sheet
carrier density of LaAlO3/SrTiO3 samples grown at 770 °C (solid) and 815 °C (open), re-
spectively. Numbers next to the data points indicate the number of samples with values that
are indistinguishable in this plot. From Ref. [40]. Reprinted with permission from AAAS.
(b) Film thickness dependence of the sheet conductance of (LaAlO3)x(SrTiO3)1−x/SrTiO3

samples for (b-1) x = 0.50, (b-2) x = 0.75, and (b-3) x = 1. Reprinted by permission from
Macmillan Publishers Ltd: Nature Communications [85],© 2012.

strates with varying the fraction x and the thickness, and measuring the interface conductivity.
As shown in Figs. 2.5(b-1)–(b-3), their observation shows that with decreasing x, or diluting
the formal polarization of the film, the critical thickness for conductivity increases [85]. This
tunable critical thickness can be interpreted to further support the polar discontinuity picture.*3

Challenges to the polar discontinuity picture
The simple polar discontinuity picture also has weakness in explaining some experimental ob-
servations. As mentioned in the last Section, the high electron density in the samples grown
under reducing conditions is an important example. The thickness of the conducting channel
of those high density samples has been found to be very thick, comparable to the substrate
thickness [80, 86]. When postannealed in oxidizing conditions, the conductivity, the carrier
density, and the thickness of the conducting channel are strongly reduced [86, 87], or some-

*3 However, the change of the critical thickness with x is smaller than expected; the simplest calculation expects
that the critical thickness should be 7–8 uc for x = 0.5, while experimentally it is 6 uc [Fig. 2.5(b-1)]. Reinle-
Schmitt et al. argue that this is likely due to the uncertainty in the permittivity of the solid solution films [85].
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times the interface becomes unmeasurably insulating [80]. These results strongly indicate that,
at least for the LaAlO3/SrTiO3 heterostructure grown in reducing conditions without postan-
nealing treatment, oxygen vacancies induced in the bulk of the SrTiO3 substrate dominate the
conductivity.

It has recently been reported that the (110)-oriented LaAlO3/SrTiO3 heterostructure can also
be conducting [88, 89], which also challenges the polar discontinuity picture. Analogous to the
[001] direction, the perovskite structure ABO3 can be described as a stacking of alternating lay-
ers of ABO and O2 in the [110] direction. Notably, the formal net charges of these layers are +4e
and −4e, respectively, independent of the valence states of the cations. Therefore, in the [110]
direction, any two perovskites can be joined without introducing a polar discontinuity [90, 91].
The polar discontinuity picture thus expects no conductivity at the (110) LaAlO3/SrTiO3 inter-
face, since no electronic (nor atomic) reconstruction is required. Experimentally, however, a
few recent studies have found that the (110) LaAlO3/SrTiO3 interface shows similar conducting
properties to those of the n-type (001) interface [88, 89], indicating that mechanisms other than
the polar discontinuity doping play an important role, at least at the former interface.

The polar discontinuity picture should lead to a significant internal field in ultrathin LaAlO3,
as predicted in several theoretical studies [92–94]. However, the existence of the electric field
is experimentally unclear: while some experiments support its existence [95, 96], some studies
using spectroscopic techniques have found no significant electric field in the LaAlO3 [84, 97].
It is important to note that there may be extrinsic factors preventing the observation of the
internal electric field; surface polar adsorbates [98] and electron-hole pairs induced by x-rays
[99] can reduce the electric field in LaAlO3.

Due to these controversial issues, the exact origin of the electronic conduction in this system
is still under debate. It is likely that multiple contributions exist to varying degrees, which can
interact in a highly complex way, depending on the growth details of a given sample [100].

2.3.4 Motivation

As briefly reviewed, there are many conflicting studies and unresolved questions on the
LaAlO3/SrTiO3 heterostructure. In this Thesis, the most basic motivation for the research on
this system is to disentangle them, in particular aiming to resolve the origin of the conductivity.
As briefly mentioned in the last Chapter, fundamental growth studies are necessary to resolve
the controversy. Therefore, in Chap. 4, we first investigate the relationship between the growth
and the physical properties of this system, which provides important insights into the origin of
the conductivity.

There are many other open questions on the physical properties of the LaAlO3/SrTiO3 het-
erostructure. Chapters 5 and 6 are dedicated to tackle such questions, based on the knowledge
obtained in Chap. 4. In Chap. 5, we investigate the origin of the discrepancy in carrier densities
estimated from the Hall effect and from the quantum oscillations. In Chap. 6, ferromagnetism of
this system is characterized in detail, which is also controversial, particularly because it appar-
ently coexists with superconductivity. More specific motivations for these topics are explained
at the beginning of each chapter.
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Fig. 2.6 (a) Temperature (T ) dependence of the resistivity (ρ) of a SrMoO3 bulk single
crystal. Inset: same ρ data plotted as a function of T 2. Reprinted with permission from Ref.
[21]. © 2005, AIP Publishing LLC. (b) Magnetic susceptibility of SrMoO3 and Sr2MoO4

polycrystals, after diamagnetic corrections, as a function of temperature. Reprinted from
Ref. [107],© 2000, with permission from Elsevier.

2.4 SrMoO3 thin films

2.4.1 Bulk properties of SrMoO3: Highest conductivity perovskite oxide

Most perovskite oxides are insulators; even if conducting they are usually “dirty,” in the sense
that the conductivity is very low compared to normal metals, and correspondingly the mean free
path is very short [101]. Such conducting oxides often show complex electronic and magnetic
phases with temperature and dopant concentration [102]. Even SrRuO3, a famous example of a
relatively good and simple conducting metal oxide, shows a paramagnetic–ferromagnetic phase
transition at about 160 K in bulk [103], which affects the electronic properties [104, 105]. In
particular, the sign of the Hall effect changes around the transition, whose exact origin is still
under debate [106].

In these senses, a “simple good metal” is a rather rare and exceptional category in perovskite
oxides. SrMoO3 is an important example of such a simple good metal. It has a cubic perovskite
structure with a lattice constant of a = 3.975 Å [108, 109]. As shown in Fig. 2.6, it shows a
metallic conduction down to low temperature. Most notably, the resistivity is the lowest among
oxides: 5.1 µΩ cm at room temperature and ≈ 0.35 µΩ cm at low temperature [21]. It should
also be noted that SrMoO3 shows no sign of any magnetic ordering: as shown in Fig. 2.6, it
shows Pauli-paramagnetic susceptibility down to 2 K [107]. Recent density-functional calcula-
tions also support no magnetism in SrMoO3 [110]. The calculations also show that the density
of states near the Fermi level is mainly from the Mo 4d t2g bands, with a small contribution of
O 2p due to p–d hybridization, while the unoccupied Mo 4d eg bands are ≈ 2 eV above the
Fermi level [110].

These properties of SrMoO3 indicate that this material is a potentially useful building block
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Fig. 2.7 Variation of oxygen content in molybdenum-based oxides with the oxygen partial
pressure at 1200 °C. Reprinted from Ref. [117], © 1975, with permission from Elsevier.
Re-labeled for clarity.

of complex oxide heterostructures, particularly for device applications. An obvious example is
to use it as an electrode; if the electrode metal is ferromagnetic, the device properties may be
nontrivially modified via spin injection [111]. It is also important to note that the heterojunction
between ferromagnetic and nonmagnetic metals is one of the most fundamental components for
spintronic devices [112, 113], while the latter is rare among perovskite oxides.

From a relatively more fundamental perspective, the high conductivity of SrMoO3 indicates
that an electronically clean system may be realized using this material. SrMoO3 will also be
useful for studying fundamentals of strongly correlated interfaces, e.g., band alignment between
a metal and a strongly correlated material, since the simple properties of this material can
avoid adding too much complexity at the interface. Interfaces with elemental metals have been
extensively studied [114–116], but SrMoO3 has an advantage over them, because an epitaxial
interface can be grown, potentially reducing effects of interfacial defects.

2.4.2 Central challenge in growth

Despite the potential interest of SrMoO3, studies of this material are currently very limited. A
central challenge is the difficulty in growth that requires extremely strong reducing conditions.
Figure 2.7 shows the variation of oxygen content in molybdenum-based oxides with the oxygen
partial pressure, indicating the stable valence states of Mo in different thermodynamic condi-
tions [117]. As seen in the figure, SrMo4+O3 can be stabilized only under very low oxygen
partial pressures (≲ 10−12 bar). Note that this result was obtained at a relatively high temper-
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ature (1200 °C). At lower temperatures, which are more common for thin film growth, even
lower oxygen partial pressure is expected to be thermodynamically required.

While SrMoO3 thin films have been fabricated in spite of this difficulty [118–120], their
quality is degraded compared to the bulk single crystal, as indicated by the large difference in
the resistivity. In particular at low temperatures, the resistivity of the thin films (> 10−5 Ω cm)
[118–120] is higher than that of the bulk single crystal (≈ 3.5 × 10−7 Ω cm) [21] by almost two
orders of magnitude. A useful parameter to estimate the quality of a metal known as the residual
resistivity ratio*4 is also smaller for thin films (≲ 2) than for bulk (≈ 14). The degraded quality
of the films prevents detailed studies on this material, in particular by transport measurements.

2.4.3 Motivation

In order to study this potentially interesting material in more detail, it should be important to
improve the quality of the thin film. This is first because the thin film will enable more detailed
transport measurements; for example, the Hall effect can be measured using the thin film, which
is practically impossible with a bulk sample. Growth of high-quality thin films is also important
for possible device applications, where heterostructuring with other materials is necessary.

These backgrounds motivated the improvement of the growth of SrMoO3 thin films in this
Thesis. Chapter 7 describes how the quality of the film is improved by systematically tuning
the growth parameters. The improved film quality enabled a Hall effect measurement, which is
also presented in the Chapter.

2.5 Summary
This Chapter presented brief reviews of previous studies on the LaAlO3/SrTiO3 heterostructure
and on SrMoO3, the two systems investigated in this Thesis. The former system is very ac-
tively studied, but there still remain many unresolved questions, most notably the origin of the
conductivity at the interface. This background motivates a detailed growth study on this system
presented in this Thesis. Contrasting to this, studies on SrMoO3 are currently very limited,
although this high conductivity metal can be useful especially for device applications. This is
likely because of the difficulty in growing this material, in particular thin films. We thus aim to
improve the quality of SrMoO3 thin films, which should enable more detailed studies on this
potentially interesting material.

*4 The ratio of the resistivity at room temperature and at low temperature (∼ 2 K). See Chap. 7 for details.
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Chapter 3

Experimental Methods

3.1 Outline
In this Chapter, equipment and techniques used throughout this Thesis are reviewed. In this
study, samples were fabricated using pulsed laser deposition (PLD; Sec. 3.2). Structural prop-
erties of the fabricated samples were characterized by x-ray diffraction (XRD; Sec. 3.3) and
atomic force microscopy (AFM; Sec. 3.4). Electrical properties were measured using Physical
Property Measurement System (PPMS; Sec. 3.5).

A few other techniques are also used to characterize the samples, but for relatively specific
topics only. Therefore, they will be reviewed in each section in which they are used.

3.2 Pulsed laser deposition
PLD is a versatile method with which a wide variety of nanostructures have been fabricated,
including oxide thin films with atomic-length scale precision possible in the growth direction
[121, 122]. A schematic illustration of our PLD system is shown in Fig. 3.1. The main com-
ponents of the system are the vacuum chamber, the sample holder, the target holders, the KrF
excimer laser, the pressure gauges, and the reflection high-energy electron diffraction (RHEED)
monitoring system.

The principle of PLD is as follows (also schematically shown in Fig. 3.1). Intense laser pulses
are introduced into the growth chamber and focused onto the surface of the target. Absorbing
the energy from the laser pulses, the ablated target material is transformed into a plasma (also
known as the “plume”), and the material from the plume is then allowed to recondense on the
surface of the substrate, forming thin films.

As investigated throughout this Thesis, there are many growth parameters that are highly
influential over the sample properties. In the following sections, the importance of those pa-
rameters and their control methods are briefly explained.
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Fig. 3.1 Schematic illustration of the PLD system. TMP: turbo molecular pump, RP: rotary
pump, respectively. (Courtesy of Y. Hotta, modified.)

3.2.1 Laser spot size and fluence

Effects of laser parameters on the sample properties are the main issue in Chap. 4, in which the
importance of them are explained in detail. The control of the laser spot size and fluence were
achieved using the optical systems described below.

The pulsed KrF excimer laser (wavelength = 248 nm, pulse duration time ∼ 25 ns) was
introduced into the chamber through two different optical systems, as schematically shown in
Fig. 3.2. The first system [Fig. 3.2(a)] consists of a variable attenuator, an aperture, and only
one lens. The aperture cuts the fringes of the Gaussian beam and defines the shape of the
pulsed laser beam. The lens (focal length f = 360 mm) images the laser beam on the target, as
the aperture–lens length a and the lens–target length b are set to satisfy the imaging condition
1/a + 1/b = 1/ f .

This imaging mode has an advantage over the focusing mode, as it is not strongly sensitive
to the divergence of the laser beam. In principle, the beam can be focused on the target surface
just by setting the target surface close to the lens focus, assuming a rectilinear beam – called
the focusing mode. However, as the beam inevitably has a finite divergence, the laser profile
will be blurred with the focusing mode, reducing the reproducibility. On the other hand, the
imaging mode converts the whole laser beam on the image, even with a finite divergence. The
laser profile is thus much more reproducible.

The imaging mode usually requires a long optical length,*1 which may be practically limited

*1 Considering that typically a ≈ 40 cm and the magnification a/b ∼ 0.1, b should be ∼ 400 cm: an optical length
of several meters is typically required.
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Fig. 3.2 Schematic illustration of the optical systems to image the laser beam (a) without
and (b) with the zoom stage. Several additional mirrors used to guide the beam are not shown
for clarity. (Courtesy of T. Yajima, modified.)

by space. This problem can be resolved by imaging the laser beam using the afocal “zoom
stage,” as schematically shown in Fig. 3.2(b). The zoom stage consists of four lenses (focal
lengths f1 = 360 mm, f2 = −26 mm, f3 = 206 mm, and f4 = 360 mm). The first three are
aligned to make a virtual image of the aperture far behind the real one, which is imaged by the
last. This four-lens imaging can simulate the single-lens imaging mode, with saving much of
the optical length.

In this study, the latter optical system was employed when the space for the optics was
limited. The former was employed when a large space was available for the optical beam
path, since the misalignment of the optics was less critical for this system owing to the fewer
components. In both cases, the area of the imaged laser spot (A) was controlled by either
changing the aperture or moving the optics, or by the combination of the two. The spot size
was measured by firing the laser onto a thermosensitive paper placed at the position of the
target surface. The laser energy (E) was controlled by rotating the variable attenuator, instead
of changing the voltage of the laser source (fixed at 26 kV), in order to avoid changing the
divergence of the beam [123].*2

The laser energy was measured using a power meter just before the quartz window (outside
the chamber), and the fluence ( f = E/A) was calculated. The transparency of the window
was taken into the calculation, since the contamination of the window due to the deposited
material significantly lowered the laser intensity [123]. The transparency was measured just

*2 Although the optical systems are in principle not sensitive to the divergence, as explained, the finite misalign-
ment of the optics might still have a small sensitivity to it. Thus it is still helpful to minimize the change to
obtain a better reproducibility.
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before conducting experiments. The typical degradation in transmittance during single film
fabrication was confirmed to be negligibly small (≲ 1%).

3.2.2 Temperature and pressure

The substrate temperature (Tsub) is an important parameter to control the thermodynamic con-
ditions, as well as the kinetic processes of growth (sticking coefficient and surface mobility of
adatoms).

To control the substrate temperature, the Inconel sample holders, on which the substrates
were glued with Pt paste and Inconel clamps, were heated by a lamp heater from the backside.
The highest temperature available in our system was ≈ 1000 °C. The temperature of the at-
tached substrates was monitored by an external infrared pyrometer (CHINO IR-AP). The low
measurement limit of the pyrometer was ≈ 390 °C.

The oxygen partial pressure (PO2 ) is another parameter to control the the thermodynamic
conditions. Also, when the ambient gas pressure (density) is high, the ablated species are
scattered by the gas molecules before reaching the substrate, and thus the kinetics of the plume
is also controlled. Note that the latter effect is not specific to oxygen; by using an inert gas
(argon in this study; see also Chap. 7), effects of the scattering can be controlled independently
of the thermodynamic conditions.

The oxygen partial pressure (argon partial pressure PAr) was tuned by introducing high purity
oxygen (argon) gas (> 99.9999% purity) into the chamber through a variable leak valve. In
order to improve the precision of the control and suppress the effects of other gases which
might contaminate the sample, the background pressure in the chamber was kept ≲ 10−8 Torr,
often close to 10−9 Torr at room temperature (see next Section for details), achieved by the
combination of the turbo molecular pump and the rotary pump. The pressure was measured by
three different gauges: an ionization gauge (< 10−4 Torr), a Baratron gauge (> 10−4 Torr), and
a quadrupole mass spectrometer (next Section).

3.2.3 Quadrupole mass spectrometer

In order to analyze the base pressure of the chamber in detail, a quadrupole mass spectrom-
eter (qmass; Dycor™ LC series, model LC200MS: AMETEK Inc.) was used, which enabled
the measurement of the partial pressure of each gas molecules. The principle of the qmass
is schematically shown in Fig. 3.3. The qmass consists of the ionizer, the focus lens, the
quadrupole mass filter, the exit lens, and the detector.

The gas molecules are ionized, mostly to have +e charge, by the ionizer, and accelerated
by a negative voltage applied on the focus lens, entering the quadrupole. The quadrupole is
constructed of four parallel cylindrical rods. A constant direct current (DC) voltage is applied
to a pair of opposite facing rods, which has an opposite sign to that applied to the other pair.
An alternating radio-frequency (RF) voltage is also applied to the rods. Due to the oscillating
electric field created by the quadrupole, only ions with a certain mass-to-charge ratio can reach
the exit lens and the detector. By controlling the ratio and the intensity of the DC and RF
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Fig. 3.3 Schematic illustration of qmass. Adapted from Ref. [124].

electric fields, ions with different masses can be detected independently.
Figure 3.4 shows typical qmass data.*3 As shown in Fig. 3.4(a), the majority of the residual

gas is water (H2O: 18 amu) and nitrogen (N2: 28 amu) at room temperature. There are also
small signals (< 10−9 Torr) of oxygen (O2: 32 amu) and carbon dioxide (CO2: 44 amu). As
shown in Fig. 3.4(b), when the substrate is heated and correspondingly the whole chamber
gets hot, the degassing of the chamber becomes stronger and the base pressure increases. In
particular, the signals of carbon (C: 12 amu) and its oxides (CO: 28 amu and CO2), and water
significantly increase.

3.2.4 Reflection high-energy electron diffraction

RHEED enables in situ monitoring of the growth process, most notably the growth mode and
the film thickness [125]. In this study, during the growth, the samples were irradiated by elec-
trons which were emitted from a 25 keV electron gun and focused by electromagnetic lenses.
The differential pumping near the electron beam source by two turbo molecular pumps (see
Fig. 3.1) enabled the operation of RHEED during high pressure growth up to ∼ 10−1 Torr
[126, 127]. The diffraction patterns of the electrons at the phosphor screen were measured with
a high sensitivity CCD camera.

Due to the very small incident angle of the electrons (∼ 1°) as well as the strong scatter-
ing potential for electrons in solids, almost all of the electrons are diffracted by the topmost
atoms at the surface of the sample. Therefore, the diffracted pattern is very surface-sensitive,
reflecting the crystal structure and the morphology of the surface [128]. In particular, when
the surface is atomically flat, the reciprocal lattice of the well-defined two-dimensional diffrac-
tion plane becomes rods, as schematically shown in Fig. 3.5(a). The corresponding RHEED

*3 The multiplier enabled to obtain a better signal-to-noise ratio, as seen in the figure. Due to the uncertainty in the
gain (nominally ∼ 100), however, the pressure values measured with the multiplier were in arbitrary units.
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Fig. 3.4 Qmass analysis of the base pressure of the PLD chamber. Partial pressure as a
function of the mass-to-charge ratio of gas molecules (a) at room temperature and (b) with
the substrate heated to 900 °C. Above 50 amu/e, up to 200 amu/e, no significant signal was
observed.

pattern has spots lying on a circle and streaks, the latter originating from the finite broadening
of the reciprocal rods, as shown in Fig. 3.5(b). On the other hand, when the surface is rough,
the two-dimensional diffraction pattern is weakened and broadened, and the three-dimensional
diffraction pattern becomes stronger, as shown in Fig. 3.5(c).

During layer-by-layer growth of the film, the intensity of the RHEED patterns shows oscilla-
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Fig. 3.5 (a) Schematic illustration of the geometry and the mechanism of RHEED. When
the sample surface is atomically flat, diffraction spots appear in the direction of intersections
between the Ewald sphere and the reciprocal lattice rods. (b) Typical RHEED pattern of a
flat surface. (c) RHEED of a rough surface.
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Fig. 3.6 Schematic illustration of the RHEED oscillations during layer-by-layer growth
(left) and the corresponding surface structures (right).

tory behavior [129]. This can be understood by considering the change of the surface roughness
during growth, as schematically shown in Fig. 3.6. At the beginning of the growth of a mono-
layer, the initially flat surface is roughened by the material deposited on it. Intuitively, the rough
surface induces diffused reflection of the electrons, causing a decrease in the intensity of the
RHEED pattern. By further deposition, the surface becomes smoother and correspondingly the
intensity begins to increase. On completion of a monolayer of the film, the surface regain its
original smoothness and the intensity becomes as strong as the initial state. Repetition of this
cycle causes RHEED oscillations; accordingly, RHEED oscillations can be used as a thickness
monitor in this growth mode, since ideally each oscillation peak corresponds to the deposition
of each monolayer.

In reality, there are many growth modes other than the layer-by-layer one, and the corre-
sponding RHEED oscillations are more complicated [128]. Moreover, it has been pointed out
that RHEED oscillations show phase shifts and frequency doubling, depending on the incident
angle of the electron beam [130, 131]. Due to these effects, the precise calibration of the film
thickness cannot always be achieved only by RHEED. Nevertheless, RHEED still contains
much information about the growth mode, and once the relationship between the thickness of
the film and each oscillation is confirmed using other methods, such as x-ray diffraction (see
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the next Section), transmission electron microscopy, etc, it can be used to determine the film
thickness in situ.

3.3 X-ray diffraction
XRD is a very widely used method for characterizing crystal structures. In this study, we
employed a high resolution XRD system (D8 Discover: Brucker AXS Inc.), where the samples
were irradiated by the Cu Kα1 line (wavelength λ = 1.54056 Å) which was screened by a Ge
(220) monochromator. Crystal structures were characterized by three different measurement
geometries, as described in the following sections. Before that, let us review the basics of XRD
in more detail [132].

Mathematically, the intensity profile of diffracted x-rays is related to the Fourier transform
of the electron density:

I(k) = Ie

∣∣∣∣∣∫
matter

ρ(r)ei(k−k0)·rd3r
∣∣∣∣∣2 ≡ Ie |A(∆k)|2 , (3.1)

where I(k) is the intensity of the diffracted x-ray with wavevector k, Ie is a prefactor, ρ(r) is
the electron density of the matter at position r, k0 is the wavevector of the incident x-ray, and
∆k = k − k0. For crystals, where the atoms are periodically arranged and correspondingly ρ(r)
has a periodicity, A(∆k) can be described as

A(∆k) =
∑
l,m, n

ei∆k·(la+mb+nc)
∫

unit cell
ρ(r′)ei∆k·r′d3r′

= G(k)F(k), (3.2)

where a, b and c are the translation vectors of the crystal,

F(k) ≡
∫

unit cell
ρ(r′)ei∆k·r′d3r′ (3.3)

is the crystal structure factor, and

G(k) ≡
∑
l,m, n

ei∆k·(la+mb+nc). (3.4)

Let L, M and N be the number of unit cells along the a, b and c directions, respectively. Then
G(k) can be described as

G(k) =
L∑

l=0

eil∆k·a
M∑

m=0

eim∆k·b
N∑

n=0

ein∆k·c

=
1 − eiL∆k·a

1 − ei∆k·a
1 − eiM∆k·b

1 − ei∆k·b
1 − eiN∆k·c

1 − ei∆k·c , (3.5)

|G(k)|2 = sin2(L∆k · a/2)
sin2(∆k · a/2)

· sin2(M∆k · b/2)
sin2(∆k · b/2)

· sin2(N∆k · c/2)
sin2(∆k · c/2)

. (3.6)
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|G(k)|2 is called Laue function. It can be proven that

lim
L,M,N→∞

|G(k)|2 = δ3(∆k − Q), (3.7)

where Q is the reciprocal lattice of the crystal. Therefore, if the crystal is much larger than the
penetration depth of the x-ray, the XRD intensity I(k) = Ie|F(k)|2|G(k)|2 has finite values only
when ∆k = k − k0 is equal to the reciprocal lattice.*4

3.3.1 θ–2θ measurement

Figure 3.7(a) shows the geometry of a XRD θ–2θ measurement. The diffraction profile was
measured using a zero-dimensional detector (scintillation counter with a variable slit), which
was rotated around the sample while maintaining the relationship ω = θ (ω: incident angle
of the x-ray to the sample surface,*5 2θ: diffraction angle of the x-ray). As seen in the figure,
∆k is always along the normal of the sample surface, and correspondingly the Laue function is
written as

|G|2 = sin2 [(π/λ) · 2Nc sin θ]
sin2 [(π/λ) · 2c sin θ]

, (3.8)

where c is the out-of-plane lattice constant of the sample. |G|2 has maximum values when
Bragg’s condition is satisfied:

2c sin θ = nλ (n: integer). (3.9)

If the film (thickness ∼ 10 nm) is deposited on the substrate (thickness ∼ 0.5 mm) main-
taining the crystalline orientation, we can observe peaks other than those from the substrate,
because of the difference in the out-of-plane lattice constants between the film and the sub-
strate. Therefore, the θ–2θ measurement can tell us that single-crystalline oriented growth of
the films has occurred, as well as the out-of-plane lattice constant of the films.

Moreover, the film peaks have an intrinsic broadening and satellite peaks (Laue fringes)
because of the finite thickness, which can be used for the thickness estimation. The zero points
of |G|2 are given by

2t sin θ = mλ (m: integer). (3.10)

Here t = Nc is the film thickness, which therefore can be determined by

t =
λ

2(sin θm − sin θm−1)
, (3.11)

where θm and θm−1 are the position of the mth and (m − 1)th zero points, respectively. We can
also use the local maxima positions instead of the zero points. Also, by approximating the Laue

*4 In general, |F|2 may become zero at certain reciprocal points and the corresponding reflections are “extin-
guished” (known as the “extinction rule”). For the perovskites investigated, however, this does not occur.

*5 Crystallographic surface, which was determined using the substrate reflection in the scan area. The macroscopic
surface is not perfectly parallel to the crystallographic plane due to the inevitable miscut.
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Fig. 3.7 Schematic illustration of the geometry of XRD for (a) θ–2θ measurement and (b)
reciprocal space mapping.

function by a Gaussian function, we can deduce Scherrer’s formula:

FWHM(2θ) =
2[(ln 2)/π]1/2λ

t cos θ
=

0.94λ
t cos θ

, (3.12)

where FWHM denotes the full width at half maximum of the peak.

3.3.2 Reciprocal space mapping

While θ–2θ measurement scans only the on-axis peaks, off-axis peaks are also important to
characterize the crystal structures, especially the strain state of the film. For off-axis measure-
ment we employed a one-dimensional detector (VANTEC), which can simultaneously detect
the diffracted x-ray over a range of 2θ of ≈ 10° with a resolution better than 0.01°. The recip-
rocal space was mapped using the detector by stepping ω with 2θ range fixed, as schematically
shown in Fig. 3.7(b). The reciprocal space coordinates kin and kout are calculated by

kin =
2π
λ

[cos(2θ − ω) − cos(ω)] , (3.13)

kout =
2π
λ

[sin(2θ − ω) + sin(ω)] . (3.14)

3.3.3 Rocking curve measurement

If the crystal structure of the sample is not perfect, the XRD peaks are broadened, which can
therefore be used as a parameter of the crystalline quality. However, as explained in Sec. 3.3.1,
the peaks from thin films have an intrinsic broadening along the out-of-plane direction. There-
fore, the broadening along the in-plane direction is more useful for the evaluation of the film
crystallinity. For on-axis peaks, the diffraction profile along the in-plane direction can be mea-
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sured by rocking ω with 2θ locked. This profile is called the rocking curve.*6 In this study,
rocking curves were measured using the same arrangement as for the θ–2θ measurement. The
film peak position was determined by the θ–2θ measurement.

3.4 Atomic force microscopy
AFM is a powerful method to investigate the surfaces of various materials [133]. In this study,
topographical images of the surfaces of the samples were taken with an AFM (Veeco, Digital
Instruments Dimension™) ex situ, at room temperature in air, using the “tapping-mode.”

As shown in Fig. 3.8, the probe of the AFM is a cantilever with a resonance frequency of
∼ 300 kHz. It is oscillated vertically by a piezoelectric device at a frequency ≈ 5% away from
the resonance frequency. A sharp (length ≲ 5 µm, end curvature ≲ 10 nm) tip located at the
end of the cantilever moves over the surface of the sample. When the tip is close to the sample,
the oscillation of the cantilever is modified by the change of the atomic force between the tip
and the sample, which can be detected using a laser reflected from the top of the cantilever.
Thus this modification can be converted into a height, resulting a topographical image of the
surface of the sample with the two-dimensional rastering of the cantilever.

The root-mean-square (RMS) roughness of the imaged surface is evaluated by

RMS roughness =

√∑N
i=1 (Zi − Zave)2

N
, (3.15)

where Zi is the height at the ith data point, Zave is the averaged height over the all area, and N is
the number of the data points.*7

3.5 Physical Property Measurement System
In this study, unless otherwise indicated, transport measurements were carried out in a PPMS
(Quantum Design Inc.), where the range of temperature (T ) from 2 K to 400 K and the range

*6 In general, rocking curve measurement is not only for the on-axis peaks. For off-axis peaks, however, the scan
direction is not along the in-plane direction.

*7 In this study, the scan area typically has N = 512 × 512 = 218 = 262114 data points.
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Fig. 3.9 Schematic illustration of the normal geometry of transport measurements.

of magnetic field (µ0H; µ0 is the vacuum permeability) from 0 T to ±14 T were available.
The precision of the temperature was better than 0.5%, that of the magnetic field better than
±10−3 T.

The longitudinal and the Hall resistances (Rxx and Rxy) were measured with a standard Hall
bar geometry using the four-probe method, as schematically shown in Fig. 3.9, which is widely
used to exclude the contact resistance. The resistance bridge of the PPMS was employed for
these measurements, where the current direction was switched with a repetition rate of ≈ 7.5 Hz
to exclude the effect of the possible DC offsets of voltage. The electrodes were created by
bonding Al wire with an ultrasonic wirebonder (Model 7476D: West Bond Inc.).

Due to the inevitable imperfection in the electrode geometry, there was a practical problem
with directly extracting Rxx and Rxy. Details of the problem and the data treatment to solve it
are explained in App. A.
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Chapter 4

Stoichiometry Control of the
Electronic Properties of the
LaAlO3/SrTiO3 Heterointerface

4.1 Introduction

4.1.1 Sensitivity of growth control

As reviewed in Sec. 2.3, the discovery of a conducting layer formed at the interface between
the wide band gap perovskite insulators LaAlO3 and SrTiO3 [10] has led to extensive research
on this system. Several scenarios have been proposed to explain the origin of the conductivity:
an electronic reconstruction driven by the polar discontinuity between the (001) interfaces of
polar LaAlO3 and nonpolar SrTiO3 [73], the formation of oxygen-deficient SrTiO3−δ during
growth [78–80], or atomic diffusion near the interface to create conducting LaxSr1−xTiO3 layers
[81–84]. All are possible contributing mechanisms which are not mutually exclusive, and can
interact in a highly complex way [100].

In order to disentangle these effects, a central challenge experimentally is to understand the
sensitivity of the properties of this system to all of the standard control parameters in thin film
growth, as partly reviewed in Sec. 2.3.3. These include the oxygen partial pressure [10, 71],
the post-annealing treatment [86, 87], the growth temperature [70], and the LaAlO3 thickness
[40, 87, 134]. The latter effect, in particular the existence of a critical thickness of 3–4 uc
required for conductivity [40], can be interpreted to support the polar discontinuity picture.
However, it is clear that there are other, larger, characteristic thicknesses which also influence
the conductivity [87, 134], indicating the need of more detailed considerations. The strong
asymmetry between the n-type and p-type interfaces, in particular the insulating nature of the
latter [10, 72] as well as the structural differences [73, 135], not only emphasize the importance
of the atomic scale details, but also imply that oxygen vacancies and intermixing are not the
sole cause of the conductivity.
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4.1.2 Importance of laser parameters

In the case of PLD, the character of the ablating laser itself is well known in oxides to be
crucial to obtain precisely controlled film stoichiometry. For example, Dam et al. [15] have
demonstrated that the cation ratio of PLD-grown SrTiO3 films can be controlled by the laser
fluence. As shown in Fig. 4.1(a-1), the composition of the target surface is off-stoichiometric
after growth under certain laser conditions, Ti rich in this case, indicating that Sr has been
preferentially ablated [Fig. 4.1(b)] and thus a Sr rich film has likely been grown. They have
also found that the cation ratio of the SrTiO3 film has a lateral distribution, which is also fluence
dependent, as shown in Fig. 4.1(a-2), indicating that the distributions of Sr and Ti in the plume
are different from each other [Fig. 4.1(c)].

This stoichiometry modulation has a strong impact on the film properties. For example,
Ohnishi et al. [17] have found that the conductivity of Nb-doped SrTiO3 thin films is strongly
suppressed by cation off-stoichiometry, due to trapping and scattering of the electrons by cation
vacancies. It should be noted that the cation off-stoichiometric SrTiO3 films show lattice expan-
sion, as shown in Fig. 4.1(d-1). This is caused by Coulomb repulsion near the cation vacancies,
which modify the local charge distribution, as schematically shown in Fig. 4.1(d-2). Note that
in order to accept off-stoichiometry in perovskite oxides, it is energetically most favorable in
general to induce vacancies. Due to the tightly packed lattice structure and the difference of the
crystal field between the A- and B-sites, other defects are often highly energetically unfavor-
able.*1

In contrast, highly-reduced SrTiO3 bulk single crystals show no detectable change of the
lattice constant [139, 140], indicating that the oxygen vacancies (anion off-stoichiometry) do
not contribute to the lattice expansion. This asymmetric behavior between the cation and anion
vacancies can be understood by considering that the oxygen vacancies in SrTiO3 is a donor-
type defect (see Sec. 2.2). The induced free electrons can screen the Coulomb repulsion near
the oxygen vacancies, counteracting the lattice expansion.

The importance of the character of the ablating laser is a general issue for all PLD-grown
oxide films. Stoichiometry modulation and its effect on the film properties have been reported
for many other oxide systems, for example for cuprates [16] and manganites [18]. Therefore, it
is essential to clarify the effect of the laser parameters on the LaAlO3/SrTiO3 heterostructure,
namely, LaAlO3 cation stoichiometry, structure, and the interfacial electronic character.

However, there is an important difference between the previous studies and the case of
LaAlO3/SrTiO3: as reviewed in Sec 2.2, LaAlO3 is electrically an insulator over a wide stoichi-
ometry range, particularly at low temperatures [64]. This indicates that a priori the influence of
stoichiometry variations of the LaAlO3 on the conductivity in the underlying SrTiO3 substrate
is rather indirect, compared to the typical optimization of electronic properties of conducting

*1 However, sometimes vacancies are also not favorable, and the cation off-stoichiometry induces some non-
perovskite phases. In the case of SrTiO3, for example, Ti vacancies are known to be energetically unlikely
[136], and Ruddlesden-Popper defects [137] and Sr segregation [138] are more favorable.
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Fig. 4.1 (a-1) Deposition rate of the SrTiO3 films (diamonds) and the [Ti]/[Sr] composition
ratio of the target surface (open squares: after 1400 shots, solid squares: after 10000 shots) as
a function of the laser fluence, and (a-2) lateral distribution of the [Ti]/[Sr] composition ratio.
Reprinted with permission from Ref. [15]. © 1998, AIP Publishing LLC. (b) Schematic
illustration of the incongruent ablation. (c) Different distributions of the ablated species.
(d-1) Lattice expansion of SrTiO3 thin films as a function of the laser fluence (dots: as-
grown, open circles: after air-annealing), and (d-2) schematic illustration of the Sr vacancy,
expanding the lattice due to Coulomb repulsion. Reprinted with permission from Ref. [17].
© 2008, AIP Publishing LLC.
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thin films by directly tuning their own cation ratio. Still, it is quite possible that the above
scenarios used to explain the interface conductivity can be significantly impacted by a change
in the LaAlO3 stoichiometry.

In this Chapter, we report the film stoichiometry, lattice structure, and electronic properties
of various LaAlO3/SrTiO3 heterostructures with LaAlO3 grown using different laser fluences,
demonstrating a dramatic influence on the interface conductivity. The La/Al ratio in the LaAlO3

films grown in different laser conditions was varied over a wide range from 0.88 to 1.15, and
was found to have a strong effect on the interface conductivity, as presented in Sec. 4.3. In
particular, the carrier density was modulated over more than two orders of magnitude, following
one functional control parameter – the LaAlO3 lattice constant. As discussed in Sec. 4.4, these
results can be understood to arise from the variations in the electrostatic boundary conditions,
and their resolution, with LaAlO3 stoichiometry.

The work presented in this Chapter, except the Rutherford backscattering spectrometry result
(Sec. 4.3.2), is published in Ref. [141].

4.2 Experimental details
The samples were fabricated by PLD (Sec. 3.2). The laser repetition rate was fixed at 2 Hz,
unless otherwise indicated. For the XRD and transport measurements, each LaAlO3 film was
grown on a 5 × 5 mm2 SrTiO3 (001) substrate with a TiO2-terminated surface [74, 75], which
was commercially available (Shinkosha Co.). The variable growth parameters were: the laser
spot size A, the laser energy E, and the laser fluence f = E/A. The laser beam was imaged to a
rectangular spot on the single crystal LaAlO3 target using the zoom stage (Sec. 3.2.1). Before
growth, the substrates were preannealed at substrate temperature Tsub = 950 °C in oxygen
partial pressure PO2 = 5 × 10−6 Torr for 30 mins. Following this anneal, Tsub was reduced
to 800 °C and PO2 was increased to 1 × 10−5 Torr, the film growth conditions. The LaAlO3

film thickness was 25 uc, as monitored using the in situ RHEED (Sec. 3.2.4). After growth,
the samples were cooled to room temperature in PO2 = 300 Torr, with a one hour pause at
Tsub = 600 °C. These growth details (other than the laser parameters) are the same as used
previously [134].

The out-of-plane lattice constant of the LaAlO3 films (cLAO) was evaluated using the (002)
peak of the XRD θ–2θ scans (Sec. 3.3.1). The transport measurements were carried out in a
PPMS, as described in Sec. 3.5. The cation stoichiometry of the LaAlO3 films was measured
by inductively coupled plasma (ICP) spectrometry, using ∼ 400 nm thick amorphous LaAlO3

films grown on 10 × 10 mm2 B-doped Si substrates at room temperature.*2 For these samples,
in order to obtain the necessary thick films in a practical time, the repetition rate of the laser was
increased to 10 Hz, while PO2 and the laser conditions were the same as used for the epitaxial
growth.

*2 Measured by Hitachi Kyowa Engineering Co., Ltd. The Si substrates were employed for a technical issue of
ICP related to the chemical solubility.
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Table. 4.1 Cation ratio from ICP and out-of-plane lattice constant of LaAlO3 films grown
at different laser conditions. Published in Ref. [141].

Fluence Spot area La/Al cLAO

f (J/cm2) A (mm2) atomic ratio (Å)
0.7 3.0 0.984 3.726
0.7 4.3 0.969 3.735
0.7 5.6 0.996 3.737
0.9 3.0 0.965 3.733
1.1 3.0 0.957 3.739
1.1 3.5 0.908 3.749
1.3 2.5 0.883 3.753
1.3 3.0 0.946 3.742
1.6 2.5 1.155 3.763
1.6 3.0 0.992 3.748
1.9 2.5 1.037 3.758

4.3 Effect of the laser parameters on LaAlO3/SrTiO3

4.3.1 Evaluation of LaAlO3 film stoichiometry

LaAlO3 films were grown using a total of 11 different laser conditions, as summarized in Table
4.1, which also shows the cation ratios from ICP and cLAO from the XRD measurements. The
La/Al ratio was varied from 0.883 to 1.155, a range of more than ±10%, comparable to values
reported for other similar systems [16–18]. Two of the films were La rich, while the remaining
were La poor to varying degrees, including two samples which were within 1% of La/Al = 1.
As shown in Fig. 4.2(a), cLAO increased with increasing the laser fluence. As briefly reviewed
in Sec. 4.1.2, the cLAO expansion indicates that the LaAlO3 films are off-stoichiometric, since
cation vacancies in insulating films cause lattice expansion due to Coulomb repulsion [17]. We
note that the formation of interstitial or anti-sites defects is energetically unlikely [142].

The cLAO expansion is confirmed to be consistent with the ICP result: as shown in Fig. 4.2(b),
cLAO increases for both the La rich and La poor films, relative to La/Al = 1, where we estimate
cLAO = 3.72 Å. The estimated cLAO of the stoichiometric LaAlO3 film is in good agreement
with calculations of the Poisson ratio [143], assuming a tensile strain by the SrTiO3 substrate.
Theoretical calculations show that the formation energy of (V′′′Al +

3
2 V••O ) is larger than that of

(V′′′La +
3
2 V••O ) in a wide range of the La-O-Al ternary phase diagram [142] (here we follow

the notation of Kröger and Vink [144]), which qualitatively explains why most growth condi-
tions result in La poor films. It is also suggested that V′′′Al produce larger atomic relaxations as
compared to those from V′′′La [142], which may explain the asymmetry about La/Al = 1. In-
terestingly, there are two films which are nearly stoichiometric from ICP, but show nontrivial
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Fig. 4.2 (a) Out-of-plane lattice constant of the epitaxial LaAlO3 films as a function of
laser fluence. (b) cLAO as a function of the cation ratio obtained from the amorphous LaAlO3

films grown at the same laser conditions. Dashed curve is a guide to the eye. Published in
Ref. [141].

expansion of cLAO, which cannot be explained within the above scenario. A likely interpretation
is that both La and Al vacancies are kinetically induced in equal amounts at these conditions
[142], and the oxygen content differs between the two.

4.3.2 Possible effect of other growth parameters

While ICP is known as an element-selective and highly quantitative chemical characterization
method, care is needed due to the fact that the ICP results were obtained from the films grown
at room temperature. The measurement on the amorphous films cannot take into account the
possible effects of strain and the difference of the sticking coefficient between La and Al at
elevated temperatures. The strong and expected relationship between the ICP and XRD re-
sults [Fig. 4.2], the latter directly characterizing the LaAlO3/SrTiO3 samples, suggests that
these factors do not strongly affect the LaAlO3 stoichiometry. Nevertheless, it is important to
quantitatively confirm the validity of the ICP measurement on the films grown in the different
condition.

In order to quantify the possible effect of other growth parameters, LaAlO3 stoichiome-
try was evaluated also by Rutherford backscattering spectrometry (RBS). For the RBS mea-
surement, a ≈ 40 nm SrTiO3 buffer layer was grown on a MgO (001) substrate prior to
LaAlO3. A ≈ 40 nm LaAlO3 film was grown on the buffer, in the identical condition to that
for the LaAlO3/SrTiO3 samples, contrasting to the ICP samples. The laser parameters were
f = 0.7 J/cm2 and A = 3.0 mm. ICP indicates that LaAlO3 grown at this condition has a
cation ratio of La/Al = 0.984 [Table 4.1]. The SrTiO3-buffered sample structure enables a
better resolution for Al, which otherwise cannot be well resolved from the substrate signal
[145]. Preparation of the SrTiO3/MgO sample and the RBS measurement were performed by
Mr. Shaobo Zhu and Prof. Darrell G. Schlom (Cornell University, USA).

Figure 4.3 shows the RBS spectrum of the sample. Thanks to the well separated peaks of
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Fig. 4.3 (black line) RBS spectrum of the LaAlO3/SrTiO3/MgO (001) sample (see text for
details). (red line) Simulation for the data, giving a cation ratio of La/Al = 0.96 ± 0.03.
Courtesy of S. Zhu and D. G. Schlom (Cornell University, USA).

different elements, in particular the well defined Al peak, the error bar on the composition
calibration is small. The simulation of the spectrum gives a cation ratio of La/Al = 0.96±0.03,
in good agreement with ICP (0.984). The slightly higher La deficiency, although within the
error bar, suggests that the sticking coefficient of La at high temperatures is smaller compared
to that of Al.

4.3.3 Effect on the electronic properties at the interface

We next examined the effect of the LaAlO3 film stoichiometry, modulated by the laser pa-
rameters, on the electronic properties of the LaAlO3/SrTiO3 interface. In Fig. 4.4 we show
representative examples of the film stoichiometry dependence of the interface conductivity. All
of the samples show an upturn in the resistance at low temperatures, qualitatively consistent
with previous reports [87, 134]. With increasing film off-stoichiometry, the sheet resistance
becomes larger at all temperatures, and the upturn at low temperatures becomes more dramatic.
In the following we focus on the sheet carrier density (ns) at 100 K, since at this temperature
the resistance of all the samples was low enough to obtain clear Hall effect data sets, with an
estimated maximum error bar of ≲ 10%. Also, the Hall effects at this temperature were fully
linear to the highest measured fields (8 T).

Figures 4.5(a) and (b) show ns(100 K) of the LaAlO3/SrTiO3 samples as a function of the
LaAlO3 cation ratio from ICP and cLAO, respectively. There is a clear and significant relation-
ship between the film stoichiometry, the lattice constant and the carrier density. Despite some
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scatter, the samples with more off-stoichiometric films are found to have smaller ns [Fig. 4.5(a)].
Most notably, as shown in Fig. 4.5(b), all the carrier densities are simply scaled with the film
lattice constant over more than two orders of magnitude, independent of which cation(s) is (are)
deficient.

4.4 Discussion
Next, we discuss the possible mechanisms that may explain these results. The observed smaller
carrier density for cation off-stoichiometric samples [Fig. 4.5] is not consistent with a simple
picture of intermixing, since the film off-stoichiometry should enhance the cation diffusion from
the substrate to the film, creating more room for La ions to diffuse to the substrate, and enhance
conductivity. The data are also not consistent with a simple picture of oxygen vacancies by
gettering from SrTiO3, since this would tend to increase with the density of vacancies caused
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by cation off-stoichiometry in LaAlO3. Similarly, blocking of reoxidation from molecular O2

by the LaAlO3 should decrease as the LaAlO3 thickness decreases, while experimentally we
find that at fixed laser conditions, thinner films show higher conductivity. Thus we focus on the
role of the electrostatic boundary conditions.

For simplicity, we consider the 10% La deficient case, La0.9AlO3−δ/SrTiO3, as shown in
Fig. 4.6. Since La vacancies are negatively charged, it would be natural to assume that the off-
stoichiometric LaAlO3 film also has positively charged oxygen vacancies in order to maintain
bulk charge neutrality. Despite the uncertainty in the exact density of the oxygen vacancies
on each layer, here we illustrate the simplest case in which the oxygen vacancies are equally
distributed amongst all the oxygen sites. In this case, the absolute values of the charge density of
each layer becomes smaller [Fig. 4.6(a)], similar to (LaAlO3)x(SrTiO3)1−x solid solution films
[85]. Therefore, while there still remains a polar discontinuity, the extra charge required to
resolve it is less than that in the stoichiometric structure, as schematically shown in Fig. 4.6(b).

Another important point is that the electronic reconstruction is not the only option for resolv-
ing the polar problem. Atomic reconstruction is also possible, as in conventional semiconductor
heterojunctions [77] and at the p-type LaAlO3/SrTiO3 interface [73]. In the case of the p-type
interface, the extra positive charge required for resolving the polar problem are provided by
oxygen vacancies [73]. Analogous to this, the extra negative charge required at the n-type in-
terface may be provided by excess oxygen. If the LaAlO3 film is fully stoichiometric, there is no
room to accept the excess oxygen, given the tightly packed perovskite structure, and it is highly
energetically unfavorable [142]. However, if the LaAlO3 film is significantly off-stoichiometric,
it can accept the extra oxygen, as schematically shown in Fig. 4.6(c). This atomic reconstruc-
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tion resolves the polar problem without doping electrons to the SrTiO3 substrate, resulting in
an insulating interface.

These two schematic extremes of the possible reconstructions qualitatively explains why the
film off-stoichiometry strongly reduces the sheet carrier density. In particular, the atomic recon-
struction model can explain the similar effect of La and Al vacancies [Fig. 4.6(a)]: since both
cation vacancies require oxygen vacancies to maintain bulk charge neutrality, essentially the
same atomic reconstruction is available in both cases. However, it is difficult to quantitatively
explain our observation within these extremal models. In particular, purely within the elec-
tronic reconstruction model, a linear relationship between the cation ratio and ns is expected,
which is not consistent with the data. On the other hand, purely within the atomic reconstruc-
tion model, no conductivity is expected when the film is off-stoichiometric. The experimentally
realized situation is thus probably intermediate of these two extremes. Very recent related ex-
plorations which were carried out in rather different growth regimes (molecular beam epitaxy
[145], sputtering [146], and higher pressure PLD [147]) observed somewhat different results
from this study, suggesting that the interface conductivity, determined by the balance between
atomic and electronic reconstructions, is sensitive also to other growth parameters, not purely
only to LaAlO3 stoichiometry.

4.5 Conclusion
In summary, we found a strong impact of the LaAlO3 film stoichiometry, modulated by the
laser parameters, on the electronic properties of the LaAlO3/SrTiO3 interface. In particular,
film off-stoichiometry strongly reduced the carrier density at the interface. We propose that
film off-stoichiometry changes the balance between atomic and electronic reconstructions, the
former resolving the polar discontinuity without doping electrons.

This film stoichiometry dependence provides important insights into the microscopic carrier
generation mechanisms at the LaAlO3/SrTiO3 interface, and assists optimization of the elec-
tronic properties for future applications. These results also gives better understanding of the
growth dependence of the electronic phase diagrams of this system, which is vital for disentan-
gling many of the conflicting studies by various groups.

The wide growth-tunability of the properties of the LaAlO3/SrTiO3 heterointerface is applied
to the studies presented in the next two Chapters. In Chap. 5, a low-density high-mobility elec-
tron system is realized at the interface, enabling the observation of quantum oscillations which
provides important information about the electronic structure of this system. In Chap. 6, the mi-
croscopic origin of ferromagnetism in the LaAlO3/SrTiO3 heterostructure and the mechanism
of its coexistence with superconductivity are investigated in detail.
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Chapter 5

Mobility Enhancement and
Quantum Oscillations at the
LaAlO3/SrTiO3 Heterointerface

5.1 Introduction

5.1.1 Mobility enhancement by reducing the growth temperature

As presented in the last Chapter, the electronic properties of the LaAlO3/SrTiO3 heterointerface
can be controlled by growth conditions over a wide range, most notably by the film stoichiome-
try. Previous growth studies on this system indicate that there are many other important growth
parameters (see Secs. 2.3.3 and 4.1.1). In particular, Caviglia et al. have reported that the growth
temperature is also crucial to tune the electronic properties, especially the low temperature mo-
bility [70]. As shown in Fig. 5.1, when the LaAlO3 film is grown at relatively low temperatures
(≈ 600 °C), the Hall mobility at the interface is enhanced up to ≈ 4000 cm2V−1s−1, several
times higher than previously reported (≈ 100–1000 cm2V−1s−1) [40, 86, 87, 134].

The enhanced mobility provides a great opportunity to study the electronic structure at the
interface in detail, using quantum oscillations at low temperatures under high magnetic fields.
The requirements for observing quantum conductance oscillations are [148]

ωcτ = Bµ > 1, (5.1)

ℏωc > kBT, (5.2)

where ωc = eB/m∗ is the cyclotron frequency (B = µ0H is the applied magnetic flux density
and m∗ is the carrier effective mass), τ is the transport elastic scattering time, µ is the carrier mo-
bility, ℏ is the reduced Planck constant, kB is the Boltzmann constant, and T is the measurement
temperature. To fulfill Eq. 5.1 at T ∼ 1 K and B ≲ 10 T, which are the typical values reason-
ably achievable in a helium cryostat with a superconducting magnet, µ ≳ 1000 cm2V−1s−1 is
required. Assuming m∗ ≈ 1.2m0 [149] (m0 is the bare electron mass) and T ∼ 1 K, Eq. 5.2 is
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Fig. 5.1 (a) Growth temperature dependence of the Hall mobility of 10 uc LaAlO3/SrTiO3

samples, evaluated by Hall effect at 1.5 K. (b) Magnetoresistance of the high-mobility sample
at different temperatures. (c) Numerical derivative of the data in (b) as a function of the
inverse of the magnetic field. From Ref. [70],© 2010 American Physical Society.

fulfilled at B ≳ 1 T. As the enhanced mobility obtained by Caviglia et al. satisfies these condi-
tions, they have observed clear Shubnikov–de Haas (SdH) oscillations, as shown in Figs. 5.1(b)
and (c).

5.1.2 Discrepancy in carrier densities

The SdH oscillations are directly related to the Fermi surface, and thus contain important in-
formation about the electronic structure of the system [150]. For example, the Onsager relation
enables an evaluation of the carrier density contributing to the SdH oscillations as

nSdH = f
e
h
× Ndeg, (5.3)

where f is the frequency, h is the Planck constant, and Ndeg denotes the number of the degen-
erate states. The mobile carrier density can also be evaluated by the Hall effect as

nHall = −
1

eRH
, (5.4)

where RH is the Hall coefficient (see also App. A). Ideally, the carrier densities evaluated by
these two methods should be equal.

However, Caviglia et al. [70] found a discrepancy between nHall and nSdH. As shown in
Fig. 5.2(a), they found that the typical frequency of the SdH oscillations is 35 T (and a shoulder
at ≈ 50 T). Assuming only the spin degeneracy (Ndeg = 2), the corresponding carrier density
is evaluated to be nSdH = 1.69 × 1012 cm−2 (≈ 2.4 × 1012 cm−2 for the additional feature at
≈ 50 T), about an order of magnitude smaller than nHall = 1.05 × 1013 cm−2. The origin of this
discrepancy is currently unclear. The existence of a non-oscillatory parallel transport channel,
multiple degenerate valleys, or insufficient resolution within a magnetic field of ≈ 10 T are all
possible mechanisms which are not well determined experimentally.
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Fig. 5.2 (a) Fourier spectrum of the SdH oscillations of a typical high-mobility
LaAlO3/SrTiO3 sample. From Ref. [70], © 2010 American Physical Society. (b) Carrier
densities of δ-doped SrTiO3 samples with different doped layer thicknesses, estimated from
Hall effect (NHall) and SdH oscillations (NSdH). From Ref. [155],© 2012 M. Kim.

It should be noted that the same order of discrepancy between nHall and nSdH has been ob-
served for the δ-doped SrTiO3 heterostructure, where the thin Nb-doped layer is embedded
between the nondoped buffer and cap layers. Owing to defect chemistry management in the
SrTiO3 films [151] as well as the strong quantum confinement which broadens the electron
wave functions in the nondoped region [152], the δ-doped SrTiO3 heterostructure also shows
a very high mobility and SdH oscillations at low temperatures [153–155]. However, the con-
fining potential profile in the δ-doped structure is designed to be symmetric, contrasting to the
LaAlO3/SrTiO3 interface, which is asymmetric. Also, the carrier density of the δ-doped SrTiO3

is relatively high, and the doped layer can be made arbitrarily thick [152, 154, 155]. Note that
the thickness of the conducting layer at the LaAlO3/SrTiO3 interface is reported to be ≲ 10 nm,
estimated by conductive-tip atomic force microscopy [156], anisotropy of the superconducting
transport properties [157], Seebeck effect [158], and infrared ellipsometry [159].*1

Despite these differences, the δ-doped SrTiO3 heterostructure also shows much smaller
nSdH compared to nHall [153–155], as shown in Fig. 5.2(b), qualitatively the same as the
LaAlO3/SrTiO3 heterointerface. This indicates that the origin of the discrepancy could be in-
trinsic to SrTiO3 [154].

In this Chapter, in order to approach this discrepancy, we compare the SdH oscillations of
different LaAlO3/SrTiO3 samples with various nHall and Hall mobilities (µHall). As explained
in Sec. 5.3, by tuning the growth temperature, the LaAlO3 thickness, and the laser parameters,
both µHall and nHall were modulated over a wide range. The high mobility achieved enabled the

*1 These estimations were made with relatively high-density low-mobility samples. The possible variation of the
thickness with nHall and µHall is currently not well known.
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observation of clear SdH oscillations at low temperature. Most notably, as nHall decreased, the
discrepancy between nHall and nSdH became smaller, as presented in Sec. 5.4. A more detailed
analysis using a pulsed magnet is described in Sec. 5.5, which suggests that the spin degeneracy
can be resolved only under very high magnetic fields.

As discussed in Secs. 5.4.3 and 5.5.3, these results provide important insights into the com-
plex electronic structure at the LaAlO3/SrTiO3 heterointerface. In particular, our observation
suggests that at the lowest density regime (nHall ∼ 3 × 1012 cm−2), nearly all of the mobile
electrons contribute to the SdH oscillations.

5.2 Experimental details
The LaAlO3/SrTiO3 samples were fabricated by PLD (Sec. 3.2). Each LaAlO3 film was grown
on a 5 × 5 mm2 SrTiO3 (001) substrate with a TiO2-terminated surface. Before growth, the
substrates were preannealed at Tsub = 950 °C in PO2 = 5 × 10−6 Torr for 30 mins. As de-
scribed in Sec. 5.3, the variable growth parameters were: the growth temperature (Tg), the
LaAlO3 thickness, and the laser parameters (fluence f , spot size A and the shape). After
growth, the samples were cooled to room temperature in PO2 = 300 Torr, with a one hour
pause at Tsub = 500–600 °C. It was confirmed that within this temperature range, details of the
postannealing conditions do not have a significant effect on the electronic properties. Still, in
order to minimize the possible effect of cation rearrangement (intermixing, defect formation)
at high temperatures [160, 161], most samples were postannealed at relatively low tempearture
(Tsub ≈ 530 °C).*2 Unless otherwise indicated, the transport measurements were carried out in
a PPMS (Sec. 3.5).

5.3 Enhancing the mobility by growth optimization

5.3.1 Reproducing the growth temperature dependence

We first examined the reproducibility of the growth temperature dependence reported by Cav-
iglia et al. [70]. Figure 5.3 summarized the growth temperature dependence of the electronic
properties of 10 uc LaAlO3/SrTiO3 samples. For these samples, the laser parameters were:
f = 0.7 J/cm2 and A = 5.6 mm2, imaged to a rectangular spot using the zoom stage (see
Sec. 3.2.1).

The temperature dependence of the sheet resistance of the all samples show metallic behavior
down to 2 K [Fig. 5.3(a)]. As Tg decreases, nHall also decreases [Fig. 5.3(b)] and µHall at low
temperature increases [Fig. 5.3(c)]. The high mobilities of the Tg = 600 °C and 700 °C samples
enable the observation of SdH oscillations. As shown in Fig. 5.3(d), oscillatory components
are observed for µ0H > 3 T in the magnetoresistance of the Tg = 600 °C sample, superimposed

*2 Even reducing the postannealing temperature may cause another problem: the mobility of oxygen may not be
sufficient at lower temperatures [162, 163], thus oxygen vacancies may remain in the substrate even after low
temperature postannealing.
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on a positive background. Although less visible, the sample grown at Tg = 700 °C also shows
oscillations of the magnetoresistance at high magnetic field. All of these results are qualitatively
consistent with the previous report [70]. Quantitative comparison, in particular more detailed
analysis of the SdH oscillations, is presented in Sec. 5.4.

5.3.2 Further optimization of the growth conditions

LaAlO3 stoichiometry
As presented in Chap. 4, the LaAlO3 film stoichiometry, modulated by the laser parameters,
has a strong impact on the electronic properties. Thus the effect of the stoichiometry on the
low temperature mobility was next examined. Figure 5.4(a) shows stoichiometry dependence
of µHall at 2 K of 10 uc LaAlO3/SrTiO3 samples grown at Tg = 600 °C. Details of the film
stoichiometry modulation is presented in Sec. 4.3.1.

The highest mobility was obtained when the film is nearly stoichiometric. This is consistent
with the results presented in Chap. 4. Although the growth conditions used in Chap. 4 were
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Fig. 5.4 Summary of the growth optimization. µHall at 2 K as a function of (a) LaAlO3

stoichiometry, (b) laser spot shape, (c) LaAlO3 thickness, and (d) growth temperature.

quite different (LaAlO3 thickness = 25 uc and Tg = 800 °C), the sheet resistance at the inter-
face became larger with increasing the film off-stoichiometry, in particular at low temperatures
(see Sec. 4.3.3, Fig. 4.4 in particular).

Film uniformity
The sharp peak of µHall at the stoichometric point [Fig. 5.4(a)] indicates that even a small in-
plane inhomogeneity of the LaAlO3 film may be an issue. We thus next tried to minimize the
in-plane inhomogeneity by optimizing the laser spot. First, the laser spot was imaged without
the zoom stage to further improve the sharpness and the reproducibility of the laser profile
(see Sec. 3.2.1 for details). Second, the shape of the aperture was changed to image a square,
instead of rectangular, spot on the target, to minimize the anisotropic distribution of the ablated
species.*3

Figure 5.4(a) shows µHall at 2 K of 10 uc LaAlO3/SrTiO3 samples grown at Tg = 600 °C,
using different laser conditions. The rectangular spot was 2.3 mm × 1.3 mm and the square
spot was 1.8 mm × 1.8 mm, and the laser energy was kept constant at 20 mJ. The film off-
stoichiometry was confirmed to be very small in both cases, by measuring the out-of-plane lat-

*3 The rectangular aperture was useful to minimize the energy loss, and thus to obtain a relatively high fluence.
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tice constant of 25 uc LaAlO3 films grown in these conditions (3.72 Å for both; see Sec. 4.3.1).
Although the difference was small, higher µHall was realized when growing using the square
spot, likely due to the improved uniformity of the film.

Detailed LaAlO3 thickness and temperature dependence
The LaAlO3 thickness is known to be another important growth parameter [40, 87, 134],
and thus its effect on the mobility was also examined. Figure 5.4(c) shows µHall at 2 K of
LaAlO3/SrTiO3 samples grown at Tg = 600 °C with different film thicknesses. The highest
mobility was obtained for the 10 uc sample.

Finally the growth temperature was optimized in more detail. Figure 5.4(d) shows µHall at 2
K of 10 uc LaAlO3/SrTiO3 samples grown at different Tg. The highest mobility was obtained
for the Tg = 630 °C sample.

5.3.3 Controllable range and reproducibility

Figure 5.5 summarizes the growth-controllable range of µHall and nHall, which also includes the
data of the samples grown to examine the reproducibility. Both µHall and nHall were modulated
over a wide range, wider than that of conventional gating methods [42, 68]. In particular, the
highest mobility achieved is 1.06×104 cm2V−1s−1. It is also notable that a general trend can be
seen that µHall increases with the decrease of nHall, qualitatively similar to that for bulk SrTiO3

(see Sec. 2.2.1, Fig. 2.1(d) in particular).
However, scatter from the general trend is considerably large. This is mainly because the
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Fig. 5.6 (a) Magnetoresistance of three representative samples, after background subtrac-
tion, versus reciprocal magnetic field. Measured at 2 K with magnetic field applied parallel
to the substrate normal. Numbers in parentheses indicate nHall [in cm−2], µHall [in cm2V−1s−1]
for each sample. (b) Normalized SdH amplitude as a function of µHall at 2 K.

reproducibility of the growth control is marginal; even when grown in nominally identical
conditions, nHall and µHall showed a sample-to-sample variation within a factor of ∼ 2. Thus
the growth optimization presented here should be considered just as a rough guideline. As µHall

seems to be highly sensitive to all of the growth parameters [Fig. 5.4], an extremely precise
adjustment may be required to fully optimize and reproducibly grow the low-density high-
mobility samples. It should also be noted that the samples have been exposed to air before the
transport measurements, and the surface state, in particular water adsorption, is likely to have
an inevitable sample-to-sample variation.*4 It has been reported that polar adsorbates on the
film surface decrease µHall and increase nHall [98].

5.4 Analysis of the Shubnikov–de Haas oscillations

5.4.1 Typical oscillation data

The enhancement of the mobility has enabled the observation of SdH oscillations at low tem-
perature, which are next analyzed. Typical SdH data at 2 K are shown in Fig. 5.6(a), which are
extracted by fitting the positive magnetoresistance background (see Fig. 5.3(d)) using a poly-
nomial function. Clear SdH oscillations were observed for many of the high-mobility samples,
and in general the oscillations became more pronounced with increase of µHall.

However, this trend was found not to be strong. Figure 5.6(b) shows the amplitude of the
SdH oscillations normalized by the zero-field resistance as a function of µHall. While there
is a rough trend that the amplitude gets bigger with the increase of µHall, scatter is nontrivial.

*4 There was typically a few days interval between the growth and the transport characterization of each sample.
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Fig. 5.7 (a) Fast Fourier transform (FFT) of the data in Fig. 5.6(a). (b) Ratio of the carrier
densities n∗SdH/nHall as a function of nHall at 2 K.

In particular, there were a few samples which showed no significant oscillation above noise
(plotted as amplitude = 0), although the mobility was in principle sufficiently high. This is
possibly due to the existence of multiple frequency components in the oscillations, smearing
each other out, and for simplicity we neglect these samples below.

5.4.2 Comparison of carrier densities

Figure 5.7(a) shows the fast Fourier transform of the data in Fig. 5.6(a), from which the frequen-
cy of the SdH oscillations is extracted. Using the frequency, the carrier density contributing to
the SdH oscillations was evaluated, assuming no valley or spin degeneracy, i.e., n∗SdH = f e/h
(the superscript ∗ emphasizes the assumption of no degeneracy; see also Eq. 5.3). As shown in
the figure, multiple frequency components were often observed. n∗SdH was evaluated using the
highest frequency, which can be assigned to the total density of oscillating electrons [164, 165].

Figure 5.7(b) shows the ratio of the carrier densities evaluated by SdH and Hall, i.e.,
n∗SdH/nHall, as a function of nHall. Down to nHall ∼ 3 × 1012 cm2, the n∗SdH/nHall ratio monoton-
ically increases with decreasing nHall. This can be understood that when the carrier density is
relatively high, multiple subbands are occupied, and only a part of them contributes to the SdH
oscillations. At the lowest density regime, the ratio approaches ∼ 0.4–0.5 (∼ 1/2), although it
is rather arbitrary to deduce any number purely within this data set. Possible interpretations of
this number is discussed in more detail below.

5.4.3 Discussion

We next discuss the possible explanation of the results presented. Bulk SrTiO3 is a d0 electron
system with a threefold degenerate conduction band at the Γ point, formed by the anisotropic
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dxy, dyz, and dzx t2g orbitals. The added effects of a tetragonal distortion at ∼ 105 K and the
spin-orbit interaction mix these orbital characteristics, and split into a heavy electron band,
a light electron band, and a spin-orbit split-off band [27, 28]. Quantum confinement at the
LaAlO3/SrTiO3 interface produces a series of two-dimensional subbands derived from those
bands, with different orbital characters and effective masses [93, 166]. In particular, subbands
with yz/zx characters are expected to have heavy effective masses in plane, due to the smaller
hopping integrals.

When the electron density is relatively high (≳ 1013 cm−2), multiple subbands are likely
occupied, including the heavy subbands [166]. These heavy effective mass makes it more
challenging to fulfill the condition to detect them via SdH oscillations, i.e., Eq. 5.1. Therefore,
the heavy subbands can be the origin of the discrepancy between n∗SdH and nHall at the relatively
high nHall regime. The heavy electrons are theoretically expected to remain even in very low
density regimes (≲ 5 × 1012 cm−2) [166], and thus the n∗SdH/nHall ∼ 1/2 may also be explained
by the existence of the non-oscillatory parallel transport channel.

Another possible interpretation of the number is that there is a two-fold degeneracy*5 and
nearly all of the electrons contribute to the oscillations (the heavy electrons are localized and
do not contribute even to the Hall effect [93]). A strong candidate of the origin of this possible
two-fold degeneracy is the spin degeneracy. However, due to the limited features observed
within a magnetic field of 13 T (and at a temperature of 2 K), a stronger conclusion is difficult
to make. Therefore, in the next Section, the SdH oscillations were measured under higher
magnetic fields, in order to obtain more information from them.*6

5.5 Measurement under high magnet field

5.5.1 Brief review of the pulsed magnet

It is well known to be very difficult to create high magnetic fields. This is mainly because of
the large current needed (> 100 A), and the Joule heat resulting from it. Therefore, in order
to induce a static high magnetic field in a electromagnet, a huge power supply and cooling
capacity are required. This problem can partly be resolved by making the electromagnet with
a superconductor. However, there still remains another limiting factor that superconductivity is
quenched above certain critical current/field.

The Joule heat problem can be avoided if the current passes through the circuit for only a
short time, which is the main reason why a pulsed magnet can create larger magnetic fields
than DC magnets. A large pulsed current can be induced by a circuit schematically shown in
Fig. 5.8(a). When the inductance L of the electromagnet coil, the capacitance C (charged by

*5 Purely within the data set in Fig. 5.7(b), n∗SdH/nHall ∼ 1/3 is perhaps a more reasonable number. However, a
three-fold degeneracy is not reasonable considering the symmetry at the interface.

*6 As the Dingle temperature, which is a measure of the level of disorder, is reported to be 6 K [70], decreasing the
temperature is perhaps insufficient (although likely helpful to some extent) to improve the resolution.
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Fig. 5.8 (a) Simplified diagram of the circuit to create the pulsed magnetic field. (b) Mag-
netic flux density in the coil and its numerical derivative as a function of time.

voltage V), and the resistance R satisfies

R = 2

√
L
C
, (5.5)

after switching on the circuit, a pulsed current flows:

I(t) =
V
L

t exp
(
− R

2L
t
)
, (5.6)

where t denotes the time and t = 0 corresponds to the time when the switch is on. The magnetic
field in the coil is proportional to this pulsed current. Eqs. 5.5 and 5.6 indicate that in order to
obtain large I (∝ magnetic field) for a reasonably long time, large V and C are needed. These
are also challenging, but more practical compared to the Joule heat problem.

In this study, a 65 T short pulse magnet in the National High Magnetic Field Laboratory,
Pulsed Field Facility was used [167]. The profile of the pulsed magnetic field is shown in
Fig. 5.8(b). To briefly summarize the important characteristics, the magnetic field is raised
in ≈ 9.6 msec up to 60 T,*7 and decays in ≈ 70 msec. The full width at half maximum of
the pulse is ≈ 18 msec. Experiments with the pulsed magnet were strongly supported by Dr.
Jaewook Kim, Dr. Marcelo Jaime, and Dr. Ross D. McDonald (National High Magnetic Field
Laboratory, Los Alamos National Laboratory, USA).

5.5.2 Shubnikov–de Haas oscillations up to 60 T

A high-mobility LaAlO3/SrTiO3 sample (nHall ≈ 1.3×1013 cm−2, µHall ≈ 3500 cm2V−1s−1) was
characterized using the pulsed magnet.*8 A 10 µA DC bias was applied to the sample in order to

*7 During our experiment, the maximum magnetic field was limited to 60 T due to a minor problem with the bank
capacitance.

*8 This specific sample was fabricated by Dr. Yanwu Xie.
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Fig. 5.9 (a) Symmetrized magnetoresistance and antisymmetrized Hall resistance, mea-
sured at 0.5 K with magnetic field applied parallel to the substrate normal. (b) Magnetore-
sistance, after background subtraction, versus reciprocal magnetic field.

measure the high resistivity (see App. A for details). Figure 5.9(a) shows the magnetoresistance
and the Hall resistance of the sample at 0.5 K. Clear SdH oscillations were observed, and the
Hall resistance also showed small, but significant oscillation-like features, indicating that the
system was approaching the full quantum regime.

Additionally, there was a splitting of the SdH oscillation peaks at ∼ 50 T, reminiscent of
the Zeeman effect. This can more clearly be seen after background subtraction, as shown in
Fig. 5.9(b). This suggests that the spin degeneracy can be resolved only under very high mag-
netic fields, and thus the possible ∼2-fold degeneracy discussed in Sec. 5.4.3 could originate
from the effective spin degeneracy under the relatively low fields.

5.5.3 Discussion

Next we discuss the possibility of the the effective spin degeneracy in more detail. As schemat-
ically shown in Fig. 5.10(a), the density of states of a two-dimensional system is quantized
under magnetic field by the Landau quantization, and each quantized level is split by the Zee-
man effect. The energy level of the quantized states is expressed as

EN,± = ℏωc

(
N +

1
2

)
± 1

2
g∗µBB

=
ℏeB
m∗

(
N +

1
2

)
± g∗

2
ℏeB
2m0
, (5.7)

where N is the Landau index, ± denotes the spin direction, g∗ is the Landé g-factor, and µB =

eℏ/2m0 is the Bohr magneton. The first term denotes the Landau quantization, the latter the
Zeeman effect.

When the Zeeman spin splitting g∗µBB is smaller compared to disorder broadening, it cannot
experimentally be resolved, causing a spin degeneracy. However, considering the bulk value of
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Fig. 5.10 (a) Schematic illustration of Landau quantization, Zeeman effect, and disorder
broadening of the density of states of a two-dimensional system under magnetic field. (b)
Simulated Landau level spectrum as a function of B, assuming m∗ = 1.2m0 and g∗ = 1.9.
The red lines are the up-spin branch and the blue lines are the down-spin branch. For each
branch, the Landau index increases from bottom to top.

g∗ ≈ 1.9 [168], this situation is not likely. Indeed, m∗ ≈ 1.2m0 in bulk [149] indicates that the
separation of the Landau levels ℏωc is comparable to the Zeeman splitting. Therefore, when
clear SdH oscillations are observed, which indicates the Landau levels are well resolved, the
intrinsic spin degeneracy should also be lifted.

The effective spin degeneracy is thus more likely caused by

E(N+1),− =
ℏeB
m∗

(
N +

3
2

)
− g∗

2
ℏeB
2m0

≈ ℏeB
m∗

(
N +

1
2

)
+

g∗

2
ℏeB
2m0

= EN,+, (5.8)

which is satisfied when g∗ ≈ 2 (m∗/m0). Indeed, m∗ ≈ 1.2m0 and g∗ ≈ 1.9 in bulk SrTiO3

[149, 168] nearly satisfy this condition, and therefore this effective spin degeneracy can only
be resolved under very high magnetic fields, as shown in Fig. 5.10(b).

In order to confirm this picture, it is necessary to quantify m∗ and g∗ at the LaAlO3/SrTiO3

interface, which are suggested to be somewhat different from bulk [70, 169]. Therefore, further
angle and temperature dependent measurements using the pulsed magnet are of particular im-
portance, which are expected to give crucial information that will quantify the Zeeman effect
and subband structure in more detail.

5.6 Conclusion
In summary, we fabricated LaAlO3/SrTiO3 heterostructures with various nHall and µHall, con-
trolled by growth conditions. The low-temperature mobility was greatly enhanced by growth
optimization, which enabled the observation of quantum oscillations under high magnetic
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fields. The discrepancy between nHall and nSdH became smaller as nHall was reduced, and the
pulsed magnet measurement suggested the presence of an effective spin degeneracy. These
results suggest that around the peak density in Fig. 5.7(b), all of the mobile electrons were
detected via the quantum oscillations.

These results provide an important basis for further investigation into the complex electronic
structure of this system. In particular, measurements in the full quantum Hall regime using
the pulsed magnet should be helpful, which is in principle possible with the low-density high-
mobility sample fabricated in this study. Also, the low density superconductivity in SrTiO3 [47,
48] suggests that the low-density high-mobility system achieved in this study may enable study
of possible interplay between quantum Hall states and superconductivity, which is theoretically
expected to show novel emergent phenomena [170].
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Chapter 6

Ferromagnetism in the
LaAlO3/SrTiO3 Heterostructure

6.1 Introduction

6.1.1 Indication of ferromagnetism in previous studies

The LaAlO3/SrTiO3 heterointerface has been attracting much interest, not only because of
the unexpected conductivity, but also because of many other intriguing properties. Two-
dimensional superconductivity [41, 69, 157] and ferromagnetism [71, 171–174] are important
examples of such properties. The latter is perhaps the most unexpected phenomenon, since it
rarely coexists with superconductivity in nature. It should also be noted that ferromagnetism
in this system has no bulk analogue in the constituent materials; although bulk SrTiO3 can be
doped to be metallic and superconducting (see Sec. 2.2.1), there is no explicitly published work
showing any magnetic ordering in SrTiO3 or LaAlO3 in bulk form. In these senses, ferromag-
netism is a particularly exotic, but controversial property of this system.

The possibility of ferromagnetism was first suggested in 2007 by Brinkman et al. [71]. They
have controlled the electronic properties of LaAlO3/SrTiO3 samples by varying the oxygen
partial pressure during growth. As shown in Fig. 6.1(a), their observation shows a progressive
change from metallic to almost insulating behavior at low temperatures with increasing the
growth pressure. They have attributed the upturn in the resistance of the nearly insulating sam-
ples to the Kondo effect, which describes the interplay between localized magnetic moments
and mobile carriers [175]. They have also found that the samples with high resistivity shows an
isotropic negative magnetoresistance and hysteresis, as shown in Fig. 6.1(b), which may also
be interpreted to originate from ferromagnetism.

However, the previous studies had several open issues. First, a precise interpretation of
the magneto-transport to extract microscopic origins is difficult, partly because of the large
magnetic field sweep rate of 30 mT/sec [71], and the exact nature of the magnetic ordering
remains unknown. It should also be noted that superconductivity has been discovered also in
2007 by Reyren et al. [69], for samples showing more metallic behavior. Within these two
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Fig. 6.1 (a) Temperature dependence of the sheet resistance of as-grown 26 uc
LaAlO3/SrTiO3 samples grown in various oxygen pressures. (b) Magnetoresistance at 0.3
K of the sample grown at 1.0 × 10−3 mbar. Arrows indicate the direction of the measure-
ments, and the area enclosed by the dashed line denotes an ≈ 30 sec wait at 4 T. Reprinted
by permission from Macmillan Publishers Ltd: Nature Materials [71],© 2007.

reports in 2007, it would be more reasonable to interpret that depending on the growth details
of a given sample, the interface becomes ferromagnetic or superconducting at low temperature:
ferromagnetism and superconductivity do not coexist, but rather compete with each other. Pos-
sible contributions of impurities or defects are also not excluded; although no ferromagnetic
behavior has experimentally been found in bulk SrTiO3 or LaAlO3, it still has been theoreti-
cally proposed that cation/anion defects play an important role for the formation of magnetism
[176–178].

6.1.2 Direct imaging of the coexistence with superconductivity

Subsequent studies have further supported the existence of magnetic order in the
LaAlO3/SrTiO3 heterostructure [171–174], partly resolving the ambiguity and the open ques-
tions remained in the previous studies. For example, Bert et al. have directly imaged the coexis-
tence of ferromagnetism and superconductivity in this system, using a scanning Superconduct-
ing QUantum Interference Device (scanning SQUID) [174]. One of the most important features
of the device is its ability to simultaneously measure magnetization and magnetic susceptibility
[179, 180].

Using scanning SQUID, Bert et al. [174] have measured the local magnetic moments and
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Fig. 6.2 (a) Scanning SQUID magnetometry image of a 10 uc LaAlO3/SrTiO3 sample. In-
set: Scale image of the SQUID pick-up loop used to sense magnetic flux. (b) Susceptometry
image. Inset: Scale image of the SQUID pick-up loop and field coil. Both are taken at
40 mK. Reprinted by permission from Macmillan Publishers Ltd: Nature Physics [174], ©
2011.

the susceptibility of a LaAlO3/SrTiO3 sample at low temperature. As shown in Figs. 6.2(a) and
(b), they have found many magnetic dipoles and a significant diamagnetic susceptibility in the
sample, the latter originating from the perfect diamagnetism of the superfluid. Both of the mag-
netometry and susceptometry images show micrometer-scale spatial inhomogeneity. It is also
important to note that the diamagnetic signal of the LaAlO3/SrTiO3 sample is an order of mag-
nitude smaller than that of δ-doped SrTiO3 [174], another two-dimensional superconducting
system in SrTiO3-based heterostructures [153, 154].

6.1.3 Open questions

While the recent experiments have confirmed the coexistence of ferromagnetism and super-
conductivity, there still remain several open questions. Perhaps the most important challenge
is to understand the mechanism that makes the coexistence possible in this system. The large
scale inhomogeneity of ferromagnetism and superconductivity, as well as the very weak sig-
nal of the latter [174], suggests that ferromagnetism and superconductivity compete with each
other.*1 It is also important to note that, while the recent reports qualitatively agree that the
LaAlO3/SrTiO3 heterostructure shows both ferromagnetism and superconductivity, there is a
quantitative disagreement in the moment density. In particular, polarized neutron reflectom-
etry measurements have set an upper limit for the magnetization [181] that is much smaller
than that observed in bulk measurements, such as magneto-transport, torque magnetometry, etc
[171–173], but still higher than the value obtained by scanning SQUID [174].

Another critical question is the host of ferromagnetism. In principle, magnetism could arises
from cation/anion defects in the LaAlO3 or SrTiO3, or could be specific to the interface, all of
which have been theoretically proposed [176–178, 182–184]. However, no experiment thus far

*1 It is also not clear that the competition is the cause of the inhomogeneity, since there is no clear spatial (anti-)
correlation between the magnetometry and susceptometry images [174].
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has provided direct information on the host of magnetism. Thus it is of central importance to
determine the microscopic nature of the observed ferromagnetism.

In this Chapter, in order to address these issues, we characterize the magnetic properties
of LaAlO3/SrTiO3 samples using scanning SQUID and synchrotron based spectroscopic tech-
niques. Scanning SQUID is employed mainly to investigate the correlation between magnetic
and (super)conducting properties, by tuning the latter with various methods, including growth
control. As presented in Sec. 6.3, we found that magnetism appears only above a critical
LaAlO3 thickness, similar to conductivity. However, we also found that magnetism was not af-
fected by controlling the (super)conductivity by interface termination or by electric field effect,
as also explained in Sec. 6.3. These observations indicate that interface reconstruction driven
by the polar discontinuity is necessary for the formation of magnetism, but the existence of
mobile carriers is not a prerequisite.

Using the element-specific spectroscopic techniques, we found direct evidence for in-plane
ferromagnetic order at the interface, with Ti3+ character in the dxy orbital of the anisotropic t2g

band, as presented in Sec. 6.4. These results provide important insights into the microscopic
origin of the ferromagnetism and the mechanism of its coexistence with superconductivity, as
discussed in Secs. 6.3.4 and 6.4.3.

The work presented in this Chapter was done in strong collaboration with two groups:
scanning SQUID measurements were performed by Prof. Kathryn A. Moler’s group (Stan-
ford University, USA), and the spectroscopic investigations were made by Dr. Jun-Sik Lee and
Prof. Chi-Chang Kao (SLAC National Accelerator Laboratory, USA). This work is published
in Refs. [185–187]. Related investigations are published in Refs. [188, 189].

6.2 Experimental details

6.2.1 Scanning superconducting quantum interference device

Magnetic properties of LaAlO3/SrTiO3 samples were characterized using a scanning SQUID,
which is schematically shown in Fig. 6.3(a-1). Details of the device are described in Refs.
[179, 180]. SQUIDs in general consist of a superconducting loop with two Josephson junctions.
The current–voltage characteristic of the loop is strongly modulated by the magnetic flux inside
the loop, enabling a high-sensitivity measurement of magnetic fields. In this study, Nb and AlOx

were used as the superconductor and the insulating barrier, respectively.
An important feature of the scanning SQUID is that it is microminiaturized, as shown in

Fig. 6.3(a-2), in order to locally characterize the macroscopic samples that may be mesoscop-
ically inhomogeneous. The diameter of the pickup loop is nominally 3 µm. Owing to the
microminiaturization, as well as the counter loop which cancels the background signal and the
modulation coils which allow the device to operate at the maximum-sensitivity bias point for
all measurement conditions, the sensitivity of the device is highly improved. The sensitivity is
better than 10−6ϕ0

/ √
Hz, where ϕ0 = h/2e is the flux quantum.

The scanning SQUID also has a field coil surrounding the pickup loop, as shown in
Figs. 6.3(a-1) and (a-2). Applying an AC current in the coil to produce a local magnetic field,
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Fig. 6.3 (a-1) Simplified diagram of the scanning SQUID and (a-2) photomicrograph of
the sensor area of the device. Scale bar: 5 µm. Reprinted with permission from Ref. [180].
© 2008, AIP Publishing LLC. (b-1) Schematic illustration of the measurement geometry
and field lines from a in-plane ferromagnetic patch (conceptually shown here as a small bar
magnet) captured in the pickup loop. (b-2) Typical image (data) of a ferromagnetic patch.
Scale bar: 10 µm. (b-3) Fit of the data in (b-2) to a point dipole model, giving a dipole
moment of 7 × 107 µB. Published in Ref. [185].

the magnetic susceptibility of the sample is detected by the pickup loop in a lock-in measure-
ment. Since the magnetometry is a DC measurement, the lock-in technique can separate the
magnetometry and susceptometry signals, enabling simultaneous measurement.

Figure 6.3(b-1) schematically shows the measurement geometry using the scanning SQUID.
A magnetic dipole in the sample (conceptually shown as a small bar magnet) produces local
magnetic fields (dashed lines), which is detected by the pickup loop of the SQUID. Typical
data of a ferromagnetic patch is shown in Fig. 6.3(b-2). The faint tails to the bottom of the
dipole are due to flux captured by the unshielded section of the leads to the pickup loop. By
fitting the data to a point dipole model, we can obtain the dipole moment (7 × 107 µB in this
case), as shown in Fig. 6.3(b-3).

6.2.2 Details of sample growth

The LaAlO3/SrTiO3 samples were fabricated by PLD (Sec. 3.2). Each LaAlO3 film was grown
on a 5×5 mm2 SrTiO3 (001) substrate with a TiO2-terminated surface. Before growth, the sub-
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Fig. 6.4 Typical scanning SQUID images of LaAlO3/SrTiO3 samples taken at 4 K, showing
no ferromagnetic patches for (a) annealed SrTiO3 (no LaAlO3 film) and (b) 2 uc of LaAlO3,
and ferromagnetic patches for (c) 5 uc and (d) 10 uc of LaAlO3. Scale bar: 30 µm. Published
in Ref. [185].

strates were preannealed at Tsub = 950 °C in PO2 = 5 × 10−6 Torr for 30 mins. Following this
anneal, Tsub was reduced to 800 °C and PO2 was increased to 1×10−5 Torr, the film growth con-
ditions. The laser beam was imaged to a rectangular spot of area 3.0 mm2 on the LaAlO3 target
using the zoom stage (Sec. 3.2.1). The laser fluence was 0.7 J/cm2. The LaAlO3 film thickness
(variable) was monitored using the in situ RHEED (Sec. 3.2.4). After growth, the samples were
cooled to room temperature in PO2 = 300 Torr, with a one hour pause at Tsub = 600 °C. The n-
type interface grown in these conditions was confirmed to show electronic properties typically
reported in the literature (Chap. 4; see also Ref. [134]).

6.3 Controlling ferromagnetism and superconductivity

6.3.1 LaAlO3 thickness dependence

An important control parameter for the conductivity at the LaAlO3/SrTiO3 interface is the film
thickness [40, 87, 134]. In particular, the existence of a critical thickness of 3–4 uc required for
conductivity [40] can be interpreted to support the polar discontinuity picture (see Sec. 2.3.3).
Therefore, we first examined the possible effect of the film thickness on ferromagnetism. A
total of 9 LaAlO3/SrTiO3 samples were grown with varying the film thickness in the condi-
tions mentioned above. Another 3 control samples were also prepared: as-received SrTiO3 and
LaAlO3 substrates, and a SrTiO3 substrate pre- and post-annealed in the same conditions for
the LaAlO3/SrTiO3 samples (defined as the 0 uc sample).

Figures 6.4(a)–(d) show representative examples of the magnetic landscapes for four differ-
ent thicknesses of the LaAlO3 layer. The electrically insulating samples (LaAlO3 thickness <
3 uc, Figs. 6.4(a) and (b)) show very small ferromagnetic signal. On the other hand, the con-
ducting samples (LaAlO3 thickness > 3 uc, Figs. 6.4(c) and (d)) show ferromagnetic patches
that are spatially inhomogeneous on a micrometer scale. Most of the dipoles in the conduct-
ing samples lie in plane, with no clear preferential azimuthal orientation. The ferromagnetic



6.3 Controlling ferromagnetism and superconductivity 59

0 2 4 6 8 10 12 14 16
10

-10

10
 -8

10
 -6

10
 -4

S
h

e
e

t 
c
o

n
d

u
c
ta

n
c
e

[s
q

./
Ω

]

T = 300 K

3 1 1 1

6×109

1×1010

5×1010

1×10104×1010

6×1091×109
6×1010

0000

0000

000

0

0

50 µm

5
0

 µ
m

0 2 4 6 8 10 12 14 16

T = 4 K

3 1 1

Normalized

count

0

50%

100%

0 2 4 6 8 10 12 14 16

10
9

10
10

10
11

10
9

10
10

10
11

10
12

9
5

1
3

5

9
6

9
0

7
8

9
4

9
6

1
2

6

7
2

2
2

2

M
o

m
e

n
t 

d
e

n
s
it
y

[µ
B
 m

m
-2

]

µB mm-2

M
o

m
e

n
t 

d
e

n
s
it
y

[µ
B
 m

m
-2

]

LaAlO3 thickness [uc]

(a)

(b)

(c)

(d)

-10 0 10
mφ0

Fig. 6.5 (a) Large area scan at 4 K of the 5 uc sample divided into 50 µm × 50 µm squares,
demonstrating the inhomogeneous distribution of the ferromagnetic patches. The numbers
are the moment density in µB mm−2 in each square. (b) Histograms of the moment densities
for ten samples with varying thickness. For each sample, color indicates the percentage
of squares that have a particular moment density. The number at the top of each column
represents the number of 50 µm squares measured in each sample. (c) Averaged moment
density at 4 K and (d) sheet conductance at 300 K as a function of the LaAlO3 thickness. Off
scale values are marked by an arrow, which includes the number of samples measured for
that thickness. Published in Ref. [185].

patches have a broad range of magnetic moments up to a few times 108 µB with a typical value
around 107 µB.

The LaAlO3/SrTiO3 samples above a critical thickness of about 3 uc showed ferromagnetic
landscapes qualitatively similar to those shown in Figs. 6.4(c) and (d), with strong sample-to-
sample variation. Two of the samples (4 and 7 uc) showed in particular dilute distributions of
magnetic patches. On the other hand, the samples below the critical thickness, as well as the
control samples, showed no detectable ferromagnetic patches.

The spatially heterogeneous distribution of ferromagnetism and sample-to-sample variation
were quantitatively analyzed as follows. The large area scan of each sample was divided into
50 µm × 50 µm squares, and the moment density in each square was calculated, as shown in
Fig. 6.5(a). Using ∼ 100 squares, a histogram of the moment densities were made for each
sample, as shown in Fig. 6.5(b). As seen in the figures, many of the regions have no detected
magnetic moment larger than 2× 105 µB (sensitivity threshold), and the local moment densities
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Fig. 6.6 Scanning SQUID image of a 10 uc p-type (electrically insulating) LaAlO3/SrTiO3

sample at 4 K. Scale bar: 30 µm. Published in Ref. [185].

show a large variation from ∼ 0 to ∼ 1012 µB mm−2.
Figure 6.5(c) shows the large-area averaged moment density in each sample as a function of

LaAlO3 thickness. The data set clearly indicates, despite the strong sample-to-sample variation,
the existence of a critical thickness of 3 uc for the formation of ferromagnetism,*2 which is very
similar to that for conductivity (Fig. 6.5(d), Ref. [40]).

6.3.2 Effect of the interface termination

It has been reported that the interface termination also has a strong impact on the properties of
the LaAlO3/SrTiO3 interface (see Secs. 2.3.1 and 2.3.2). Most notably, the p-type (AlO2/SrO)
interface is electrically insulating, contrasting to the conducting n-type (LaO/TiO2) interface
[10, 72]. This asymmetry also implies that oxygen vacancies and intermixing are not the sole
cause of the conductivity. We thus next examine the possible difference in ferromagnetism
between the n-type and p-type interfaces.

Figure 6.6 shows a magnetometry image of a p-type LaAlO3/SrTiO3 sample with a LaAlO3

thickness of 10 uc, fabricated with one monolayer of SrO inserted in between. It has been
confirmed that the interface is electrically insulating; the room-temperature resistivity is above
our measurement limit (> 10 MΩ). Contrasting to this, the ferromagnetic landscapes in Fig. 6.6
are qualitatively similar to those of the n-type (conducting) samples shown in Figs. 6.4(c) and
(d). The averaged moment density of the p-type sample is estimated to be 6 × 1010 µB mm−2,
comparable to the n-type samples.

*2 The 2.7 uc sample is composed of 2 and 3 uc regions, the latter region likely showing ferromagnetic patches.
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Fig. 6.7 Susceptometry (left) and magnetometry (right) images of the 5 uc LaAlO3/SrTiO3
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6.3.3 Electric field control

The electric field-effect has been applied for the LaAlO3/SrTiO3 interface to control the elec-
tronic properties, in particular with a back-gate geometry using the SrTiO3 substrate as a gate
dielectric [40–42]. Notably, the back gate geometry preserves access to the sample surface by
scanning SQUID, enabling to examine the possible modulation of ferromagnetism with back-
gate voltage.

Figures 6.7(a)–(d) shows susceptometry (left) and magnetometry (right) images of the 5 uc
LaAlO3/SrTiO3 sample with varying gate voltage. The significant change of the susceptibility
(left figures) confirms that back gating does modify superconductivity, as previously probed
by electrical measurements [41]. In particular, no diamagnetic signal is observed with a back-
gate voltage of −70 V [Fig. 6.7(a)], indicating that superconductivity is fully suppressed by
the negative gate voltage. In contrast, the individual ferromagnetic patches are found to be
insensitive to the gate voltage with a constant magnitude and orientation (right figures).
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6.3.4 Discussion

To summarize the observations, magnetism appears only above a threshold LaAlO3 thickness
that is similar to the critical thickness for conductivity. No change in ferromagnetism is ob-
served with SrO insertion or back-gate voltage, which on the other hand strongly modify the
(super)conducting properties. The existence of a critical thickness for ferromagnetism indicates
that a reconstruction driven by the polar discontinuity is likely necessary for the formation of
magnetism. Note that there is a polar discontinuity also at the p-type interface (see Sec. 2.3.2;
Ref. [73]). However, the correlation between ferromagnetism and (super)conductivity is not
strong, indicating that mobile carriers at the interface are not necessary to generate magnetism.
These results suggest that the magnetic moments are localized at the interface, decoupled from
the conduction electrons.

Existence of localized carriers at the LaAlO3/SrTiO3 interface has been indicated both exper-
imentally [174, 190–192] and theoretically [92, 93]. Note that the polar discontinuity picture
expects a sheet carrier density of ≈ 3× 1014 cm−2 (half an electron per unit cell) [73], while the
typical values by transport measurements are about an order of magnitude smaller [40, 87, 134].
Our observation suggest that these localized carriers contribute to the magnetic signal, although
the microscopic origin of the ferromagnetic ordering remains to be explored [193].

6.4 Host of ferromagnetism

6.4.1 Outline of the spectroscopic investigation

It should be noted that scanning SQUID is not a surface sensitive measurement, and it cannot
be fully determined whether the magnetism is really specific to the interface, or arises from
cation/anion defects in the LaAlO3 or SrTiO3, all of which have been theoretically proposed
[176–178, 182–184]. While absence of magnetic moment in the control samples (see Sec. 6.3,
Fig. 6.5 in particular) has likely excluded significant contribution of impurities or defects, direct
information regarding the host of the magnetism has not yet been obtained. Therefore, in order
to further distinguish the theoretical ideas presented, it is of central importance to determine
the microscopic nature of the observed ferromagnetism.

To address this issue, we applied element-specific techniques for this system, namely,
synchrotron based x-ray absorption spectroscopy (XAS), x-ray magnetic circular dichroism
(XMCD), and x-ray absorption linear dichroism (XLD). These measurements can uniquely
determine whether the observed magnetization is from one of the constituent elements or from
extrinsic impurities. All spectra were acquired by recording the total electron yield (TEY).
As the maximum probing depth of TEY is approximately 5–10 nm, these measurements are
surface-sensitive. Also, by measuring the angle dependence of the XMCD signal, which is
proportional to K · M (K is the x-ray propagation vector and M denotes the magnetic mo-
ment), the direction of the magnetic moment can be determined. Moreover, owing to the high
sensitivity of XMCD [194], a very small magnetic moment (∼ 0.005µB/atom) can be detect-
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ed. All spectroscopic experiments were carried out in collaboration with Dr. Jun-Sik Lee and
Prof. Chi-Chang Kao, at beamlines BL 10-1 and 13-1 at the Stanford Synchrotron Radiation
Lightsource.

6.4.2 Titanium dxy ferromagnetism

Probing possible impurities by XAS
Using XAS, possible presence of magnetic impurities in the LaAlO3/SrTiO3 samples was first
examined. In general, ferromagnetic 3d-transition metals (i.e., Cr, Mn, Fe, Co, and Ni) are the
most likely candidates. Therefore, the scanned energy range was set from 560 eV to 890 eV;
the presence of these candidate impurities can be detected via characteristic 2p → 3d dipole
transitions. Figure 6.8 shows the XAS spectra at Cr, Mn, Fe, Co, and Ni L2,3-edges of the 3.3
uc LaAlO3/SrTiO3 sample (identical with that used in the scanning SQUID measurement pre-
sented in Sec. 6.3.1). Note that the signals (upper panel in the figure) via TEY were normalized
by I0 signals (lower panel in the figure).

No spectral features are observed at each L2,3 edges, except in the case of Ni where it shows
a dip near the energy positions corresponding to Ni absorption edges. If such behavior is due to
the sample, the spectral feature should rather be a peak; it was found that the dip is due to the
variation in I0. These measurements thus confirms that the presence of 3d magnetic impurities
in the probing volume of the sample is below the detection limit (∼ 1012 atoms/cm2) of our
experiment.

Host of the magnetism by XMCD
In the absence of extrinsic magnetic impurities, interface ferrmagnetism is likely to originate
from Ti atoms, as theoretically proposed [182, 183]. Therefore, we next performed Ti L2,3-
edges XMCD measurements on the same sample at 10 K with a magnetic field of 0.2 T applied.
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Fig. 6.9 (a) Schematic picture of the experimental configurations for the XMCD measure-
ment. (b) XMCD spectra of the 3.3 uc LaAlO3/SrTiO3 sample for the in-plane geometry
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multiplet calculations (see text and Ref. [195] for details) are also shown. (c) XMCD spectra
for the out-of-plane geometry. The sample was zero-field cooled and measured in a constant
applied field of 0.2 T. Published in Ref. [187].

The experimental geometry is shown in Fig. 6.9(a), where θ is the angle between K and the
sample surface. θ was set at 30° (90°) to optimize the observation of an in-plane (out-of-plane)
magnetic moment.

Figure 6.9(b) shows absorption spectra of the 3.3 uc LaAlO3/SrTiO3 sample for the θ = 30°
geometry, where ρ+ and ρ− represent the parallel and anti-parallel alignment of the magnetiza-
tion direction with the photon helicity vector, respectively. A Ti XMCD signal is clearly seen,
although the dichroism (∆ρ = ρ+ − ρ−) is very weak. The Ti ∆ρ signal completely disappears
for the θ = 90° geometry [Fig. 6.9(c)], indicating that the ferromagnetic Ti moment lie in-plane.
For the in-plane geometry, ∆ρ is ∼ 0.5% of the total absorption signal, which corresponds to
a total magnetic moment of ∼ 0.01–0.1 µB/Ti, with a large error bar mainly originating from
the uncertainty in the detailed distribution of the Ti moments. The magnetic behavior observed
by Ti XMCD is consistent with the scanning SQUID study of the same sample presented in
Sec. 6.3.1, when averaging the observed inhomogeneous dipoles. The total moment estimat-
ed spectroscopically is also within the upper bound of magnetism based on polarized neutron
reflectometry measurements [181].

As the 3d0 configuration of Ti4+ in bulk SrTiO3 cannot generate a ferromagnetic polariza-
tion, the XMCD signal is expected to originate from Ti3+. To confirm this, atomic multiplet
calculations [195] were used to simulate XMCD spectra for the Ti3+ and Ti4+ states. The cal-
culations were performed with 10 Dq = 1.85 eV, Hubbard Udd = 1.5 eV, and charge-transfer
energy ∆ = 1.2 eV for the Ti3+ state under Oh symmetry. The calculated Ti3+ spectrum agrees
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well with the experimental result, as shown in Fig. 6.9(b).

Orbital character
The orbital character of the additional electron in the Ti3+ state was next determined by XMCD
and XLD. Figure 6.10(a) shows XMCD spectra of the 3.3 uc LaAlO3/SrTiO3 sample at the
O K-edge. Note that orbitally-selective magnetic polarization should be present in the oxygen
neighboring the titanium, due to O 2p–Ti 3d hybridization. A clear dichroism feature is ob-
served around 529.2 eV, corresponding to the oxygen bonding with the Ti t2g band, whereas the
eg band feature is around 532.5 eV. Figure 6.10(b) shows XLD spectra of the same sample at
the O K-edge. Using the variation of the XLD signal, the contribution of each orbital character
can be assigned. In particular, the dxy contribution is around 529 eV, just where the O K-edge
dichroism is observed. These observations indicate that the ferromagnetic Ti is associated with
the dxy orbital in the t2g band.

6.4.3 Discussion

Density-functional calculations indicate that the lowest energy state at the LaAlO3/SrTiO3 in-
terface has the dxy orbital character, and strongly confined at the interface, mostly on the first
TiO2 layer [93, 196, 197]. The dxy electrons account for most of the charge in this system, and
due to the strong two-dimensional nature, they are likely to be Anderson localized even with a
small amount of disorder, which is common in two-dimensional systems [198]. The observed
Ti dxy ferromagnetism thus further support the interpretation that these localized carriers con-
tribute to ferromagnetism. However, due to the O 2p–Ti 3d hybridization, a clear delineation
of the source of magnetism between Ti and oxygen cannot fundamentally be made. Theoretical
studies based on a relatively high defect concentration indicate the importance of oxygen vacan-
cies to stabilize ferromagnetic states [177, 178], which may be relevant for the high magnetic
moments observed elsewhere [173], much larger than observed in this study.

Comparing the magnetic properties of samples with different oxygen stoichiometry is thus
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expected to be helpful to further distinguish the theoretical ideas. It should also be useful to
examine whether a larger external field affect the ferromagnetism; it has very recently been pro-
posed that the zero-field spin order is a “spiral,” which has no net magnetization, and the small
and randomly distributed magnetic moments observed by scanning SQUID may be related to
defects that break the spiral structure [184]. The spiral ground state is expected to transform
into a ferromagnetic state with a large enough field applied [184], which is another possibility
to explain the discrepancy in the moment density.

6.5 Conclusion
In summary, we characterized the magnetic properties of the LaAlO3/SrTiO3 heterostructure
using multiple high sensitivity techniques. The correlation between ferromagnetism and (su-
per)conductivity indicated that the localized carriers contribute to magnetism, decoupled from
the itinerant electrons, both of which are likely induced by the polar discontinuity. We found
evidence for in-plane ferromagnetic order at the interface, with Ti dxy orbital character, further
supporting that the localized carriers contribute to ferromagnetism.

While more work is needed to further distinguish between the theories proposed [176–178,
182–184] and to understand what mediates the ferromagnetic interaction, the ferromagnetism
at the interface reported here implies that it likely influences the superconductivity. Exotic
superconducting phenomena may therefore emerge; for example, it is theoretically suggested
that a small, but finite magnetic field can enhance the superconductivity [183], which rather
suppresses in the case of conventional superconductors. A preliminary result to support the
enhancement has already been presented [199], demonstrating a striking example of emergent
phenomena at oxide interfaces.
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Chapter 7

Growth of High-Quality SrMoO3

Thin Films

7.1 Introduction

7.1.1 Comparison with LaAlO3/SrTiO3

In this Chapter, we present fabrication and characterization of high-quality SrMoO3 thin films.
The SrMoO3 thin film is contrasting to the LaAlO3/SrTiO3 heterointerface we have focused
on so far, in the following senses. First, from a fundamental perspective, SrMoO3 is a metal,
whereas LaAlO3 is an insulator and SrTiO3 is a wide-gap semiconductor. The LaAlO3/SrTiO3

interface correspondingly has a relatively low sheet carrier density of ∼ 1013 cm−2, as presented
in the last Chapters. While it is possible to induce more electrons in SrTiO3, for example by
electric field effect [200], it is usually inevitable to simultaneously reduce the electron mobility
(see Sec. 2.2.1, Fig. 2.1(d) in particular), making the system “dirty.” SrMoO3 may provide a
complementary approach to the study on high density and clean regime; its highest conductivity
among perovskite oxides [21] suggests that the high density electrons in this material*1 have a
high mobility particularly at low temperatures.

From a relatively practical perspective, SrMoO3 is much less actively studied compared to
LaAlO3/SrTiO3. This does not mean that SrMoO3 has no fascinating physical property; as
briefly reviewed in Sec. 2.4.1, SrMoO3 has many potential advantages for studying the funda-
mentals of strongly correlated interfaces as well as for device applications. Studies of this mate-
rial are limited rather because of the difficulty in growth of this material that requires extremely
strong reducing conditions [117]. As we have demonstrated the importance of fundamental
growth studies with the LaAlO3/SrTiO3 interface in the last Chapters, this background moti-
vates the development of the fabrication process of SrMoO3 thin films, which should provide
important basis for the more detailed study on this potentially interesting material.

*1 Considering the typical electron density in a metal of ∼ 1022–1023 cm−3 and assuming that the film thickness
can be reduced down to 1 nm, the sheet carrier density is estimated to be ∼ 1015–1016 cm−2.
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7.1.2 Previous studies on SrMoO3

As briefly reviewed in Sec. 2.4.2, SrMo4+O3 can be stabilized only under very low oxygen
partial pressures [117], which makes fabrication of this material difficult. This can also be
understood based on the Ellingham diagram shown in Fig. 7.1, where stable valence states
of Mo are mapped for the simple metal oxide in terms of standard-state Gibbs energy (pro-
portional to oxygen partial pressure) and temperature [201]. The diagram indicates that at
typical growth temperature (∼ 1000 K), Mo4+ can be stabilized in the oxygen pressure range
of ∼ 10−15–10−20 Torr.

In spite of this difficulty, there are still a considerable number of reports on growth and
electrical properties of SrMoO3 in various forms [21, 118–120, 202]. Figure 7.2 summarizes the
temperature dependence of the resistivity of SrMoO3 reported previously, which also include
results of two films grown in this study (details are explained later). Most notably, the resistivity
of the thin films is much higher than that of the bulk single crystal, by almost two orders of
magnitude at low temperature. The residual resistivity ratio, RRR ≡ R(300 K)/R(2 K) (R is the
resistivity),*2 of the thin films is also much smaller, indicating that the quality of the thin films
is degraded compared to the bulk single crystal.*3

In this Chapter, we aim to improve the quality of SrMoO3 thin films by systematically tun-

*2 Residual resistivity in the strict sense is R(0 K), but the absolute zero temperature is impossible to realize.
Therefore, a resistance at low, but finite temperatures (2–10 K) is used in practice, where the resistance has
small temperature dependence and is usually very close to R(0 K).

*3 Since residual resistivity usually increases with the addition of disorder (impurity, crystallographic defects, etc),
larger RRR values indicate better quality. Note that RRR can be a function of film thickness as well, since
surface scattering can also affect the resistivity.
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Details of the films grown in this work are described in Sec. 7.4.

ing the growth parameters. Our main finding is that the interaction of ablated species with
argon (inert gas) is a key growth parameter to simultaneously optimize the conductivity and
the surface flatness. For comparison, the results of the growth in vacuum are first described
in Sec. 7.3, showing the difficulty in the simultaneous optimization of structural and electrical
properties. As presented in Sec. 7.4, the surface flatness is improved by growing the film in
high pressure argon, without affecting the electrical properties. As a result, a SrMoO3 film with
a flat surface and a higher conductivity than reported previously is successfully grown. The re-
sistivity of this film is shown also in Fig. 7.2 (This work(1)). By tuning the growth temperature,
despite the slight degradation in surface flatness, the conductivity is further improved (Fig. 7.2,
this work(2)). In particular, the largest RRR realized is 3.32, significantly larger than the films
grown by other groups previously (< 2.0) [118–120].

7.2 Experimental details
The samples were fabricated by PLD (Sec. 3.2). Each SrMoO3 film was grown on a 5× 5 mm2

(LaAlO3)0.3-(Sr2AlTaO6)0.7 (LSAT) (001) substrate (Shinkosha Co.). The substrates were first
ex situ preannealed at 1000 °C in air for 1 h to facilitate surface diffusion to create an atomically
flat surface. Before growth, the substrates were also in situ preannealed at 900 °C in the base
pressure of the chamber for 30 mins to degas contamination (see also Sec. 3.2.3). The variable
growth parameters were the growth temperature Tg and the argon partial pressure PAr. Unless
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Fig. 7.3 XRD θ–2θ patterns of the ≈ 100 nm SrMoO3 thin films on LSAT (001) grown at
different temperatures in the base pressure, around (a) (002) and (b) (004) reflections.

otherwise indicated, the laser energy was 31 mJ, and the laser beam was imaged to a square
spot of area 4.5 mm2 on the polycrystal SrMoOx target without the zoom stage (see Sec. 3.2.1
for details of the optics). The laser repetition rate was fixed at 1 Hz. The film thickness was
≈ 50 nm, unless otherwise indicated, as measured by AFM.*4 No RHEED oscillation was
observed in any of the growth conditions, preventing in situ calibration of the film thickness.
After growth, the samples were cooled to room temperature in the growth pressure.

The film surface was characterized by in situ RHEED (Sec. 3.2.4) and ex situ AFM (Sec. 3.4),
and the crystal structure by XRD (Sec. 3.3). The transport measurements were carried out in
a PPMS (Sec. 3.5), with a quasi-DC bias current of 100 µA, unless the sample resistance was
too high. Most samples showed high conductivity (raw resistance ∼ 1–10 Ω), but there were
a few films which had somewhat lower conductivity. For those high resistivity samples, the
bias current was limited by the maximum voltage (95 mV) or power (1000 µW). Resistivity
was measured assuming that the samples were homogeneous and current flowed throughout
the film thickness. Note that LSAT is known to be highly insulating even after treated under
extremely strong reducing conditions [161], and thus the contribution of the LSAT substrates
to the transport properties is negligible.

7.3 Growth in vacuum

7.3.1 Growth temperature dependence

We first examined whether the oxygen partial pressure at the base pressure of our chamber
is low enough to stabilize SrMo4+O3. Figure 7.3 shows XRD θ–2θ patterns of ≈ 100 nm
SrMoO3/LSAT (001) samples grown at different temperatures at the base pressure. Clear

*4 The substrate was fastened on the holder with clamps, which blocked deposition and created a step in the film.
The film thickness was estimated by measuring the height of the step.
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Fig. 7.4 AFM surface topography of the SrMoO3 films grown at different temperatures in
the base pressure. (a) Tg = 500 °C, (b) 600 °C, (c) 700 °C, and (d) 800 °C. Height scale
Z = 50 nm for (a)–(c), 100 nm for (d). (e) RMS surface roughness as a function of growth
temperature. Lines are guides to the eye.

single-crystalline and oriented SrMoO3 peaks are observed, indicating that the base pressure
is low enough to stabilize Mo4+, perhaps with the contribution of epitaxial stabilization. Due
to the large thickness and lattice mismatch, the films are partially relaxed, as indicated by the
slight splitting of the peaks, in particular clearly seen in the (004) reflection [Fig. 7.3(b)]. Al-
though the partial relaxation induces a large error bar, the out-of-plane lattice constant of the
SrMoO3 films are estimated to be 4.10 Å (Tg = 800 °C sample) and 4.05 Å (Tg = 600 °C
sample), respectively.

As shown in Fig. 7.3(a), the Tg = 800 °C sample shows a small, but significant diffraction
signal that is clearly different from those of SrMoO3, indicating the existence of secondary
phase. XRD cannot identify what the secondary phase is, however, since only this small (002)-
like peak is observed, which is not consistent with the diffraction patterns of typical candidates
of the secondary phase (SrOx, MoOx, SrMo6+O4). The secondary phase is thus perhaps single
crystalline and has an epitaxial relationship with the perovskite structure, which reduces the
number of the diffraction peaks in the θ–2θ pattern and modifies the pattern from the bulk
reference via strain.

Having confirmed that the reducing conditions (PO2 , Tg) are sufficient to stabilize SrMo4+O3,
more detailed growth temperature dependence of the film structure and the electrical properties
was next investigated. Figures 7.4(a)–(d) show the AFM surface topography of SrMoO3 films
grown at different temperatures in the base pressure of the chamber. All surfaces were found
to be rough, showing island features. As Tg increased, the island size (diameter and height)
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Fig. 7.5 (a) Temperature dependence of the resistivity of the SrMoO3 films grown at differ-
ent temperatures in the base pressure. (b) Residual resistivity ratio as a function of growth
temperature. Lines in (b) are guides to the eye.

also increased, and correspondingly the average surface roughness also increased [Fig. 7.4(e)].
The in situ RHEED patterns showed a consistent trend with this AFM result; the initial two-
dimensional streak pattern of the substrate quickly disappeared at the beginning of growth, and
three-dimensional patterns appeared within ≈ 1 min (corresponding to a nominal film thickness
of ∼ 1.5 nm), with no significant change after that.

Figure 7.5(a) shows the temperature dependence of the resistivity of the films. RRR of the
films is summarized in Fig. 7.5(b). Up to Tg = 750 °C, higher Tg resulted in higher conduc-
tivity and RRR.*5 This trend is consistent with thermodynamical considerations; as seen in the
Ellingham diagram [Fig. 7.1], at fixed PO2 , a thermodynamically stronger reducing condition is
realized at higher Tg, and thus a higher-quality SrMoO3 film can likely be grown. A candidate
of the competing factor which induces the peak at Tg = 750 °C is the degassing of the chamber,
which becomes stronger as Tg increases and correspondingly the whole chamber gets hotter
(see Sec. 3.2.3, Fig. 3.4 in particular).

These results show that the surface flatness and the conductivity of the SrMoO3 films cur-
rently cannot be optimized simultaneously: the former is improved by reducing Tg, while the
latter by increasing. In the following, we examine if they can be simultaneously optimized by
controlling other growth parameters.

*5 As the rough surface prevented a precise thickness evaluation, each resistivity data set may have a nontrivial
systematic error originating from the uncertainty in thickness normalization. Apparently the change of the
resistivity with Tg is slightly random, most likely because of this thickness uncertainty.
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Fig. 7.6 AFM surface topography of the SrMoO3 films grown using different laser fluences
at Tg = 600 °C in the base pressure. (a) 0.5 J/cm2, (b) 1.3 J/cm2, (c) 1.8 J/cm2, and (d)
2.3 J/cm2. (e) RMS surface roughness as a function of laser fluence. Lines are guides to the
eye.

7.3.2 Effect of the laser parameters

As explained in Sec. 4.1.2, the character of the ablating laser is well known in oxides to be
crucial to obtain precisely controlled film stoichiometry, which is very likely to affect the con-
ductivity. The laser fluence also modifies the plume kinetics, which is likely an important
parameter to control the surface roughness. Therefore, we next examine the effect of the laser
fluence on the surface morphology and the conductivity of SrMoO3 films.

Figures 7.6(a)–(d) show AFM surface topography of SrMoO3 films grown at Tg = 600 °C
using different laser fluences. The laser spot sizes were 4.5 mm2 for 0.5 J/cm2 (and 0.7 J/cm2),
3.2 mm2 otherwise.*6 As the fluence is increased, the island size decreases, with holes appear-
ing at the same time. The density of the holes increases with fluence; as a result, the overall film
roughness is not largely improved, as shown in Fig 7.6(e). Note that AFM does not precisely
measure the size and depth of such holes, due to the finite curvature of the probe (see Sec. 3.4),
and thus the depth of the holes might be underestimated.

Figure 7.7(a) shows the temperature dependence of the resistivity of the films. RRR of the
films is summarized in Fig. 7.7(b). The apparently non-monotonic variation of the resistivity

*6 As the controllable range of the laser energy by the variable attenuator (see Sec. 3.2.1 for details of the optics)
was limited, changing the spot size was also necessary to control the fluence in a wide range.
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Fig. 7.7 (a) Temperature dependence of the resistivity of the SrMoO3 films grown using
different laser fluences at Tg = 600 °C in the base pressure. (b) Residual resistivity ratio as a
function of laser fluence. Lines in (b) are guides to the eye.

with the fluence is likely due to the uncertainty in thickness normalization.*7 Except at the
lowest fluence regime, higher fluences result in lower RRR, and the highest RRR is obtained
at a relatively low fluence of 0.7 J/cm2. This trend also shows a weak, but significant anti-
correlation with the surface flatness, which is improved (although not largely) by increasing
the fluence. Therefore, these results again show that in vacuum, the surface flatness and the
conductivity of the SrMoO3 films cannot be simultaneously optimized.

7.4 Growth in argon

7.4.1 Motivation for growth in inert gas

We next examine the possible effect of argon. Argon is an inert gas, and thus it does not
affect the reducing thermodynamic condition required for growth of SrMoO3. Nevertheless,
when the pressure (density) of the argon gas is high, the ablated species are scattered by the
gas molecules before reaching the substrate. Therefore, argon gas pressure is another growth
parameter to modify the plume kinetics and stoichiometry, which are expected to have an ef-
fect on the surface flatness and the conductivity of the SrMoO3 films, possibly enabling the
simultaneous optimization of them.

It should also be noted that argon is known empirically to be effective for growth of some

*7 See Footnote *5.
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Fig. 7.8 AFM surface topography of the SrMoO3 films grown at Tg = 600 °C in different
Ar partial pressures. (a) PAr = 1 × 10−4 Torr, (b) 1 × 10−3 Torr, (c) 3 × 10−3 Torr, and (d)
1 × 10−2 Torr. (e) Same data in (d) displayed in a different height scale. (f) RMS surface
roughness as a function of Ar partial pressure. For clarity, the PAr ∼ 0 sample is plotted at
10−6 Torr. Lines are guides to the eye.

materials. For example, Krockenberger et al. have shown that in order to grow high-quality
Sr2RuO4 films, precise control of oxygen and argon partial pressures is required; the former
alone does not work [203]. Moreover, the effectiveness of argon for growth of SrMoO3 has
already been suggested by Radetinac et al. [120]: they have grown a relatively high-quality
SrMoO3 film in PAr = 1 mTorr, which shows a fairly high conductivity (see Fig. 7.2). As
Radetinac et al. [120] have not explicitly presented the PAr dependence of the film quality, it is
not fully clear whether the plume–ambient gas interaction is really the key; they mention that
rather than argon itself, finite impurities in the gas might be more relevant. Therefore, it is of
central importance to examine PAr dependence, to clarify the reason why argon is effective for
growth of this material.

7.4.2 Effect on the surface morphology

Figures 7.8(a)–(d) show AFM surface topography of SrMoO3 films grown at 600 °C in dif-
ferent PAr. As PAr increased, the island size became smaller, and correspondingly the surface
roughness decreased, as summarized in Fig. 7.8(f). In particular, the film surface grown in the
highest PAr = 10 mTorr was flat in nanometer-scale, although the roughness was still signifi-
cantly larger than the SrMoO3 unit cell height [Fig. 7.8(e)]. Contrasting to the laser parameter
dependence (Sec. 7.3.2), the flat surface showed no obvious holes.
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Fig. 7.9 (a) Temperature dependence of the resistivity of the SrMoO3 films grown at Tg =

600 °C in different Ar partial pressure. (b) Residual resistivity ratio as a function of Ar partial
pressure. For clarity, the PAr ∼ 0 sample is plotted at 10−6 Torr. Lines in (b) are guides to
the eye. (c) Schematic illustration of rough (left) and flat (right) films. Dashed lines denote
the macroscopically averaged thickness (gray) and the electrically effective thickness (red),
respectively.

It should be noted that the effect of argon is significant only above ∼ 1 mTorr: the PAr =

10−4 Torr sample showed a rough surface slightly worse than the PAr ∼ 0 sample [Fig. 7.8(f);
see also Figs. 7.4(b) and 7.8(a)]. The mean free path of the ablated species at PAr = 1 mTorr
is about 55 mm [201], which corresponds to the substrate–target distance in our chamber. This
strongly indicates that the plume–ambient gas interaction, rather than the impurities in the gas,
is important to obtain the flat surface.

7.4.3 Transport properties

Figure 7.9(a) shows the temperature dependence of the resistivity of the films grown in different
PAr. RRR of the films is summarized in Fig. 7.9(b). The transport properties were essentially
not affected by PAr; the decrease of the resistivity is likely because of better normalization of
the film thickness, which is enabled by the flat surfaces achieved. As schematically shown in
Fig. 7.9(c), when the surface is rough, the electrically effective thickness may be smaller than
the macroscopically averaged thickness.

This is contrasting to the films grown in vacuum, which showed a fairly strong anti-
correlation between the surface flatness and the conductivity, as presented in Sec. 7.3. It is
also important to note that the resistivity of the film grown in argon is significantly improved
from the previous reports, as already summarized in Fig. 7.2 (This work(1)). As explained in
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Fig. 7.10 (a) Hall effect of the 40 nm SrMoO3 film grown at Tg = 600 °C in PAr =

10 mTorr. Numbers in parentheses indicate the vertical offset for each data set. (b) Car-
rier density and mobility, evaluated from the Hall effect, as a function of temperature. Lines
in (b) are guides to the eye.

Sec. 7.3.1, when grown in vacuum, higher Tg resulted in higher conductivity in the film. Essen-
tially the same Tg dependence was found also when grown in argon; the SrMoO3 film grown at
Tg = 750 °C in PAr = 10 mTorr showed a little rougher surface (RMS roughness ≈ 2 nm), but
a better conductivity, particularly in terms of the large RRR of 3.32. The conductivity of this
film is also shown in Fig. 7.2 (This work(2)).

Having grown high-quality SrMoO3 thin films which have a flat surface and a high conduc-
tivity, we next characterized the transport properties in more detail. Figure 7.10(a) shows the
Hall effect of the 40 nm thick SrMoO3 film grown at Tg = 600 °C in PAr = 10 mTorr, measured
at different temperatures. The larger noise at 2 K is extrinsic; during this cooldown the system
had a minor problem, and the temperature stability was slightly worse at the lowest tempera-
ture. The Hall resistivity is linear with the magnetic field, contrasting to magnetic materials,
which often show anomalous Hall effects [204]. The linear Hall effect is thus consistent with
the Pauli-paramagnetism of SrMoO3 [107].

The carrier density and the mobility were evaluated from the Hall effect, as summarized in
Fig. 7.10(b). The carrier density was found to be ≈ 1.3 × 1023 cm−3 and have no significant
temperature dependence. This value is about four times larger than 3.19 × 1022 cm−3, which
is expected if two electrons are induced per unit cell.*8 The Hall mobility was found to be

*8 Note that SrMo6+O4 is an insulator [205, 206].
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Fig. 7.11 XRD θ–2θ patterns of the SrMoO3 thin films on LSAT (001) grown at different
temperatures in PAr = 10 mTorr. Shoulders around the film peak of the Tg = 600 °C and
650 °C samples are thickness fringes.

≈ 3.7 cm2V−1s−1 at 2 K. As the resistivity of the film is still considerably higher than the
bulk single crystal particularly at low temperatures (see Fig. 7.2), there probably remains room
to improve the mobility. Using the low temperature resistivity of the bulk single crystal of
≈ 0.35 µΩ cm from Ref. [21], and the carrier density of ≈ 1.3 × 1023 cm−3 obtained in this
study, a mobility of ∼ 140 cm2V−1s−1 is expected to be achievable.

7.4.4 Discussion

Next we discuss the possible reason why the argon gas improves the quality of the SrMoO3

films. As mentioned in Sec. 7.4.2, the existence of a pressure threshold of ∼ 1 mTorr indi-
cates that the scattering between the ablated species and the argon gas is important, as the
corresponding mean free path is close to the substrate–target distance in our chamber. The
scattering modifies the kinetic energy of the ablated species, the expansion of the plume, and
the plume stoichiometry (as certain species may be preferentially more scattered than the oth-
ers) [207, 208]. The changes of the first two parameters are expected to be small at 1 mTorr,
as they become significant when the mean free path is much shorter (scattering occurs much
more frequently) [207, 208]. The stoichiometry modulation by preferential scattering is thus
more likely to be relevant to the quality improvement. More specifically, oxygen stoichiometry
in the plume is perhaps the most critical; considering the similar masses of Sr (88 amu) and Mo
(96 amu), and the much lighter mass of O (16 amu), the Sr/Mo ratio is not likely to be strongly
modulated by argon, but the change of the (Sr +Mo)/O ratio can be significant [209].

Although the conductivity of the SrMoO3 thin films grown in this study is improved com-
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Fig. 7.12 RHEED patterns during growth of SrMoO3 in (a)–(c) the base pressure and (d)–
(f) PAr = 10 mTorr. (a), (d) Before growth, (b), (e) after deposition of ∼ 2 nm and (c), (f)
∼ 50 nm.

pared to those grown by other groups, the low temperature conductivity and RRR are still con-
siderably lower than the bulk single crystal (see Fig. 7.2), indicating that the bulk-equivalent
quality has not been achieved yet. A likely limiting factor is the secondary phase, as briefly
mentioned in Sec. 7.3.1. The secondary phase has been found not to be suppressed by argon:
the XRD θ–2θ patterns [Fig. 7.11] indicates that, when grown at relatively high temperatures,
the SrMoO3 films grown in argon also have the secondary phase. Since the higher temperature
means thermodynamically stronger reducing conditions, the secondary phase could originate
from decomposition of SrMoO3. However, considering that the base pressure of our chamber
has a finite amount of oxygen (see Sec.3.2.3, Fig. 3.4 in particular), this is not so likely; rather,
the degassing of the chamber (impurities) may be more relevant. Identifying the secondary
phase, for example by electron microscopy, is thus of particular importance, which is expected
to give clues on how to suppress the secondary phase formation.

Another possible limiting factor is is the initial three-dimensional growth, likely originating
from the low wettability of SrMoO3 on typical insulating substrates. As shown in Fig 7.12,
the initial two-dimensional streaky RHEED pattern of the substrate [Fig 7.12(a) and (d)]
quickly disappeared, and three-dimensional patterns appeared, both during growth in vacu-
um [Fig 7.12(b)] and in argon [Fig 7.12(e)]. After growth of relatively thick films, the RHEED
pattern did not change in vacuum [Fig 7.12(c)], but became streaky again in argon [Fig 7.12(c)],
consistent with the AFM results. The initial three-dimensional growth has also been observed
by Radetinac et al. [120]. This can be resolved if we find an appropriate buffer material which
has a good wettability both with the substrate and the film [210].

7.5 Conclusion
In summary, we improved the quality of SrMoO3 thin films by optimizing PLD growth condi-
tions. We demonstrated that the plume–ambient gas interaction is a key growth parameter to
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simultaneously realize a high conductivity and a flat surface. High-quality SrMoO3 thin films
were successfully grown which has the highest conductivity among the films reported, which
enabled the Hall effect measurement to evaluate the carrier density and mobility. While the
low temperature mobility was low at this point, much higher mobility could be achieved with
further improvements.

The high-quality films grown in this study should enable a more detailed study on this ma-
terial, possibly by transport measurements under high magnetic fields. Also, the flat surface
indicates that more complex structures than a single-layer thin film can now be grown, which
will shed light on possible device applications using this high conductivity metal. As growth of
many other perovskite oxides requires more oxidizing conditions, the stability of the SrMoO3

films under such oxidizing conditions is an important issue to be further investigated. It has
been demonstrated that epitaxial stabilization and capping layers can prevent excess oxida-
tion of EuTiO3 thin films [211], which also requires extremely strong reducing conditions for
growth. Similar approaches may be available for stabilizing SrMoO3.
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Chapter 8

Summary and Perspectives

Overall summary
Triggered by the discovery of high-temperature superconductivity in cuprates [2], the field
of oxide electronics has been rapidly growing. In this Thesis, in order to construct a more
solid basis for the further development of this field, we aimed to demonstrate the importance
of detailed control of PLD growth parameters for complex oxide heterostructures. Here, we
summarize how this goal was achieved.

In the case of PLD, one of the most common oxide thin film fabrication techniques, it is well
known that the film properties can vary greatly with growth conditions, due to growth induced
defects, especially off-stoichiometry. Therefore, in Chap. 4, we investigated the effect of the
ablating laser parameters on the LaAlO3 cation stoichiometry, structure, and the interfacial
electronic properties of the LaAlO3/SrTiO3 heterointerface, one of the most extensively studied
systems in this field. The La/Al ratio could be varied over a wide range, and was found to have
a strong effect on the interface conductivity. In particular, the carrier density was modulated
over more than two orders of magnitude, following one functional control parameter – the
LaAlO3 lattice constant. These results could be understood to arise from the variations in the
electrostatic boundary conditions, and their resolution, with LaAlO3 stoichiometry.

The wide growth-tunability of the properties of this system motivated further growth opti-
mization to realize low-density high-mobility electron systems, as presented in Chap. 5. The
low-temperature mobility was greatly enhanced by the growth optimization, which enabled
the observation of quantum oscillations under high magnetic fields. Comparison between the
Shubnikov–de Haas oscillations and the Hall effect provided important insights into the com-
plex electronic structure at the interface. In particular, the pulsed magnet measurement sug-
gested the presence of an effective spin degeneracy, and at the lowest density regime, nearly all
of the mobile electrons might be detected via the quantum oscillations.

The growth-tunability was also applied to the study on ferromagnetism in this system, as pre-
sented in Chap. 6. The correlation between magnetic and (super)conducting properties indicat-
ed that interface reconstruction driven by the polar discontinuity is necessary for the formation
of magnetism, but the existence of mobile carriers is not a prerequisite. The element-specific
spectroscopic techniques identified the host of the magnetism as the additional electron in the
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Ti3+ state with the dxy orbital character. These results indicated that the localized carriers con-
tribute to magnetism, decoupled from the itinerant electrons.

Finally, as presented in Chap. 7, we aimed to grow high-quality SrMoO3 thin films, a
contrasting system to the LaAlO3/SrTiO3 heterostructure. By systematically tuning the PLD
growth parameters, the conductivity and the surface flatness were simultaneously optimized,
with the former significantly improved from the previous reports. The interaction of ablated
species with argon (inert gas) was found to be the key growth parameter to improve the film
quality. The high-quality film enabled Hall effect measurements, which quantified the electron
density and mobility of this high conductivity metal in thin film form.

In summary, the sensitivity of growth control by PLD has been found to be crucial for studies
of complex oxide heterostructures. In PLD, thermodynamic conditions (Tg and PO2 ) are not the
only growth parameters, as often reported. Fine details of the ablating laser and ambient gas
environment also greatly modify the film or interface properties, sometimes overwhelming the
effect of the thermodynamic conditions. Although the importance has been demonstrated for
two specific systems in this Thesis, we note that this idea should be applicable in the growth
control to study the novel physical properties in many other complex oxide heterostructures in
general.

Future perspectives
In closing of this Thesis, we note several prospects of possible future research based on this
study. The wide growth-tunability of the properties of the LaAlO3/SrTiO3 heterointerface indi-
cates that we can study novel two-dimensional electron physics using this system. In particular,
as mentioned in the conclusion of Chap. 5, the low-density high-mobility sample fabricated in
this study will in principle enable the observation of the quantum Hall effect. The low density
superconductivity in SrTiO3 [47, 48] suggests that the quantum Hall effect in this system can
be unconventional, as the interplay between these two states is theoretically expected to show
novel emergent phenomena [170]. To reach the extreme quantum limit, where only the lowest
Landau level is occupied, the sheet carrier density n2D ∼ 3 × 1012 cm−2 may be still high.*1

Measurements under very high magnetic fields is thus likely necessary; the 100 T pulsed mag-
net in the National High Magnetic Field Laboratory [212] can be helpful for this possible future
research.

For SrMoO3, as mentioned in the conclusion of Chap. 7, the flat surface achieved in this work
indicates that more complex structures than a single-layer thin film can now be grown, which
will shed light on possible device applications using this high conductivity metal. An obvi-
ous, but fundamental and important example of such structures is probably the SrTiO3/SrMoO3

Schottky junction, as the junctions between SrTiO3 and the other conducting perovskite oxides
have been extensively studied, providing important insights on the materials properties [213–
215]. By measuring the properties of the SrTiO3/SrMoO3 Schottky junction, we will be able
to characterize this high conductivity metal in more detail; most notably, the work function

*1 Each Landau level can accommodate 2.4 × 1010 × B [in T] × Ndeg cm−2 electrons.



83

of SrMoO3 may be obtained. Since SrTiO3 will be highly reduced under the strong reducing
conditions required for growth of SrMoO3, post-annealing treatment is likely necessary. Ex-
amining possible stabilization of SrMoO3 thin films by epitaxy and capping [211] is thus an
important next step for further studying this potentially interesting material.

We hope the results obtained in this work will play an important role as a basis for the study
of complex oxide heterostructures.
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Appendix A

Data Treatment for Hall Effect and
Magnetoresistance Measurements

A.1 DC magnet
As explained in Sec. 3.5, a standard Hall bar geometry was used throughout this thesis. How-
ever, there was a practical problem that Rxx and Rxy cannot be measured independently due to
the inevitable misalignment of the electrodes, as schematically shown in Fig. A.1. Therefore,
in order to extract Rxx and Rxy independently, the raw data of the Hall effect and the magnetore-
sistance measurements were treated as follows (unless otherwise indicated).

Assuming Rxx(B) is an even function and Rxy(B) is an odd function,*1 we can extract Rxx(B)
(Rxy(B)) by symmetrizing (antisymmetrizing) the raw data:

Rxx(B) =
R(raw)

xx (B) + R(raw)
xx (−B)

2
, (A.1)

Rxy(B) =
R(raw)

xy (B) − R(raw)
xy (−B)

2
. (A.2)

I
+

I
−

V
+

V
−

VH

Fig. A.1 Schematic illustration of the practical geometry of electrodes.

*1 This assumption might not be fully valid for the LaAlO3/SrTiO3 interface, which have been found to be fer-
romagnetic at low temperature (see Chap. 6), which can in principle induce hysteresis. It has always been
confirmed that the raw data have no significant hysteresis above noise, indicating that the out-of-plane direction
is the hard axis and/or the small magnetic moments have only a negligible effect on the transport properties.
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Fig. A.2 (a) A set of raw Rxy data. (b) The scheme of linear interpolation to derive a set of
equally-spaced data. (c) Interpolated Rxy data. (d) Antisymmetrized Rxy data derived using
Eq. A.2.

In this calculation, however, we have the second practical problem that the raw data are not
perfectly spaced in magnetic field. For example, the raw data available are often like R(raw)

xx (B =
7.98 T) and R(raw)

xx (B = −8.01 T), with which we cannot derive Rxx(B = 8.00 T). In order to
solve this problem, a set of equally-spaced data was derived by linear-interpolation of the raw
data, as shown in Fig. A.2(b). It was always confirmed that the interpolated data [Fig. A.2(c)]
have no significant difference from the raw data [Fig. A.2(a)], and then the interpolated data
R(int)

xx (B) and R(int)
xy (B) were substituted in Eqs. A.1 and A.2 instead of the raw data to extract

Rxx(B) and Rxy(B) [Fig. A.2(d)].
The sheet carrier density ns and the Hall mobility µH are derived by

ns = −
1

eRH
, (A.3)

µH =
1

ensρs
= −RH

ρs
, (A.4)

where

RH ≡
Rxy(B)

B
(A.5)

is the Hall coefficient and ρs is the sheet resistance. As seen in Fig. A.2(d), the Hall resistance
Rxy(B) is sometimes nonlinear with the magnetic field in the systems investigated, and therefore
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the Hall coefficient is a function of magnetic field. Throughout this thesis, RH was calculated
by linear-fitting of the antisymmetrized data between 0–1 T.

A.2 Pulsed magnet
Compared to the measurement under the DC magnet in the PPMS, the pulsed magnet has a few
additional problems. The first is the electromagnetic induction. Due to the very large dB/dt in
the pulsed magnet, a nontrivial voltage is induced even in a tiny loop of electrodes.

This problem can in principle be avoided by selectively measuring the sample signal using an
AC lock-in technique. However, the AC measurement is practically impossible for the samples
in this study. Since the typical pulse width of the magnet is ∼ 10 msec (see Fig. 5.8 and
Ref. [167]), the practical lower limit of the frequency for the AC measurement is ≈ 30 kHz. Due
to the low density, although with a high mobility, of the samples in this study, this frequency is
already too high to correctly measure the sample properties.*2

Therefore, in this study, a DC bias was applied to the sample, and the contributions of the
electromagnetic induction and the Hall effect (due to the inevitable misalignment of the elec-
trodes, as mentioned above) were subtracted by treating the raw data as follows. The raw
longitudinal voltage can be described as

V (raw)
xx (+B, +I) = +IRxx + IδRxy + Vind,

V (raw)
xx (+B, −I) = −IRxx − IδRxy + Vind,

V (raw)
xx (−B, +I) = +IRxx − IδRxy − Vind,

V (raw)
xx (−B, −I) = −IRxx + IδRxy − Vind,

where I is the bias current, δRxy denotes the finite contribution of the Hall effect, Vind is the elec-
tromagnetically induced voltage, which changes the sign as the polarity of the pulse changes.
Therefore, Rxx can be extracted by

Rxx =
V (raw)

xx (+B, +I) − V (raw)
xx (+B, −I) + V (raw)

xx (−B, +I) − V (raw)
xx (−B, −I)

4I
. (A.6)

Similarly, Rxy can be extracted by

Rxy =
V (raw)

xy (+B, +I) − V (raw)
xy (+B, −I) − V (raw)

xy (−B, +I) + V (raw)
xy (−B, −I)

4I
. (A.7)

As before, equally-spaced data sets derived by linear-interpolation were used for these calcula-
tions.

Figure A.3(a) shows an example of four sets of interpolated*3 Vxx data with different pulse
polarities and bias current directions. The loops correspond to Vind in each shot. Substituting

*2 When a 30 kHz AC bias was applied, the sample response showed a phase shift. M. Kim, private communication
(2012).

*3 For clarity; the number of the raw data points is too large to be displayed here.
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Fig. A.3 (a) Sets of interpolated Vxx data. (b) Symmetrized Rxx data derived using Eq. A.6.
Bias current I = 10 µA.

these data sets in Eq. A.6, the symmetrized Rxx data were extracted, as shown in Fig. A.3(b).
The small, although almost within the noise level, difference between the upsweep and the
downsweep is because of the finite shot-to-shot variation of Vind. As |dB/dt| is smaller during
the downsweep, the effect of Vind is also smaller, and thus the data sets obtained from the
downsweep are always used for further analysis.
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