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Chapter 1

Introduction

1.1 General Introduction

1.1.1 Interfaces in materials

Interfaces, which are formed between two different materials or two different phases,
have many interesting physical properties, such as the formation of quantum wells and
are therefore at the center of attention as subjects for research. Most interface studies
have been done with Si and other semiconductors. Interfaces are widely used by the
semiconductor industry in electronic devices with Si-based transistors being the most
widely used interface-based devices without which present-day life would be difficult
to imagine. However, limitations of size and performance, and the desire to integrate
more functions in microelectronic circuits, have moved interest beyond traditional

semiconductors to other, more versatile materials, such as oxides.

1.1.2 Interfaces in oxide materials

Many of the interesting properties found in oxide materials, especially among the
transition metal oxides, are related to various forms of ordering, such as magnetic order,
charge order or orbital order due to the strongly correlated nature of electrons. Such
correlated electron materials are being studied by many research groups. Oxides have
presented the physics community with surprising and difficult physics problems. For
example, the mechanism of high-temperature superconductivity is still not understood,
more than two decades after the materials were discovered. In addition to problems of
physics, oxides also offer the potential to contribute to be development of new types



Chapter 1 Introduction

of electronic devices. Due to the rich electronic phase diagram of many oxides, it is
likely that some of the phase transitions that are known, can also be used for practical
purposes, for example for data storage or as sensors. For applied work, therefore,
interest has among others focused on oxide materials and heterostructures that exhibit
very large magnetoresistive effects, which may be useful for developing higher-density
magnetic storage devices. However, it has been recognized in recent years that trans-
lating known bulk properties of oxides into actual functioning devices is surprisingly
difficult. The reason for this is partly hinted at by the same richness of electronic
phases that make oxides so attractive in the first place. Small structural or composition
changes can dramatically alter the physical properties of many oxides. Unfortunately
for device design, this also means that the materials are extremely sensitive to defects,
such as oxygen loss or the presence of various crystal defects.

For many device applications of oxides, it is necessary to use thin films. This means
that the effects of interfaces and surfaces have to be considered when material properties
are measured or devices are designed. This work is based on the understanding
that it is practically impossible to grow thin films and oxide heterostructures that
would yield a perfect single-crystal-like structure. This is partly due to the kinetic
nature of thin film growth processes and partly due to intrinsic structural or electronic
reconstruction phenomena that occur at interfaces. It is therefore critically important
to study particular interface structure and account for the additional effects that occur
in these semi two-dimensional structures. In many cases, it is actually appropriate to
view such thin heterostructures or interface regions as separate compounds, where the
properties of the individual materials that make up a heterostructures can only be used
as an approximate guide to the expected properties.

Some spectacular examples of this can be seen among recent works on truly 2-
dimensional oxide heterostructures, e.g. LaAlO; / SrTiO; [1] and Nb doped SrTiO;
/SrTiO; [2]. These works have generated strong interest in interface phenomena in ox-
ides and may provide the guiding light needed to design actual useful oxide electronic
devices in the future.

The appearance of different electronic phases in oxides is often closely related to
the number of carriers in the material [Fig. 1.1] [3]. Various techniques exist to control
the carrier density, with chemical doping being the most common. In addition to
bulk doping, however, there are various other ways to change the carrier density. For
example, field effect, photocarrier injection, charge transfer at interfaces, and nanoscale
carrier confinement. It is therefore very interesting to study the effect of variable carrier
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density on the properties of oxide heterostructure with the aim of controlling electronic
ordering.

Organics, fullerenes,
novel compounds
|

|
|

AF-insulator DU UAF-M CMR-manganites
|

AF-insulator SCH Metal High-T_ copper oxides

_ : Silicony GaAS
Largest polarization reached

by the field effect in oxides

10° 107 10° 0™ 10" 105 n,; (e cm™)

Figure 1.1: Illustration of the zero-temperature behavior of various correlated materials
as a function of sheet charge density ( n12p ). The example for high-T,. superconductors
and for colossal magnetoresistance ( CMR ) manganites reflect YBa,CuzO;_s and (La,
Sr)MnO;, respectively. AF, antiferomagnetic; FM, ferromagnetic; I, insulator; M, metal;
SC, superconductor; FQHE, fractional quantum Hall effect; Wigner, Wigner crystal [3].

1.2 Scope of this thesis

In this study, the focus is on the LaTiO; / SrTiO; system. Recent theoretical works
have shown that this type of heterostructure may support various forms of electronic
ordering [4, 5]. Experimental evidence, however, is still lacking. The aim is to make
the epitaxial oxide interface and study the possibility of tuning the carrier density
and electronic phases in LaTiOs / SrTiO; heterostructures by changing temperature or
applying magnetic or electric fields to have an evidence of existing the various phase
at interface.
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1.3 Outline

The outline of the thesis is the following. In Chapter 2, physical properties
and a brief overview of earlier research on the materials used in this thesis work
are described. Chapter 3 is devoted to the presentation of the main experimental
equipment and techniques for fabricating and characterizing oxide heterostructures.
Chapter 4 contains fabrication details of thin films grown by PLD. In the subsequent
three Chapters, transport measurement results are shown and discussed. Temperature
dependence of transport properties are in Chapter 5. In Chapter 6, resistivity behavior
under magnetic field is presented together with analysis based on the multiple layer
model. Finally, the possibility of conductivity in the SrTiO; capping layer is discussed
in Chapter 7. A brief summary and conclusions can be found in Chapter 8.
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Chapter 2

Physical properties of materials

This Chapter describes the physical properties of materials which were used in
this study. The characteristic properties and earlier research on properties of SrTiO; are
presented in the first section. The second Section is devoted to discussing the properties
of LaTiOs bulk crystals and thin films. After that, a brief summary of other published
work on LaTiOj3 / SrTiOs interfaces is reviewed. At last, the characteristic properties of
two oxide materials which were used as capping layers are discussed.

2.1 SI‘Ti03

SrTiO; is the most popular material as a substrate for growing epitaxial oxide thin
films due to the availability of high quality single crystals and its interesting physical
properties. SrTiOj; has the perovskite crystal structure, which is shown in Fig. 2.1.
The perovskite structure is usually expressed as ABO3;, where A is a rare-earth ion
and B is a transition metal. As many other oxides, the crystal can be viewed as a
repeating sequence of layers, in this case consisting of AO planes and BO, planes.
In spite of this simple structure, in an electronic sense, perovskites form a group of
materials with surprisingly varied properties and complex behavior. Among the best
known properties that have prompted extensive research efforts are supercoductivity,
magnetoresistance, ferroelectricity, etc. Our focus is on perovskites mainly because
the same basic structure allows layers with different compositions in the AO and BO,
layers to be easily combined, forming interesting heterostructures.

Nondoped SrTiO; is an insulator with a wide band gap of 3.2 eV. [1] The basic band
structure is quite simple, as shown in Fig. 2.2. It shows the valence band, which has an
oxygen 2p character and an empty conduction band with titanium 3d character. This
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picture, however, is complicated by ease with which carriers can be doped in SrTiO;,
for example by replacing Ti with Nb [2] or Sr with La [3], by creating oxygen vacancies,
and by field effect. In all of these cases, metallic conductivity appears.[4]. Even slight
doping, in the 10"7cm™ range, can turn the material into a semiconductor, metal or
even a superconductor.[5] This is possible because the Fermi Level of intrinsic SrTiO; is
located close to the bottom of the conduction band. Due to this, slightly doped SrTiO;
shows a metallic phase. Partly because the metallic conduction appears at very low
doping levels, Hall mobility of carriers can be very high, with 10* cm*V~'s™! being com-
mon at low temperature. It is possible to have very high Hall mobility in doped SrTiO;
bulk crystals at low temperature but it is quite difficult to obtain such Hall mobilities
with carriers doped in SrTiO; films or interfaces between oxide materials and SrTiO;
bulk. In recent works, a few research groups have observed the Shubnikov-de Haas
(SdH) oscillations, which is possible only for high Hall mobility 2-dimensional systems,
notably in the LaAlO; / SrTiOj; system [6] and in Nb: SrTiO5 / SrTiO; heterostructures[2].
For these reasons, SrTiO; has attracted a great deal of research effort.

2.2 LaTi03

LaTiOj; is another oxide with a perovskite structure, structurally similar to SrTiOs. Itis
well known that the physical properties of LaTiO, for (3 < x < 3.5) are very sensitive to
the exact oxygen content [7]. the phase diagram of bulk LaTiO3 has been studied quite
well. It is known that LaTiO; shows several different phases, such as semiconducting,
metallic and ferroelectric insulator at room temperature.[7] The lattice parameters also
change with oxygen content in bulk LaTiO, [8]. Moreover LaTiO; is known to be a
Mott insulator containing Ti**, and shows weak ferromagnetism below 140 K when
oxygen contents is between about 3.0 and 3.1 [9]. Slight doping by introducing extra
oxygen causes an immediate disappearance of the Mott gap and results in metallic
conductivity.

When oxygen content in LaTiO, reaches 3.5, electronic properties evolve from a
Mott insulator (Ti**) to a band insulator (Ti*") which can be written as a distinct phase,
La,Ti,O;. La,Ti»O7 has a monoclinic structure and a stable ferroelectric phase [7]. It is
an insulating oxide.

Especially in thin film studies, stoichiometric LaTiOj is difficult to grow because an
extremely reducing atmosphere is needed. During the initial growth stage, the first
few monolayers of LaTiO; can be formed due to a stabilizing effect of epitaxial lattice

10
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o 60
0

Figure 2.1: (a) ABO; perovskite crystal structure, using SrTiO; as an example. SrTiO;
has cubic structure and lattice parameter is ~ 3.905 A. (b ) possible terminating planes
of the (001) surface, in this case A-site is Strontium and B-site is Titanium, ( ¢ ) TiO,-
terminated surface and ( d ) SrO-terminated surface.
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Ti 3d

3.2¢

O2p

Figure 2.2: Band structure of SrTiO;

strain from the SrTiO; substrate. In thicker layers, however, La,Ti,O; phase starts to
form [10].

Moreover, this materials can be doped not only by changing oxygen stoichiometry
but also by substituting Sr onto La sites. Sri_,La,TiO3; shows metallic behavior even for
x = 0.95, as shown in Fig. 2.3 [3] due to filling of the 3d electron conduction band [11].

2.3 LaTiO;3/ SrTiOs3 heterostructure

The physical properties of a Mott insulator LaTiO; and a band insulator SrTiO;, which
have many interesting properties on their own, were introduced in the above sections.
Several groups have also studied the properties of LaTiO3 / SrTiO; heterostructures and
superlattices. The justification is usually to study the electronic state at an interface
between a Mott insulator material and a band insulator material. It has been predicted
and observed that such heterostructures can behaves quite differently from the corre-
sponding bulk materials and may exhibit typical correlated electron properties such as
colossal magnetoresistance.

Based on calculations, Okamoto et al. showed that various ordered phase may
exist in the LaTiOsz / SrTiOs superlattices [Fig. 2.4]. The rich phase diagram is due
to the effect of the large ferroelectric-like distortions of the TiOs octahedra, which

12
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T2 (10* K?)

Figure 2.3: Resistivity of Sr;_,La, TiO; bulk [3]

substantially affect the Ti d-electron density [12]. In addition to magnetic phases, charge
disproportionation, or charge ordering, has been suggested by Pentcheva et al. to occur
at the interfaces of ideal LaTiO; / SrTiO; superlattices [Fig 2.5]. The charge-ordered
phase would avoiding highly charged d° ions being nearest neighbors [13].

In experiments, Ohtomo et al. observed that the distribution of extra electrons can
be seen in a fractional Ti** signal [Fig. 2.6]. It was suggested that the Ti sites exhibit
mixed valence between 3+ and 4+ [14].

These reports have shown the a large difference in physical properties existes be-
tween bulk materials, films, and interfaces, even when the same component materials

are used.
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Figure 2.4: Spin and orbital phase diagram of [LaTiO3], / StTiO; superlattices [12]

Figure 2.5: Charge density distribution of the occupied 3d states in the charge-ordered
TiO, layer [13]
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Figure 2.6: Spatial distribution of the Ti** signal in a the vicinity of the LaTiO; layer
and b bilayer [14]

2.4 CaHng

CaHfO; was used as a capping layer film in some of the heterostructures used in
this study. CaHfO; has an orthorhombic structure with 2 = 0.5719, b = 0.7982, and
¢ = 0.5578 nm. The pseudocubic unit cell has on average a 2.3 % lattice mismatch with
SrTiO; but it can still be grown epitaxially on SrTiO; substrates. For this reason, and
due to its relatively high dielectric constant and wide gap, it has been used as a gate
insulator for field effect transistor [15]. The band gap of CaHfO; is not well defined,
especially in thin films but estimated based on the values published for HfO, put the
gap width above 5eV [16].

15



Chapter 2 Physical properties of materials

2.5 BaTiO;

BaTiOj is another cap layer material used in this work, in addition to CaHfO3; and
SrTiO;. The lattice mismatch with SrTiOj; is approximately 2.4 % in bulk case. When
BaTiO; is grown epitaxially on SrTiO;, it forms a strained film for layer thicknesses
below about 10 nm [17]. BaTiO; has almost the same band-gap as SrTiO; (3.2 eV). The
band gap depends on the composition for compounds where the A site consists of a
mixture of Ba and Sr atoms, Ba,Sr;_,TiO5 [18]
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Chapter 3
Equipment and techniques

This Chapter described the fabrication and the characterization of oxide thin films
used in this study. All oxide thin films were fabricated by pulsed laser deposition
(PLD). Reflection High-Energy Electron Diffraction (RHEED) and a stylus profilometer
(Dektak) were used for estimating the film thickness. The atomic-scale structure of the
surface of the films was analyzed with atomic force microscopy (AFM) and scaning
tunneling microscopy (STM). Conductivity of the films under magnetic field were
measured with a physical property measurement system (PPMS).

3.1 Pulsed laser deposition

3.1.1 PLD instrumentation

There are several techniques that can be used to deposit atomic or molecule
scale layers in vacuum on a solid surface. These can be roughly divided into two
types, chemical vapor deposition (CVD) and physical vapor deposition (PVD). CVD
is a good process for industrial use because it is possible to deposit homogeneous
films on large areas and the deposition rate is fast. In contrast, PVD involves the
formation of a physical vapor in vacuum, such as plasma sputtering or high temperature
vacuum evaporation. It is easy to grow high-quality and multilayer films. Pulsed laser
deposition is the one of the PVD techniques. It is a widely used technique and it
is particularly suitable for growing multi-component and multilayer oxide structures
and high-quality functional oxide films.Moreover, PLD is an efficient thin film growth
technique for oxides, many of which have very high melting points and contain many
different elements in a unit cell. Many oxide studies have been done by growing
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films by PLD. However, the PLD technique is known to have various limitations as
well, especially in terms of experimental reproducibility [1]. The main reason for
this may be the difficulty in reproducing the growth conditions, such as the ablation
laser conditions, the substrate temperature and oxygen pressure etc. Among those
parameters, the ablation laser fluence is found to have a very strong effect on the lattice
constant and crystal structure [2].

In this study, the films were fabricated by the PLD system illustrated in Fig. 3.2.
The PLD system has a pulsed KrF excimer laser with a wavelength of 248 nm and a
pulse duration time of approximately 20 ns (ThinFilmStar, TuiLaser [Fig. 3.3]). The
KrF excimer laser is used to ablate the oxide targets [Fig. 3.4] that may have very
high melting points. The excimer laser light is introduced into the chamber, which
is pumped by a turbo molecular pump (TMP) backed by rotary pumps to achieve a
base pressure below 1 x 107 Torr. The laser enters the vacuum chamber through a
synthetic quartz window and is focused onto the target surface. In order to avoid
fast erosion of the target surface, the targets are continuously scanned by computer-
controlled stepping motors so as to ablate evenly the whole surface of the target. To
control the oxygen stoichiometry of films and kinetic and thermodynamic conditions
during growth, oxygen partial pressure is tuned by leak valves that supply the O, gas
into vacuum.

The substrate was clamped on a sample holder made of stainless steel. Platinum
paste was applied between a substrate crystal and a Ni block which is a part of the
sample holder. The nickel insert was oxidized and absorbs infrared light from a heating
laser. The nickel block effectively diminishes temperature variation over the sample
surface and the platinum paste improves the thermal contact between the substrate
crystal and the nickel block. The substrate-target distance can be chosen according to
experimental needs. In most experiments, a distance of about 54 mm was used. The
chamber also had a set of masks that could be inserted in front of the sample crystal
in order to limit the film growth to a specific region on the substrate surface. The
masks were mounted on computer-controlled linear drives. In this work, the masking
system was used to grow samples with linear film thickness gradients. A diode laser
(A = 808 nm) was used for substrate heating. The substrate temperature was monitored
with an optical pyrometer.

The advantage of using a laser for sample heating is the high maximum temperature
that can be reached (up to 1300°C) and rapid heating/cooling, which is possible due
to the low heat capacity of the sample holder. Laser heating also helps to maintain a
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clean chamber and a low background pressure because the heat source is outside of
the chamber, so miniaturization of the chamber is possible and homogeneous heating

is achieved.

Figure 3.1: Overview of the PLD chamber

3.1.2 Reflection high-energy electron diffraction (RHEED)

The PLD system has a reflection high-energy electron diffraction (RHEED) system
for surface analysis. It is used for in situ monitoring of growth dynamics and for
atomic-level growth control [Fig. 3.5]. A special feature of this RHEED system is the
ability to scan the electron beam across the sample surface under computer control.
The RHEED gun was differentially pumped, and could be used at oxygen pressures of
up to 1 mTorr. The electron beam energy used in this RHEED gun was approximately
25 keV. The electron beam touches the sample at an angle that is typically in the
range of 0.5 to 2.5 degrees. The electron beam is scattered from the sample surface
and forms a diffraction pattern on a phosphor screen. The image is captured with a
high-sensitivity CCD camera and analyzed in real time on an attached computer. The
RHEED patterns on the phosphor screen are very sensitive to the topmost surface of
the material. Moreover during layer-by-layer deposition, oscillations of the RHEED
intensity are observed since the RHEED intensity strongly depends on the surface
roughness. In this growth mode, one layer is essentially completed before material
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Heating laser

Pyrometer

RHEED
Plume RHEED screen
Target
Power meter 02 nozzle

Figure 3.2: Schematic illustration of the PLD apparatus

Figure 3.3: KrF excimer laser
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Figure 3.4: Plume image

is added to the following layer. This periodic variation of the surface morphology
is generally accepted as the reason for RHEED oscillations [3]. In reality, the RHEED
intensity can be strongly affected by other features, for example, the incident angle of the
electron beam changing the phase of the RHEED oscillation dramatically [4]. However,
the number of oscillations can still provide useful information on he thickness of the
films during deposition.

In this study, the number of unit cells deposited for very thin layers was determined
by counting oscillations observed in the RHEED specular beam intensity.

3.2 Measurement of surface properties

3.2.1 Atomic force microscopy

Atomic force microscopy (AFM) is one of the scanning probe microscopy techniques
that is used to measure the surface morphology of samples with a nanometer-scale
accuracy. In this method, the surface height information is obtained by keeping the
force between a sharp tip and the sample surface constant while the tip is scanned in a
raster over the surface. The feedback signal is used to construct a topographic image
of the surface. The functioning of the microscope is illustrated in Fig. 3.6.[5] In a basic
AFM setup, the sharp probe needle has a tip radius of about 10 nm and it is attached
to a flexible cantilever. A piezoelectric drive is used to scan either the tip or the sample
so that the tip can be placed anywhere within a rectangular scan area. The height of
the tip is measured optically, by detecting the deflection of the elastic cantilever as the

23



Chapter 3 Equipment and techniques

(D
M

@) .\l/

3) \\\\\\\v/////J” __\\///~\\\//
EEEEE 4)
EEEEEDEEEEE

(2)
EEEEEEEEEEEEEEEE —
EEEEEEEEEEEEEEEE Deposition time

(4) h/

>

(1) 3)

RHEED intensity

>

Figure 3.5: Schematic surface structures during layer-by-layer growth and RHEED
intensity oscillations as a function of the deposition time

tip moves up or down. The optical detection is done with a segmented photodiode
that can detect both vertical and lateral movement of the reflected light beam, where
the vertical motion is used to determine the height signal and the lateral motion can be
used to construct a simultaneous friction force image. The friction force image is useful
for detecting chemical changes on the surface.

In this study, a SPM9600 (Shimadzu) microscope was used to measure the sample
surface morphology. In order to obtain higher resolution surface morphology informa-
tion, a dynamic force mode (DFM) was used. This is a non-contact measurement mode.
In a DFM measurement, the probe needle is also placed on a flexible cantilever, and
the cantilever is vibrated by external oscillating force. As the AFM needle approaches
the sample surface, the amplitude of the cantilever vibration decreases due to the inter-
action between the needle and the sample. The segmented photodetector detects the
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vibration amplitude, and a horizontal scan is performed while keeping the amplitude
constant. The resolution of the system is determined by the diameter of the tip and it
is routinely possible to achieve a spatial resolution of about 10 nm. A big advantage
of AFM is that the sample does not need to be conducting and therefore it was used to
measure the morphology of all films used in this study.

Photodetector

Laser

Cantilever

ARy
XYZ piezo scanner

Figure 3.6: Schematic illustration of the AFM

3.2.2 Scanning tunneling microscopy (STM)

Scanning tunneling microscopy (STM) is another scanning probe microscopy tech-
nique that is used to measure the atomic scale morphology on a surface. The resolution
of an image is much better than with AFM. For clean surfaces, it is possible to obtain
atomic resolution. The STM is based on the effect of quantum tunneling between atoms
on the tip and surface [Fig. 3.7]. When the conducting tip is brought close enough
to the surface, a bias applied between the tip and the sample can allow electrons to
tunnel between them. Because of this, STM can measure only conductive samples.
A piezoelectric drive is used to keep the constant tunnel current and scan either the
tip or the sample so that the tip can be placed anywhere within a rectangular scan
area. Although an STM can detect even less than 1 pm surface roughness it should be
remembered that an STM measures the electronic density of the surface and can not be
guaranteed to show the actual configuration of atoms on the surface.[5].
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Chapter 3 Equipment and techniques

In this study, the STM measurements were done with the help of Prof. Komori’s
group. For STM measurements, a 0.05 wt.% Nb-doped SrTiO; substrate was used
instead of a normal nondoped SrTiO; crystal.

XYZ piezo actuator

Tip

Tunnel current
Sample surface
00000006060

0000000060

Figure 3.7: Schematic illustration of the STM

3.3 Transport measurements

3.3.1 Resistance and Hall measurement

The resistance and Hall effect were measured by the commonly-used four probe
measurement technique. In some cases, such as gradient samples, where a 4-point
geometry was not practical, 2-point measurements were used. Ohmic contacts to the
samples were made by aluminum wire using ultrasonic wire bonding.

The resistance and Hall voltage measurements of the samples were done at various
temperatures and magnetic fields. To control these conditions, a superconducting
magnet cryostat (Physical Property Measurement System, PPMS : Quantum Design
Inc.) was used. The main measurement conditions in this study were: temperature 5 K
to 300 K and magnetic field 0 T to £5 T. A few measurements were also performed at
lower temperatures, down to 2 K and up to 7 T, also in PPMS [Fig. 3.8].
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Figure 3.8: PPMS

Hall bar shape

Hall bar shapes were formed by a mechanical milling machine (FP-21T : MITS
Electronics Inc.) [Fig. 3.9]. Since it is very easy to induce metallic conductivity
in SrTiO;, it is difficult to find a surface patterning technique that does not result
in extrinsic conduction paths close to a Hall bar. If the Hall bar were formed with
normal lithography technique, SrTiO; substrate would need to be etched, usually by
ion milling. This would result in a conducting surface layer [6]. For avoiding SrTiOs
conductivity, a mechanical milling technique was used. This milling machine allows
cuts to be made with a cutting path width of down to approximately 50 um.

Another important point for measuring Hall effect is the shape of the Hall bar. Two
basic geometries can be used for performing Hall measurements: a bridge or a (usu-
ally)square sample. In the latter case, as long as the electrodes are placed on the edge of
the sample area, any shape can be used, but a symmetric configuration is preferred. The
sample must be free of geometrical holes for contact. A bridge-type specimen needs
extensions out of the bridge for electrode attachment. For other geometries, like the
van der Pauw technique, the contacts should be point contacts located symmetrically
on the periphery. There is always some error in electrode placement and this can af-
tect Hall resistance measurements. To simplify contact placement, most measurements
were done with bridge-shaped samples that had 6 arms [7]. The 6 arm type bridge Hall
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bars were cur in the sample surface by mechanical milling technique [Fig. 3.10].

Figure 3.9: Desk top type milling processing machine : MITS

Figure 3.10: Hall bar on a crystal surface
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Chapter 4
Sample fabrication

This Chapter describes the procedure and details of fabricating the oxide thin films
that were used in this study. Selection of growth conditions is an extremely important
factor for growing films or heterostructures with the desired physical properties. The
PLD technique in general is known for limited experimental reproducibility [1]. The
main reason for this is the difficulty in reproducing the growth conditions. Among the
more difficult parameters to control are the ablation laser conditions, and the substrate
temperature. Other parameters, such as oxygen pressure, are easier to set accurately.
The PLD system used in this study has been designed to allow accurate laser power
density control. Due to this, in the experiments described in this work, the growth
rate is also under accurate control. The largest source of uncertainty is probably the
growth temperature. Most thin film samples, however, were grown at relatively low
temperatures, where substrate temperature deviations are small. While being mindful
of such experimental difficulties, the growth parameters were carefully optimized.

4.1 SrTiO;3/LaTiO;/ SrTiO3; heterostructures

4.1.1 SrTiO; substrate

the thin film samples were grown on 0.2° miscut SrTiO; (100) single crystal substrates
from Shinkosha Co. Ltd. The substrates were chemically etched by the vendor. The
etching process is important, because it leads to surfaces that have atomically flat
terraces and regular single unit cell steps.[2]. Another advantage of etching is that it
helps to control the cation ratio at the surface of the substrate and thus reduces the
variability that would otherwise be seen in the growth of very thin films. Sufficiently
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smooth surfaces are also needed for depositing various oxide materials epitaxially,
because the film quality depends on the surface quality of the substrate. Moreover the
SrTiO; substrate surface by chemical etched were known to have TiO, termination [2].
The SrTiO; substrates as supplied were cleaned in acetone (5 min. ultrasonic agitation)
to remove organic contamination from the surface.

Before deposition, the substrates were annealed at high temperature, typically at
approximately 900 °C for 30 minutes in 10~° Torr of oxygen. High-temperature anneal-
ing can remove contamination form the surface and also produces a smooth surface
with straight step edges due to rapid migration of surface atmos [3, 4] and a regular
terrace structure. The reason for using miscut substrates was to obtain a surface with
regular step spacings. The annealed surfaces are mostly terminated by the TiO, atomic
layer, although some segregates SrO is also present on the surface. [5]

In some cases 0.05 wt% Nb-doped SrTiO; substrate were also used. These substrates
are metallic and can be used, among other things, for STM measurements. LaTiO; thin
tilms with submonolayer coverage were deposited on the Nb-doped SrTiO; substrates
annealed under the same conditions as the nondoped substrates. The growth condi-
tions of the LaTiOs films were also the same as those used for fabricating all the other
samples.

4.1.2 LaTiOs; and SrTiO; deposition

LaTiOs films were deposited on SrTiO; substrates that had been treated as discussed in
the previous Section. It is well known from published data that the physical properties
of LaTiO, (3 < x < 3.5) are very sensitive to the exact oxygen content [6]. The literature
on the growth of LaTiO; is very sparse. Even the synthesis of stoichiometric bulk
LaTiO; is quite difficult, primarily due to the extremely reducing conditions necessary to
stabilize Ti**. Only a few reports on the synthesis of bulk have been published [7]. A few
research groups have reported the growth of LaTiO; films [8, 9] and Shibuya et al.. [10]
have studied LaTiO3 / SrTiO3 superlattice structures grown under low oxygen pressures
of 107° Torr using PLD. Ohtomo et al.. have also reported LaTiO; / SrTiO; superlattice
growth, also at low oxygen partial pressure of 107® Torr [11].

In this work, a sintered La, Ti, Oy target was used. This phase is stable and convenient
for use as an ablation target. The deposition conditions were selected based on earlier
published work on LaTiO; growth [Fig. 4.1][8]. LaTiO; films with an approximate
thickness of 6 unit cells were grown under 10~® Torr oxygen to avoid the formation of the
insulating La, Ti,O; pahse. The excimer laser pulse rate was 2 Hz. Since the purpose was
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to grow films in a layer-by-layer mode, the substrate temperature had to be relatively
low. This also helps to stabilize the LaTiO; pahse. For initial growth test, the substrate
temperature was set at either 500°C, 600°C or 700°C. The growth mode was verified to
be layer-by-layer for all cases based on the time dependence of the RHEED specular
reflection intensity [12]. AFM images of the film surfaces after LaTiO; deposition
on annealed SrTiO; substrates are shown in Fig. 4.2. The surfaces mostly showed a
step-and-terrace morphology, except for the sample grown at 700°C, which showed
the presence of additional island-like features on the surface. This may be caused by
the formation of the La,Ti,O; phase instead of LaTiO; at high temperature. Since the
surface was no longer atomically flat, this growth temperature was not considered
further and 500°C was chosen as the optimal deposition temperature for growing flat
epitaxial LaTiO; films in this study.

All LaTiO; samples were grown at 500°C at an oxygen pressure of 107° Torr and
an ablation laser fluence of 0.4 J/cm?. This resulted in a growth rate of 46 pulses per
unit cell when the laser was operated at 1 Hz. The deposition rate was checked by
counting the number of RHEED specular spot intensity oscillations during growth
and calibrating the growth rate determined from RHEED measurements against film
thickness measurements performed by Dektak for thicker test films.

It is known that Sr vacancies can form in the SrTiO; substrate during high temper-
ature annealing. Additionally, oxygen vacancies can form during film growth, even at
low temperatures. Since oxygen vacancies in SrTiO; work as dopants, donating mobile
carriers, itis necessary to eliminate the oxygen vacancies before the transport properties
of the heterostructures can be measured. To fill the oxygen vacancies created during
LaTiO; deposition, the films were post-annealed in a furnace in air at 400°C for 6 hours.
However, it has been reported that LaTiO; / SrTiO; structures may show insulating
behavior after annealing. It is unlikely that the annealing produces a perfect insulating
LaTiO; phase. In general, it would be expected that Sr segregation in the substrate
would lead to a slight Sr doping of the interface layer. This would be expected to result
in a conducting (La,Sr)TiO; layer at the interface. And the observed insulating behavior
may be caused by two mechanisms: the formation of the La,Ti,O; phase during the
oxidizing post anneal, and the presence of a surface depletion layer that is commonly
observed in thin oxide films.[14] To avoid these problems, an approximately 25 unit
cell thick SrTiO; film was grown on top of the LaTiO; heterostructure as a protective
capping layer [Fig. 4.3] [13]. The final structure thus contains a continuous titanate
perovskite lattice, where only the A site cation is varied between Sr (in the substrate
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and the cap layer) and La (in the interface layer). Since the role of the cap layer was to
protect the heterostructure, it was necessary to suppress conductivity in the cap layer.
To do this, the SrTiO; capping layer was also deposited at 500°C at an oxygen pressure
of 107 Torr. The cap layer was deposited immediately after growing the LaTiO; film,
using the same ablation conditions as for LaTiO; film. The laser fluence for SrTiO;
capping layer deposition was approximately 0.4 J/cm?, giving a growth rate of roughly
28 pulses per SrTiO; unit cell. The laser pulse rate was increased to 2 Hz. It is known
that it is actually very difficult to grow SrTiO; films with bulk-like mobilities. In most
cases, unoptimized growth of SrTiO; leads to films that are flat, but electronically very
dirty. The SrTiO; films grown under the same conditions as LaTiO;, was thus con-
sidered to be a perfect capping layer that would not contribute significantly to the
heterostructure transport properties at low temperature.

Finally after all depositions were done, the films on were post-annealed in air at
400°C for 6 hours.

4.2 CaHfOj; deposition for capping layer

Although the SrTiO; capping layer was grown at conditions that were far from
optimal for SrTiO; growth, the capping layer may still affect the conductivity of the
LaTiO; / SrTiO; substrate interface. Different capping layer materials were therefore
considered. One possibility was to use CaHfOj; films. This material is known to be a
wide-gap insulator and thus cannot be doped to a conducting state by vacancies. Since
CaHfOj3 has been used as a gate insulator for field effect transistor in the same research
group previously, there was also extensive experience in growing CaHfOj; films. It is
known that despite a mismatch of about 2.3 % with SrTiO;, thin CaHfO; layers can still
be grown epitaxially on SrTiO; and the layers are reasonably flat [15, 16].

The CaHfO; cap layers were deposited under several conditions in this study to
get a good insulating capping layer film. First, deposited was attempted under the
same condition as the SrTiO; capping layer, at 500 °C substrate temperature, 10~° Torr
oxygen pressure, and a laser fluence of approximately 0.4 J/cm? at a laser pulse rate of
2 Hz. Under these conditions, there should be no change in the phase of the LaTiO3
layer, as was the case for the growth of SrTiO; capping layer. For comparison, other cap
layer samples was also grown under 10~ Torr and 1073 Torr of oxygen, while keeping
the substrate temperature and laser conditions the same as for SrTiOs.

After deposition, the films were post-annealed in air at 400 °C for 6 hours.
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Figure 4.1: (a): Growth phase diagram in terms of oxygen partial pressure and tem-
perature for 200 nm thick LaTiO; films. (b): Annular dark-field scanning transmission
electron microscope images for La,Ti,O; (a) and (b), and LaTiO; (c) grown on (001)
SrTiO; substrates taken along a SrTiO; [100] zone axis. Inset in (a) depicts a Fourier
transform of the image, and the arrows indicate the tilting twin microstructure of
La,Ti;Oy. Inset in (b) shows a simulated image obtained assuming the bulk structure.
Stacking faults in the La,Ti,O; film are indicated by arrows [8]
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Figure 4.2: AFM surface images of LaTiO; films that were grown at different substrate
temperatures: (a) 500°C, (b) 600°C and (c) 700°C
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Figure 4.3: Resistivity of LaTiOj; films on SrTiO; with SrTiO; capping layer and without
a capping layer [13]

35



Chapter 4 Sample fabrication

4.3 BaTiO; deposition for capping layer

Although the CaHfO; films are insulating and certainly do not contribute to
conductivity, there is still a large mismatch with SrTiO; and additional Ca and Hf
cations are introduced to the heterostructure. In order to maintain a continuous titanate
sublattice and only vary the A-site composition, another insulating material, BaTiO;
was also tried as a capping layer material instead of SrTiO;. BaTiO; has almost the
same band-gap energy as SrTiO;. The lattice mismatch is approximately 2.4 percent,
but it is known that epitaxial and strained BaTiO3 can be grown on SrTiOz up to a
thickness of about 10 nm.[17]

The BaTiOj; cap layers were deposited at 500 °C under 107 Torr of oxygen and at a
laser fluence of 0.4 J/cm?. The growth rate was roughly 26 pulses per BaTiO; unit cell
at a laser pulse rate of 2 Hz. These deposition condition were the same as those used
for the growth of SrTiO; capping layers.

Films were also post-annealed at 400 °C for 6 hours in air after deposition to fill any
oxygen vacancies formed in the films or the SrTiO; substrate.
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Chapter 5

Temperature dependence of
conductivity in LaTiO3 / SrTiO;3

This Chapter describes the conductivity of LaTiO; layers embedded in SrTiO;. The
growth details of the heterostructures were detailed in Chapter 4. Particular attention in
this Chapter is paid to the conductivity of fractional LaTiO; layer embedded in SrTiO;,
similar to the structures that have been proposed to give rise to ordered interface
phases. As the doping layer thickness is reduced below a full unit cell coverage, it is
not necessarily appropriate to consider such fractional layers as continuously doped
quantum wells. Instead, possible spatial segregation, such as island formation, should
also be considered. To address this issue, STM results of fractional LaTiOs layers are
also included in this Chapter.

5.1 Introduction

It is known that there is a possibility of ordered electronic phases appearing at
LaTiO;/SrTiO; interfaces, as discussed in Chapter 2. In addition to the two-dimensional
geometry of a heterostructure, thin films also offer a way to tune the carrier density
continuously within a single sample. It is therefore easier to study low doping level
properties of the La,Sr;_,TiO; system. Due to these reasons, it is interesting to make
La,Sr;_,TiO; films where x varies between 1 and 0 within a single interface layer. The
idea is that a fractional LaTiO3 layer could be deposited on a pre-annealed atomically
flat step-and-terrace SrTiO; substrate. This would result in the formation of a doped
La,Sr;_,TiO; interface layer that has a physical thickness of a single unit cell [Fig. 5.1].
These experiments were also undertaken to determine the doping level where a two-
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dimensional transition to an insulating state would occur on La-doped SrTiOs. A critical
doping level has been observed in earlier work for ultrathin LaTiO; layers by Mihara
et al.. In general, metallic-like behavior was observed close to room temperature,
followed by a sharp transition to an insulating state at temperatures ranging from 10
to 100 K [Fig. 5.2] [1].

The purpose was to map this transition behavior in more detail by using thickness
or coverage-gradient heterostructures.

O SrTiO3 capping
B LaTiO3

B SrTiO3 substrate

La0.2Sr0.8Ti03 La0.5Sr0.5TiO3 LaTiO3

O00000000000000O0 OO000000000000000 OO000000Ooo0ooooo
O00000000000000O0 O000000000000000 O0000000000000000
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EEEEEEEEEEEEEEEE DSESEEEEEEEEEEEEE EEEEEEEEEEENEEEE
EEEEEEEEEEEEEEEE OSEEEENEEEENENEEE NEEEEEEEENEEEEEE

Figure 5.1: Structural cartoon of the assumed structure of fractional LaTiO; layers on

an atomically flat pre-annealed SrTiO; substrate.

5.2 Experiment

The heterostructures were grown by PLD as described in Chapter 3. The SrTiO3 (100)
substrates were annealed at about 1000 °C to obtain flat terraces and approximately
equidistant single unit cell steps. After annealing, a LaTiO; layer was deposited on the
substrate. The growth conditions were shown in Chapter 4. The layer thickness was
determined by monitoring RHEED specular spot intensity oscillations. Fig. 5.3 shows
an example of RHEED intensity behavior during the growth of an approximately
0.4 unit cell LaTiO; layer. An AFM image of 0.5 unit cell LaTiO; layer on SrTiO;
is shown in Fig. 5.4. It should be noted that the AFM image does not differ from
an image of an annealed substrate surface. The AFM measurement was done in a
dynamic force mode, where the phase shift experienced by the AFM tip would show a
different contrast for surface regions that have different terminating chemistries, such
as segregated La-rich islands on a SrTiO; surface. Such features are not visible after
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Figure 5.2: Sheet resistance of an ultra-thin LaTiO; layer on a pre-annealed SrTiO; [1].
The films were un-capped.

the deposition of a fractional LaTiO; layer. Considering that the growth temperature
was relatively low, and looking at the RHEED intensity oscillation data, it is clear that
the fractional LaTiO3 layer corresponds to a classical nucleation layer of a layer-by-
layer growth. The surface would thus be expected to be covered by a large number of
very small, nanometer-scale islands. Since the AFM measurement spatial resolution is
limited by the finite tip radius to about 10 nm, it is clear that such islands would not
be resolved in an AFM image, and thus the “atomically flat" morphology of the surface
in Fig. 5.4 is deceptive. This point will be addressed later, when the AFM image is
compared with a STM scan of a similar surface.

For transport measurement, samples were always postannealed and contact to the
interface layer was made by ultrasonic wire bonding.
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Figure 5.3: RHEED specular intensity oscillation during the initial growth of approxi-
mately 0.4 unit cell LaTiO; layer on a pre-annealed SrTiO; substrate surface.
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Figure 5.4: A cross-section diagram of the expected surface structure of a fractional
LaTiO; layer and an AFM image of an approximately 0.5 unit cell LaTiO; layer on a
pre-annealed SrTiO;. The image was taken before cap layer deposition. Image size is
1 um?.
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5.3 Results and discussion

Result of resistance measurement for a thickness gradient LaTiO; layer sample is
shown in Fig 5.5. By using a moving mask in the deposition chamber during film
growth, a wedge-shaped film was grown on a single SrTiO; substrate. The LaTiO;
layer thickness varied from about 0.1 unit cells on one edge of the substrate to about
2 unit cells on the opposite edge. The LaTiO; was capped with SrTiO; and post-
annealed. By bonding probe wires to different parts of the sample along the LaTiO;
thickness gradient, it was possible to perform 2-point resistance measurements for
different LaTiO; layer thicknesses. The local thickness could be calculated simply from
the bonding wire position, since the LaTiOs layer thickness gradient was linear.

As can be seen in Fig 5.5, films that were thicker than about 0.5 unit cells of LaTiOs3,
showed metallic behavior down to about 10 K. Films thinner than one full monolayer
started to show a slight upturn of resistance at the lowest temperature. A dramatic
upturn and a transition to insulating state was seen for a LaTiOj; thickness of less than
0.4 unit cells of LaTiO3. The upturn occurred at around 50 K for a 0.2 unit cell LaTiOs
layer. It is interesting to note that the high-temperature sheet resistance that separates
the metallic LaTiO; layers from the insulating sample is about 20 k), although it is
possible that this is a coincidence, since this is a 2-point measurement at it may involve
a significant contribution from contact resistance.

In order to understand better the influence of layer morphology on the conductivity
behavior, a separate 0.4 unit cell LaTiOs film sample was grown on a metallic 0.05 wt%
Nb-doped SrTiO; substrate. The Nb-doped substrates are also chemically etched and
annealed. In terms of AFM images, the surface morphology of the Nb-doped substrate
is identical to non-doped crystals.

Fig. 5.6 shows an STM surface image of the 0.4 unit cell LaTiO; layer. The image
shows an ideal fractional LaTiO; layer on SrTiO;, containing homogeneous islands
with a typical height of unit cell, although some apparently higher islands can also be
seen. This surface is equivalent to the surface shown in Fig. 5.4 and it is clear that AFM
images of fractional layers are not reliable for discussing the layer morphology.

Fig. 5.6 (b) shows the height profile of the STM image. The image does not contain
a convenient height calibration feature, like a step edge, but it is clear that some islands
have a larger than unit cell height, as illustrated in Fig. 5.7. The LaTiO; coverage in
the STM image is about 2 times higher than the coverage where a transition to the
insulating state was observed in Fig. 5.5.

Careful observation of the STM image shows that the smallest islands on the surface
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Figure 5.5: Sheet resistance of embedded LaTiOj; layers in SrTiO; as a function of doping
layer thickness. The dotted line corresponds to quantum resistance i1/e* ~ 25.8 kQ).

have a width of about 1 nm. It thus appears that the smallest stable size of a LaTiOj3
island grown at about 500 °C contains 4 to 9 unit cells of LaTiO;.

From the sheet resistance result, it was clear that more than 0.5 unit cell LaTiO3
coverage on SrTiO; resulted in metallic behavior. In contrast, less than 0.5 unit cell
LaTiOj; in SrTiO; showed a metal-insulator transition at about 50 K. The questions thus
arises as to what the conduction mechanism is in the metallic state and what is the
mechanism of the metal insulator transition (MIT). As for the metallic conductivity, the
resistance ratio between 300 K and the minimum resistance point is at most about 20.
This ratio is much lower than that of electron doped SrTiOs, such as the oxygen-deficient
samples, where a resistance ratio of Rspx/Ruk typically exceeds 1000.

Rough estimate of Hall mobility and carrier density for 0.5 unit cell LaTiO3 layer
in SrTiO; at different temperature was shown in Eq. 5.1 and Eq. 5.2. These number
were calculated from Hall coefficient from —1 T to 1 T and sheet resistance at each
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Figure 5.6: (a) STM surface morphology and (b) height profile of a 0.4 unit cell LaTiO;

layer
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Figure 5.7: Unit cell block image of a 0.4 unit cell film based on the observed STM
morphology.
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temperature by

— ]' -2
n= _qRH [em™] (5.1)
=S fm?/V 5] (5.2)
Rs

n: carrier density, g: elementary electric charge, Ry: Hall coefficient and Rs: Sheet
resistance

these equations. From table 5.1, Hall mobility ( uy ) were increasing as decreasing
temperature. Compared with that, carrier density ( 7 ) dropped slightly. It means that
carrier density dropping might cause of MIT.

Temperature 7 (cm™2)  u (cm?/V -s)

50K 29x108 290
20K 2.5 %108 920
10K 2.3x108 1200
5K 22x108 1300
2K 2.2x108 1400

Table 5.1: Rough estimate of Hall mobility and carrier density for 0.5 unit cell LaTiOs
layer in SrTiOj; at different temperature.

Looking at the 0.4 unit cell resistivity data in Fig. 5.5, the sheet resistance appears
to follow an approximate T? dependence below about 200 K, which would be expected
for (La,Sr)TiO; bulk [2] and superlattices [3].

For LaTiO; layer thickness above 1 unit cell, the resistance dependence was nonlin-
ear on the T? scale [Fig. 5.8].

Considering the detached island morphology of the doping layer, the transition
to an insulating state could likely be attributed to a percolative transition, although
further work would be needed to prove this.

Various mechanisms that can result in a resistivity upturn at low temperatures were
considered. One possibility is the Kondo effect, which has been studied metals doped
with magnetic impurities and recently also considered in the case of LaAlO; / SrTiO;
system by Brinkman et al. [4]. The LaTiO; heterostructures may support a magnetic
impurity model if La ions at the interface are responsible for Ti atoms with a single
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unpaired electron in a two-dimensional interface layer. In Kondo effect, the crossover
temperature scale is given by

T
Tets

Rs=aln(=—)+bT*+cT°, (5.3)
where b is related to electron-electron interaction and c to electron-phonon interaction
[4, 5].

An attempt to fit the sheet resistance data Fig. 5.5 with this model did not appear to
produce satisfactory curve shapes close to the minimum resistance point.

Other possibilities include various localization phenomena, such as Anderson local-
ization due to the loss of carrier mobility at the edge of the conduction band. However,
this is an unlikely mechanism due to the high temperature where the conductivity is
lost.

Among other predictions, it would be necessary to consider the effect of defects in
SrTiO; and perhaps, charge ordering. Defects such as Sr vacancies can trap carriers
in SrTiO3[6]. However, if this were the case, it would not result in a sharp loss of
conductivity at an intermediate temperature and would equally affect heterostructures
with larger La coverage. Even when the logRs data in Fig. 5.5 was plotted against (Ti%),
where a linear dependence would suggest three-dimensional variable-range hopping
of localized carriers [Fig. 5.9], no linearity was found [7].

2000 T T T B
1 100K line
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5 |
¢ 1000 - | 7
wa ] . .
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Figure 5.8: Sheet resistance of embedded LaTiO; layers in SrTiO; [Fig. 5.5] is replotted
vs T2,
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Figure 5.9: Temperature dependence of resistivity at 0 T and 14 T for
Srg7Lag3TigsCr20;. The inset shows the plot of p vs (1/T)* [7].

Charge ordering at LaTiO; / SrTiO; interfaces has been predicted.[8] At present,
there is no experimental evidence of a charge-ordered state at the interface.

Since many possibilities for the observed behavior have been suggested, it was
considered that simple resistivity experiments do not yield sufficient data to draw
definite conclusions.

A technically obvious extension of simple transport measurements is to look at the
magnetotransport properties of the heterostructures. Magnetotransport can also be
used to estimate the dimensionality of conduction at the interface. Magnetotransport
results obtained by measuring the low-temperature behavior of metallic samples are
discussed in the next Chapter. An attempt was made to test if the apparent localization
behavior in the insulating samples can be broken by applying an external magnetic
tield, similar behavior to Fig. 5.9. However, regardless of the orientation of the applied
tield, only positive magnetoresistance was seen for a sample where the LaTiO; coverage
was about 0.3 unit cells. The experimental data is shown in Figs. 5.10 and 5.11. The
result is certainly different from the proposed magnetic ordering as has been discussed
for the LaAlO; / SrTiO; interface [4].

One conclusion from the magnetoresistance data is that there appears to be no
anisotropy between the magnetoresistance behavior for the magnetic field applied
either in the in-plane or the out-of-plane direction. The magnetoresistance also persist
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up to 300 K. It is possible that for the nearly insulating sample, conductivity in the
capping layer may contribute to the measurement. Forthe case of metallic films at
low temperature, it is known that the mobility in the capping layer is very low and
conductivity in the cap layer can be safely ignored. For insulating samples, this is not
necessarily true.

5.4 Summary

As a summary of this Chapter, a metal-insulator transition was observed when
the LaTiO; layer thickness in a SrTiOs / LaTiO; / SrTiO; heterostructure was reduced
to below 0.5 unit cells. The LaTiO; thickness was estimated by monitoring RHEED
oscilations. However, the actual deposited amount appeared to be significantly higher
than what was predicted from RHEED measurements when the assumed coverage
was compared to STM images. Several mechanisms that might be responsible for the
MIT were considered but at least there was no clear signature of magnetic or charge

ordering phenomena based on transport measurements.
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Figure 5.10: Resistance of approximately 0.3 unit cell LaTiO; layer in SrTiO; in a
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Figure 5.11: Resistance of approximately 0.3 unit cell LaTiO3 in SrTiO; under a magnetic
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Chapter 6

Transport properties of LaTiO3 / SrTiOg3
in magnetic field

In the previous Chapter, the possibility of localization at LaTiO; interfaces was
discussed. This Chapter is devoted to the discussion of transport properties, mag-
netoresistance and Hall resistance of embedded LaTiO; layers in SrTiO; for LaTiOs
thicknesses above 0.5 unit cells. All of these samples are metallic.

6.1 Introduction

Metallic conductors in an external magnetic field show ceratin characteristic features,
such as magnetoresistance. For ferromagnetic materials, a magnetic field dependent
hysteresis may also be seen. If conductivity is limited to a thin two-dimensional layer
or the measurement temperature is sufficiently low, other phenomena may become
observable, such as various quantum effects, Shubnikov-de Haas oscillations, etc.

Magnetotransport properties of four different metallic LaTiOs heterostructures were
studied. The samples differed by the thickness of the LaTiO; layer. Although the
original aim was to ascertain the origin of the metal insulator transition that was
described in Chapter 5, it became apparent that aspects other than possible interface
ordering need to be understood first. Among these, the thickness of the conducting
layer and the mobility behavior of carriers was of primary interest.

One advantage of measuring magnetotransport in thin heterostructures is the possi-
bility of measuring the thickness and dimensionality of the conducting layer. Current-
carrying electrons moving through a heterostructure in a magnetic field are forced by
the Lorentz force to follow a cycloid path, which increases the chance of scattering and
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Insulator d: Conducting layer thickness
Conducting layer rc: cyclotron radius
Insulator
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Figure 6.1: Illustration of carrier behavior in a magnetic field.

thus the apparent resistance of a sample. For a magnetic field applied perpendicuar to a
heterostructure, the resistance increase would be proportional to the magnetic field and
thus a positive magentoresistance response would be expected. When the magnetic
tield is applied in the plane of the heterostructure, a similar behavior would occur if the
conducting layer is thick enough for the electrons to follow a similar circular path. If,
however, the heterostructure is considerably thinner than the cyclotron motion radius,
this mechanism would not contribute, and the positive magnetoresistance behavior
would vanish or at least be diminished. Since the cyclotron radius is given by

_mou hk

Te = q_B = W’ (6.1)

where m is the effective mass of an electron and v is the velocity of the electron, it is
possible to estimate the cyclotron radius for a given field strength B [Fig. 6.1]. By
comparing the positive magnetoresistance component in the resistance behavior of a
sample, it would thus be possible to say if the effective thickness of a metallic layer
is larger or smaller than the cyclotron radius. By changing the magnetic field, and
thus reducing the cyclotron radius at high fields, it may be possible to measure the
conducting layer thickness if the appearance of positive magnetoresistance is observed
only above a certain critical field strength.
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o

Figure 6.2: Illustration of a Hall bar sample, showing the electrical connections and the
orientation relative to the surface steps.

6.2 Experiment

The heterostructures were grown under the conditions described in Chapter 4. For
magnetoresistance measurement, four samples with different LaTiO; layer thicknesses
embedded in SrTiO; were prepared. Since only metallic samples could be measured,
the minimum LaTiO; layer thickness was 0.5 unit cells. Other samples had LaTiOs
thicknesses of 1, 4, and 10 unit cells. The thickness was estimated by RHEED oscillations
and calibrated agains thick layer deposition rate. The samples were post-annealed in
air after LaTiO; and SrTiO; capping layer deposition to eliminate the effect of oxygen
vacancies in SrTiOs. For all samples, the surface of the SrTiO; capping layer showed
straight steps sand flat terraces, at least when measured by AFM. Hall bars were cut in
the sample surface by mechanical milling as shown in Fig. 6.2. Details of the process
are presented in Chapter 2. Contacts to the Hall bars were made by Al wire bonding
through the SrTiO; capping layer to the embedded LaTiO; layer. In order to check the
effect of surface steps on the transport properties, three Hall bar were milled into each
sample crystal. The step direction on each sample was checked by AFM and the Hall
bars were oriented so that the current flow was either parallel to steps, perpendicular
to steps or at an intermediate 45° angle. The terrace width was approximately 120 nm
for all samples.

The four samples were measured by PPMS, as outlined in Chapter 2. The tempera-
ture dependence of sheet resistance is shown in Fig. 6.3. All samples showed metallic
behavior. This result is qualitatively similar to earlier results obtained by Mihara et al.
[1]. For most samples, magnetoresistance and Hall resistance were measured at 300 K ~
5 K and in the magnetic field range from -5 T to 5 T. In the following discussion, magne-
toresistance is defined as AR (H) / R (0), where AR (H) = R (H) — R (0) for all samples.
Angle dependence of magnetoresistance was measured below 2 K while applying a
magnetic field of 0 ~ 3 T.
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In order to study the effect of carrier density on transport properties independently
of the LaTiO; layer thickness, magnetoresistance and Hall resistance were also mea-
sured for a 10 unit cell sample while applying a back-gate bias. Contact between the
SrTiO; substrate and a copper metal plate was made by silver paste. Leakage current
was less than 1 nA in this system. The source and drain contacts were also made by Al
wire bonding. The current path in the Hall bars was chosen to be parallel to the step
edges, i.e. the current could flow along the terraces without being affected by scattering
at the step edges.
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Figure 6.3: Sheet resistance temperature dependence for different LaTiO; layer thick-
nesses embedded in SrTiO;.

I /D/
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SrTiO3 cap.
LaTiO3
SrTiO3 sub.

L G

Figure 6.4: Measurement geometry used in the back-gated field-effect magnetoresis-
tance measurements.
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6.3 Results and discussion

6.3.1 Out-of-plane magnetoresistance

Magnetoresistance (MR) was measured for different LaTiO; thickness samples while
applying a magnetic field in the out-of-plane direction, perpendicular to the surface
[Fig. 6.5]. As expected, a strong positive MR was seen in all four samples. It is
clear that the slope of the MR curves, which scales with carrier mobility, increased in
samples with a thicker LaTiO; layer. As will be discussed later in this Chapter, all of
these samples show multiple conducting layers, with very high mobility carriers being
present in the SrTiO; substrate. The MR slope dependence can thus be understood as
reflecting the increase of the density of deep high-mobility carriers in the substrate part
of the heterostructure.

From the point of view of observing the presence of a magnetically ordered phase,
as has been suggested for the LaAlO; / SrTiO; heterostructure [Fig. 6.6] [2], it would
be important to look for hysteretic field-dependent resistance curves. In terms of zero-
field resistance, there is at least a superficial resemblance between the lowest carrier
density LaAlO; / SrTiO; interfaces and the LaAlO; / SrTiO; heterostructures in that
both show an upturn of resistance below about 100 K. However, the functional shape
of the resistance is quite different, i.e. the LaTiO; heterostructure do not show a linear
resistance region in a log(T) plot. None of the LaTiO; samples showed any hysteretic
behavior, either in magnetoresistance or Hall resistance data. Although LaTiOs/SrTiOs
superlattices have been considered to possibly show magnetic order [3, 4], the current
data does not appear to support the presence of ferromagnetic order.

It should also be noted that at least for the thinnest LaTiO3 / SrTiO3 heterostructures,
the doping layer would presumably contain a sizeable fraction of Sr cations at the
A-site. For thicker heterostructures, where the LaTiO; layer thickness is 10 unit cells,
the doping layer would consist of nearly pure LaTiO3;. Magnetic effects due to carrier
doping or the presence of oxygen vacancies in Sr,La;_,TiO3 have been studied. It was
reported by Tokura et al. that when almost all Sr is replaced by La, the Ti ions obtain a
formal valence of 3+ with a spin -1/2 local moment [3]. It is not clear, though, how the
bulk results translate to very thin films. The presence of negative magnetoresistance in
SryLa;_,TiO5 has been reported, but only when nearly 20% of the Ti atoms have been
replaced by Cr. For the Cr-doped system, the negative MR behavior was attributed to
a magnetic coupling between the Cr imputity ions, mediated by conduction electrons

[5].
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Figure 6.5: Magnetoresitance for a magnetic field applied in the out of plane direction
tor 0.5, 1, 4, and 10 u.c. LaTiO; layers embedded in SrTiO:s.

(@) , (b)
150 - 19
| g1o
— 100 =5
_ O
] —
. = i -1.0 -05
E% g --- S .
ttm 50 ""-‘-‘. -
‘.l‘ :”' L \I\\Hl E L \I\\HE ~ A :
S EE I N U NI NP B 0 1 10 100
-4 -3 -2 -1 0 1 2 3 4
Temperature (K)

Magnetic field (T)

Figure 6.6: (a) Magnetic hysteresis of LaAlO; / SrTiO; conducting layer. The mag-
netoresistance is independent of field orientation. And (b) temperature dependence
of sheet resistance, Rg, for two conducting interfaces, grown in different oxygen pres-
sure. Th low temperature logarithmic dependences are indicated by dashed lines.
Inset: Four-point differential resistance dV/dl as function of applied voltage, at a con-
stant temperature of 2.0 K (1), 10.0 K (2), 50.0 K (3) and 180.0 K (4) [2].
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Figure 6.7: Temperature dependence of magnetoresistance for an out of plane magnetic
tield for different LaTiOs layer thicknesses in SrTiOs.

Fig. 6.7 shows the temperature dependence of MR for the four samples. With
decreasing temperature, the MR response increased in all samples. The temperature
effect was larger in thicker LaTiO3; samples. The cause for this appears to be the larger
number of carriers that were injected into the SrTiO; substrate from the LaTiO; doping
layers in those samples. High-mobility carriers in the clean SrTiO; crystals would be
expected to show a stronger temperature dependence due to the strongly temperature-
dependent mobility in bulk SrTiO; [6]. The bulk mobility is known to saturate below
about 5 K [Fig. 6.8 (a)]. This effect is also evident in the MR data, with the difference
in the slope of the MR curves becoming smaller between the curves measured at 2 K
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and 5 K than, for example, the 20 K and 50 K curves, although the relative temperature
change is the same. There is also a large drop in the MR amplitude in the 0.5 unit
cell sample. These results show that thinner LaTiO3 layers in SrTiO; do not contain
high-mobility carriers but thicker LaTiO; layer do have high-mobility carrier that are
associated with the SrTiO; substrate, rather than the LaTiO; layer itself [Fig. 6.8 (b)].
This feature will be discussed further in relation to the non-linear Hall resistance.
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Figure 6.8: Temperature dependence of Hall mobility (a) in semiconducting SrTiO;
[6] and (b) La-doped SrTiO; films on SrTiO; (dashed line) and on LaAlO; (solid line)
substrate [7]

6.3.2 In-plane magnetoresistance

When the magnetic field was applied parallel to the film, a large negative MR
was observed in thinner LaTiO; samples. The original assumption, that it would be
possible to determine the effective conducting layer thickness by measuring the mag-
netoresistance response in a parallel magnetic field geometry, proved to be incorrect.
Instead of observing a flat MR curve for low fields, a strong negative response was
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seen, as shown in Fig. 6.9. It was therefore impossible to determine the conducting
layer thickness. This result was already prompted by the measurements done in the
out-of-plane field geometry, since it showed that carriers are distributed deep in the
substrate. It is therefore reasonable to assume that the thickness of the conduction layer
is not a well defined quantity.
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Figure 6.9: Magnetoresitance for an in-plane magnetic field in LaTiO3 heterostructures
with different doping layer thicknesses.

In order to evaluate possible mechanisms that could explain the negative magne-
toresistance, temperature dependence was also measured for the in-plane MR behavior.
The results are summarized in Fig. 6.10. What is obvious from the data, is the different
temperature scale for the negative and positive MR components. The positive MR
survives up to room temperature, although the resistance change becomes smaller at
higher temperatures. The negative component, however, could only be observed at
temperatures below 15 K. It appears from the data that positive MR dominates the
thicker samples, whereas negative MR dominates the behavior in thinner LaTiO; lay-
ers. It may thus be possible to associate this behavior with the type of charge ordering
that has been predicted by Pentcheva et al. [4].

It is obvious that the oxide heterostructures studied here can not be considered
particularly clean systems. Among various impurity scattering studies, a somewhat
similar impurity-related negative magnetoresistance response has been observed by
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Kawaguchi et al. The MR behavior was attributed to conduction electron scattering
from magnetic impurities in a quasi two-dimensional semiconductor [8]. However, the
MR behavior vanished for a magnetic field applied in the plane of the sample and thus
can not be directly applied to the case of LaTiO3; heterostructures.

Regardless of the scattering mechanism that is responsible for the low-temperature
negative magnetoresistance, it is clear that these films were 2 dimensional systems
and definitely not 3 dimensional because of the large difference in the observed trans-
port properties when the applied magnetic field was either normal or parallel to the

heterostructure.
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Figure 6.10: Temperature dependence of in-plane magnetoresitance for different LaTiO5
layer thicknesses in SrTiOs.
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The thickness and temperature dependence data for the negative magnetoresistance
in the LaTiO; / StrTiO; heterostructures appeared to show that the negative MR compo-
nent is related to the LaTiO3 doping layer, whereas the positive component is related
to high-mobility carriers in the SrTiO; substrate. Generally, negative MR behavior in
various impurity-related mechanisms is explained by scattering. Weak localization is
one such mechanism, although it would apply for a measurement geometry where the
magnetic field is applied perpendicular to the surface.

If the assumption that the different MR components originate in different parts of
the heterostructure is true, it should be possible to prove this by artificially increasing
on decreasing the density of scatterers in the interface layer. Since adding impurities
to the system may have other unforeseen consequences, an attempt was made to use
the surface steps of the substrate as additional scatterers in the LaTiO; layer.

For each sample, therefore, Hall bars were cut in three different orientations, per-
pendicular to the steps, at 45° to steps, and parallel to steps, as shown in Fig. 6.11
and Fig. 6.12. Negative MR was only observed when the current was directed along
the terraces, where the additional scattering influence of the steps would be minimal.
In other orientations, the positive MR associated with deep carriers in the substrate,

r \

|

appeared to dominate.

Figure 6.11: Hall bar on sample surface

A model that might explain the contributions of the different conducting layers in
the system is shown in Fig. 6.13. Since the negative MR is strongly dependent on the
direction of current flow relative to surface steps, it appears reasonable to expect that
this component originates at the LaTiO; / SrTiO; substrate interface. Since the strong
positive MR requires relatively high mobility to be visible, it can be assigned to current
in the substrate crystal. The contribution of the capping layer should be quite small.
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Figure 6.12: In plane magnetoresistance of 1, 4, and 10 unit cell LaTiOj; layers in SrTiO;
for three different angles between the current flow direction and the substrate surface
steps. All measurements were done at 5 K.
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Figure 6.13: Illustration of different possible current paths close to the LaTiO3; doping
layer.

6.3.3 Angle dependence

Angle dependence of MR behavior was measured for a geometry where the current
flow was perpendicular to the surface steps and the magnetic field was rotated in a plane
perpendicular to the current flow, as shown in Fig. 6.14. Two heterostructures, with
LaTiO; layer thicknesses of 1 and 4 unit cells were used in these measurements. The
measurement was done in a pumped liquid helium cryostat, giving a temperature of
slightly below 2 K, although due to technical problems, the actual sample temperature
could not be measured. The maximum magnetic field strength was 3 T. The data in
Fig. 6.14 clearly shows that transport in the heterostructures was two-dimensional.
A strong angle-dependent MR change was seen, with a crossover from positive to
negative MR as the magnetic field was rotated from the out-of-plane orientation to the
in-plane orientation, perpendicular to current flow.

The angle dependence was measured by rotating the sample in a constant magnetic
tield of B = 0.6 T [Fig. 6.15]. For both samples, the angle dependence appeared to
follow a simple cosine shape.

R o cos . (6.2)

The angle scans were measured at a low field, where the positive MR component dom-
inates. The angle-dependent resistance change thus mostly reflects the disappearance
of the positive MR component. Since the resistance change follows a simple cosine law,
it can be concluded that the positive MR part is simply proportional to the out-of-plane
magnetic field component.

In thinner samples, where the LaTiO; layer thickness was either 1 or 4 unit cells,
the negative MR behavior dominates and it is thus easier to use these heterostructures
to probe the angle dependence of the negative MR component. The results are shown
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Figure 6.14: In-plane angle-dependent magnetoresistance for (a) 1 unit cell and (b) 4
unit cell LaTiOj3 layers embedded in SrTiO3, measured at slightly below 2 K.
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65



Chapter 6 Transport properties of LaTiO3 / SrTiO; in magnetic field

a=0deg. a=45deg. H —oodeg.

0.0 T T T T H T T T T T T 1
(a a: angle of current and H (b) 0.20 =a: angle of current and H =
0.1 w— Odleg: | OH . === 0deg: | O'H
453969 0.15 |- s 450eg -
0.2 90deg : 1 // H — 0101 90deg: | //H ]
S a2 s -
x -Yor [0
o & 0051 =
< 041 <
0.00 g
_05 -
-0.05
_06 -
1 1
0 5 10 15 20 25 30x10° 0 5 10 15 20 25 30x10°

Magnetic field (Oge) Magnetic field (Oge)
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Figure 6.17: In plane angle dependence of magnetoresitance for embedded LaTiOs
layers below 2 K, (a) 1 unit cell LaTiO; and (b) 4 unit cell LaTiO;, H=60000e.
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in Fig. 6.16. The measurements were done at fields of up to 3 T. For angle dependence
measurement, the field was fixed at B = 0.6 T and rotated from being perpendicular to
current flow (a = 0 degrees) to parallel to current (o« = 90 degrees).

The thinnest sample, where the LaTiO; layer thickness was 1 unit cell, did not show
a large difference in MR behavior as the field was rotated. The angle dependence of
resistance, plotted in Fig. 6.17 (a) showed a cosine law dependence. However, the 4
unit cell LaTiO; sample had a larger angle dependence. The angular dependence of
resistance B = 0.6 T could not be fitted by a simple cosine function. The functional
shape is not particularly distinct, but fitting is possible with a cosine square function.
The line in Fig. 6.17 (b) shows a fit by

R o cos*(a) + cos(a) (6.3)

These measurements appear to show that the magnetoresistance behavior is not
related to a simple Lorentz force mechanisms but that more elaborate scattering mech-
anisms are involved.

Some research groups have reported negative MR, e.g. Herranz et al. showed it
with Shubnikov-de Haas oscillations in LaAlO; / SrTiO; system [9] and Kozuka et al.
observed negative MR in photocarrier-doped SrTiOj3, but that behavior was assigned
to weak localization [10].

Among published data, the most similar experimental result has been recently
reported by Shalom et al. for LaAlO; / SrTiO; interfaces [Fig. 6.18] [11]. In that case,
positive MR was observed when the magnetic field was applied perpendicular to the
film with no hysteresis down to hundreds mK order. Also, large negative MR was seen
for fields applied parallel to the film and current flow. Shalom et al. suggested that
the large negative MR and its strong anisotropy was caused by a magnetically ordered
phase forming at the interface.

The magnetoresistance measurements were shown here leave open the possibility
of a magnetically ordered phase appearing in the heterostructures. A negative re-
sponse is seen in parallel field geometry, which appears to rule out weak localization
mechanisms. Magnetic impurity scattering does not seem to offer a mechanism that
would explain strong anisotropy. However, magnetoresistance itself cannot provide
information on the type of magnetic order that would appear. The present experiments
thus leave this problem open. A significant difference between the LaTiOs heterostruc-
tures and LaAlQO; interfaces is that the LaTiO; system appears to have multiple parallel
conduction layers. This aspect is explained in the next Section.
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Figure 6.18: 8 u.c. LaAlO; film on SrTiO; grown at oxygen pressure of 5 x 10~ Torr.
(a) blue circles: the MR as a function of magnetic field applied perpendicular to the
interface. Red squares are the MR data for field applied along the interface parallel to
the current. (b) The sheet resistance as a function of temperature at zero field ( black
circles ) and at 14 T applied parallel to the current ( red squares ) [11].

6.3.4 Hall resistance

Hall resistance measurements were done with the same four samples as the magne-
toresistance work. The LaTiOj; layer thickness was either 0.5, 1, 4 or 10 unit cells. The
Hall measurements were done in a PPMS in a usual 4 point measurement geometry
using Hall bars cut into the heterostructures by mechanical milling. The process was
described in Chapter 3. The current direction was perpendicular to the step edge.
In addition to measuring carrier densities and mobilities, the purpose was to look for
nonlinearity in Hall resistance, as this had been seen before in SrTiO;-based heterostruc-
tures and has been shown to be caused by the presence multiple parallel conducting
layers with different mobilities.

All LaTiO; heterostructures showed nonlinearity in Hall resistance measurements.
Some representative examples are shown in Fig. 6.19. Similar nonlineraity in Hall resis-
tance has been reported by other research groups, for example for the LaAlO; / SrTiOs
system by Bell et al. [12]. It is also well known for semiconductor systems like

68



Chapter 6 Transport properties of LaTiO3 / SrTiO; in magnetic field

1 I I I [ o]
1001 atio, thickness
mmmm 10U.C.
50 4u.c.
e ] U.C.
”OT = (. 5u.C.
\_;\ 0 | ]
x

| | | | |
40x10°-20 0 20 40

Magnetic field (Oe)

Figure 6.19: Hall resistance of 0.5, 1, 4, and 10 unit cell LaTiO; layers embedded in
SrTiO;, measured at 5 K.

AlInSb / InAsSb quantum wells [13], etc. It is generally interpreted as being a sign
of the presence of multiple conducting layers that carry current in parallel and have
comparable resistances but very different mobilities. The nonlinear behavior was gen-
erally seen at temperatures below 50 K, as shown in Fig. 6.20. It is known that the
mobility of carriers in lightly-doped SrTiO; increases by more than an order of magni-
tude below 50 K and thus carriers transferred into the SrTiO; substrate from the LaTiOs
layers could be responsible for a second, high-moblity conduction path in the otherwise
nondoped and insulating substrate material. For further analysis, multiple conducting
layers were approximated by a two-layer model that includes a high-carrier-density,
low-mobility layer and a low-carrier-density high-mobility layer. These two layers
could, for example, correspond to the LaTiO; layer and perhaps the first monolayer
of SrTiO3;, which would have a high carrier density but likely a rather low mobility
due to the large carrier density. Deeper carriers in the SrTiO; would correspond to the
high-mobility layer in the two-layer model.

Two carrier model

When two types of carriers play comparable roles in conduction, it is possible to
observe nonlinear Hall resistance in some semiconductors, such as GaAs and InAs. The
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thicknesses in SrTiO3;

Hall resistance data of the LaTiO; / SrTiO; heterostructures were fitted by this model

[14].
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where R; is the measured sheet resistance [14]. In the limiting cases of high and weak
magnetic field these would simplify to

(lenl + M22”2)

Ry — 6.6
T e (ulml + palnal)? (66)
for the low field limit and
1
Ra = s m) 6.7)
for the high field limit.

The fitting results generally showed that the mobility of carriers transferred to
SrTiO; dropped as the LaTiO; layer thickness was reduced.

The fitting parameters are listed in Table 6.1 and Table 6.2. The calculated curves
are shown in Fig. 6.21. The fittings were performed without weighting using either a
LabVIEW program developed by Dr. Bell (Table 6.2) or an Igor macro (Table 6.1).

Table 6.1 and Table 6.2 showed fitting results obtained with different initial numbers.
As shown in the Tables, the resulting parameters were slightly different but reproduced
the same trends. Many of the Hall resistance data sets showed only a slight nonlinearity
and it was therefore difficult to perform accurate analysis with fitting ending with large

error margins.

LaTiO; n; (cm™) ty (em? V=g n, L2

05u.c. 33x108+1.2x10" 700 =10 35x 102 +1.2x 10" 2600
luc. 23x108+1.0x10" 2100 + 26 1.1x10% +£1.8x 10" 8100
4uc. 34x108+£1.8x10" 1800 + 40 1.3x 10 +£3.8 x 10! 8000
10u.c. 34x108+£21x10" 3300 + 200 3.0x 1018 +£2.4x 102 11000

Table 6.1: Carrier density and Hall mobility calculated by two carrier fitting for LaTiO;
thickness dependence using an Igor macro.

In order to evaluate the reliability of the fitting results, three of the data sets, cor-
responding to LaTiO; thicknesses of 1, 4, and 10 unit cells, were fitted simultaneously
while using the same n; and u; values for all samples but different n, and u, values.
This model assumed that the carrier density and mobility of the interface layer is the
same for all cases and only the number of deep carriers injected into the SrTiO; substrate
would vary.

Table 6.3 shows the results of the simultaneous fitting procedure. The fitting curve
is shown in Fig. 6.22. However, such a model resulted in SrTiO; mobilities that are
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Figure 6.21: Two-layer fitting for different thicknesses of LaTiO; layers in SrTiOs.

Parameters are listed in Table 6.1.

LaTiO; ny(em™) wy (em? Vs mp(em™) up (em? V'is™)

05u.c. 2.7x108 860 1.7 x 10*2 3300
luc 24x108 2100 9.2 x 10" 9400
4uc 3.8x108 2100 9.4 x 102 9100
10uc 42x108 3500 2.2 %101 13000

Table 6.2: Carrier density and Hall mobility calculated by two carrier fitting for LaTiO;
thickness dependence using a LabVIEW program provided by Dr. Bell.
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higher than 20,000, well above the known values for bulk SrTiO; and are thus unlikely
to be true.

Comparison of this result with the independent fitting results in Table 6.1 can be
used to draw some conclusions regarding the position of the conducting layer in the
heterostructure. It is clear from both procedures that both the number of carriers
and their mobilities increased in the high-mobility layer, reaching the low-temperature
bulk value of about 10,000 cm*V~!s™! for the 10 unit cell LaTiO; layer. This appears
to show that the width of the carrier spread from the LaTiOs; doping layer into SrTiOs
increases with the total number carriers in the doping layer. This behavior appears to
be different from theoretical predictions, which have suggested that beyond a LaTiOs
layer thickness of a few unit cells, the interface region width would not change.

Additionally, the mobility of the low-mobility layer is still quite high and also a
tunction of the LaTiO; layer thickness. It is unlikely that the LaTiO; layer itself could
support mobilities of 2000 to 3000 cm?*V~!s7!. It is thus reasonable to expect that
the "low-mobility” layer corresponds to the first monolayer of SrTiOs;, doped by the
neighboring LaTiOj; layer, as marked with the dashed arrows in Fig. 6.13.

T T
— fitting

R, (Q)

50+

luc.LaTiO; Auc. LaTiOg 10u-c-|LaTiO3|

Magnetic field

Figure 6.22: Hall resistance fitting for Fig. 6.19 with common n; and

Based on the two-layer fitting of the Hall resistance data, fitting of the magnetore-
sistance curves was also performed [15]. The equation used for fitting is

Ap _ (L2 — ph1)*nanapis o B
p0)  (mypy + napin)? + (1 p2B)*(my + 1)’

(6.8)
where parameters were the same as in Eq. 6.4.
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LaTiO; 1y (cm™2) ta (em? Vs, Lo
luc. 24x108+£55x10" 1600 + 170 1.3x 10" +1.0x 102 7800
4 u.c. 2.2x 108 £1.0x 10 6000
10 u.c. 46x108 +£1.1x102 9100

Table 6.3: Carrier density and Hall mobility of Hall resistance in Fig.6.19 calculated by
two carrier fitting.

By using this equation, MR results in Fig. 6.5 were fitted. The fitting result and
parameters are shown in Fig. 6.23 and Table 6.4. Compared with the Hall resistance
titting parameters in Table 6.1, the numbers differed slightly and had larger error
margins but showed the same general trends as was seen in the Hall resistance fitting.
The carrier density for deep carriers in SrTiO; increased with LaTiO; thickness. A
slight increase of carriers at the LaTiO; / SrTiO; interface layer was also observed. The
numerical differences may reflect the difficulty of approximating the carrier distribution
at the LaTiO; interface with a two-layer model, which assumes a sharp boundary
between the two layers. In reality, a gradual drop of carrier density and increase
of mobility should be assumed. Unfortunately, neither the Hall resistance data nor
the magnetoresistance data has sufficient distinct features do statistically justify the
addition of more fitting parameters.

The fitting results can be compared with the predictions made by Okamoto et al.
based on first-principles calculation [3]. Ohtomo et al. have also shown experimental
results for the spread of T#** in SrTiOj; for LaTiO; / SrTiO; superlattices [16]. This carrier
spread limits the dimensionality of the LaTiO; heterostructures.

One possibility of controlling carrier confinement would be to attempt to deplete
carriers from SrTiO; by field effect. Magnetoresistance and Hall resistance behavior
under applied bias field is the subject of the next Section.

6.3.5 Back gate bias

Fig. 6.24, Fig. 6.25 and Fig. 6.28 show the MR behavior under electric field applied
from a back gate electrode for a 10 unit cell LaTiO; sample. A copper plate was used
as a back-gate electrode. Contact to the substrate was made with silver paste. Ohmic
contacts to top electrodes were made by wirebonding Al wires through the capping
layer to the LaTiO; heterostructures. The back-gate leak currents were 1 nA for all Vg
values up to 100 V.
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Figure 6.23: Two-layer fitting for MR for different thicknesses of LaTiO; layers in SrTiOs

LaTiO; thickness 71 (cm™2)

p1 (em? V71s™)  np (em™2)

Lz (cm? V-1 g71)

0.5u.c. 1.5 x 10" 710 44 x 10" 4400
1u.c. 1.1 x10% 1400 9.9 x 1012 13000
4u.c. 1.2x10% 1200 1.1 x 10% 15000
10 u.c. 3.0x 1013 1500 2.6 X108 16000

Table 6.4: Carrier density and Hall mobility calculated by two-carrier fitting for LaTiOj3
thickness dependence of MR in Fig. 6.5. Initial numbers for parameters came from

Table 6.1
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SrTiO; is known for having a very high dielectric constant at low temperature
[17]. Due to the large dielectric constant, it is possible to apply high enough fields for
effective carrier modulation even for a substrate thickness of 0.5 mm. A rough estimate
for carrier density modulation at the interface is 1 to 2 x 10" V- cm™ for 0.5 mm thick
bulk SrTiO; at 10 K or less.

By applying a negative gate bias, it is possible to tune the potential at the interface
[18], depleting high-mobility carriers from the SrTiO; substrate. Indeed, this type of
behavior can be seen in Fig. 6.24. At zero gate bias, a sharp increase of resistance can
be seen with magnetic field. Upon application of a negative gate bias, which would be
expected to deplete carriers from the SrTiO; substrate, the MR slope drops to less than
half at V; = =100 V. This result is consistent with the removal of high-mobility carriers
from the heterostructure. At high negative gate bias, the MR behavior resembles the
magnetic field dependence of resistance seen in thinner LaTiO3; samples [Fig. 6.5] that
had fewer carriers distributed in SrTiO;. By comparing the gating data in Fig. 6.24
and the LaTiO; layer thickness dependence data in Fig. 6.5, it is clear that gating has
the same phenomenological effect as the doping layer thickness change. Due to the
small carrier density modulation amplitude, it is also clear that only the low-density
deep carriers in SrTiO; can be affected. As shown by the Hall resistance and MR field
dependence fitting results, the mobile carrier density in the higly doped region is 10
to 100 times larger than the field-effect modulation. The gating bias cannot therefore
change the highly-doped interface layer carrier density.

A similar conclusion can be drawn from looking at the in-plane magnetoresistance
data in Fig. 6.25. Under zero gate bias, the MR behavior is similar to the data shown
in Fig. 6.12. The in-plane field gating experiments were done in a geometry where the
magnetic field was parallel to the current flow and also parallel to the step edges of
the substrate. The data shown in Fig. 6.12 for a 10 unit cell LaTiO3 sample measured
for current flow parallel to steps shows a small negative MR peak at low fields. This
was not seen for the same sample in the gating experiment likely because the sample
was mounted on a rotator stage and thus it was difficult to guarantee that the sample
was aligned accurately along the field. The data in Fig. 6.25 may thus have a small
out-of-plane MR component.

By applying a -100 V gate bias, the behavior changed from positive MR to showing
a pure negative MR component, comparable to the behavior of the thinnest, 1 unit cell
LaTiO; layer sample under the same measurement geometry, shown in Fig. 6.12. This
is consistent with the assumption that the gating field eliminated the high-mobility
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Figure 6.24: Magnetoresitance for the magnetic field applied out of plane for a 10
unit cell LaTiO; layer embedded in SrTiO; for various negative back gate bias values,
measured at 5 K.

deep carriers from the heterostructure, essentially converting the 10 unit cell LaTiO;
sample to a 1 unit cell LaTiO; case and thus significantly improving the confinement
of carriers in the vicinity of the LaTiO; doping layer in the heterostructure.

A similar experiment has been done by Ngai et al. with a defect-rich Ar-bombarded
SrTiO; surface [19] and Caviglia et al. at the LaAlO; / SrTiO; interace [20]. Both
authors reported the presence of positive MR at low temperature. In the case of
Nagi et al., a crossover from positive to negative MR was also seen [Fig. 6.26], with
explanations being either weak localization or Rashba spin orbit coupling near the
surface, at around Vg ~ —40V. The LaTiO; heterostructures did not show a crossover
to negative MR in out-of-plane measurements and in any case, this would not be
expected, since no signature of weak localization like behavior was seen in thickness
dependence measurements. This may be due to the very high carrier density in the
LaTiO; layer even at Vg = —100 V. In the case of Caviglia et al., the reported MR
behavior is quite similar [Fig. 6.27]. The explanation that Caviglia offered is based
on the assumption that the LaAlO; / SrTiO; interface is affected by Rashba spin-orbit
interaction, which would be caused by the intrinsic asymmetry of the heterostructure.
If the negative MR does indeed originate in the first Sr'TiO; monolayer at the LaTiO; /
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Figure 6.25: In plane field magnetoresitance for a 10 unit cell LaTiO; layer embedded
in SrTiO; under geative back-gate bias at 5 K.

SrTi0O; interface, inversion symmetry for the Ti atoms in that layer would be broken.
There may also be a significant internal field in the heterostructure and possibly the
effective mass of carriers would be a function of distance from the interface, as shown
by the two-layer Hall resistance analysis.

Although the dielectric properties of SrTiO; would be expected to be identical for
the LaTiO; heterostructures used in this work and the LaAlO; interfaces studied by
Caviglia et al., with Ti ions at the interface obtaining a formal valence of close to 3+ with
a spin -1/2 local moment [21] and SrTiO; carrier mobility exceeding 10,000 cm? V! 7!
near the interface[22], there are also differences. Most importantly, the LaAlOj; inter-
faces do not show nonlinear Hall resistance and thus the presence of multiple con-
duction layers has not been considered. While the possibility of Rashba spin-orbit
interaction in LaTiO; / SrTiO; is possible, it is difficult to distinguish the effect from
a simple electrostatic carrier density change in SrTiO; because the conduction of by
carriers in deep SrTiO; might be predominant for the LaTiO; heterostructures.

Based on the gated MR measurements, it was thus not obvious whether negative
MR was caused by spin-orbit effects or not. Further analysis would be necessary and
possibly also a measurement where the angle dependence of the applied magnetic field
can be measured more accurately.

78



Chapter 6 Transport properties of LaTiO3 / SrTiO; in magnetic field

(a) (b) (S
T T T T T ,
~  T=2K 100 = T=2K
H| § .f# v M
2 251 o [ Ooo — g
Y = -'... 9 [ s s Z
0.5mm X201 ..- é’ oL s o 110 z
e | K g E © .
= . ) F oA °
l G151 K 2 N g
STO 5 | K 14 r i N 3
c 4 g [ @
@ 10- . £
2 | .--""""’. 60 M 4 10°
7 E
. L | | T B . L

Vg (Au electrode)

5L
-200

| I I
-100 0 100

Gate Voltage V (V)

200

-200 -100

!
0

100 200

Gate Voltage V_ (V)

(d)
10 |-

AR(H)/R(0) (%)

uoH (T)

+180V
+160V
+140V
+120V
+100V
+80V
+70V
+60V
+50V
+40V
+30V

Figure 6.26: Electrical characterization of Ad-irradiated SrTiO; devices as a function of
V¢ at T=2 K. (a) Schematic of device. (b) Sheet carrier density versus V. (c) Rs and
u versus V. (d) Electric modulation of the MR. A crossover from positive to negative
MR is observed going from high to low u [19].
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Figure 6.27: Magnetoconductance of the LaAlO; / SrTiO; interface under electric and
magnetic fields measured at 1.5 K in perpendicular magnetic field for applied gate
voltages [20].

The Hall resistance was also measured under electric field. The results are shown in
Fig. 6.28. Generally, Hall resistance showed an increase with increasing negative back
gate bias, which would correspond to a reduction of carrier density. The behavior was
qualitatively similar to reducing the thickness of the LaTiO; layer, as shown in Fig. 6.19.

The gated Hall resistance measurement data were also fitted by the two carrier
model, discussed in Section 6.4. The fitting parameters are shown in Table 6.5. Since all
measurements were done with the same heterostructure, and it is impossible to change
the carrier density of the heavily-doped interface layer by gating, the fitting was again
done by assuming a single carrier density/mobility parameter pair, 1, y; for all of bias
values. All hall resistance curves were fitted simultaneously, as shown in Fig. 6.29.

As shown in Table 6.5, the carrier density (11,) and Hall mobility (1) of doped SrTiOs
gradually dropped by increasing the gate bias. Hall mobilities for the deep carriers
were quite high, but still below 10,000 cm*V~'s™ and thus within reasonable range
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Figure 6.28: Hall resistance of a 10 unit cells of LaTiOj; layer in SrTiO; under negative
back gate bias at 5 K.

and similar to the two-layer tanalysis of LaTiO; layer thickness data. The drop of deep
carrier density under bias was thus both qualitatively and quantitatively similar to
reducing the LaTiO; doping layer thickness (Table 6.1). This appears to indicate that
carrier density changes dominate the gating results.

If the gate voltage is switched to positive polarity, carriers would be accumulated in
the Hall bar region. However, unlike the negative bias conditions, the LaTiO; / SrTiO;
superlatttices did not show a big difference in MR behavior when a positive bias was
applied, as shown in Fig. 6.30. This was probably due to the large carrier desity
present in the LaTiO; layer. For the SrTiO; inetrface, the estimated carrier density was
3.3x10" cm™? while the expected field-effect modulation is of the order of 2x 10" cm™2.
While the back-side gate bias can make the potential well at the interface sharper, and
thus limit the distribution of existing carriers in the substrate, it is not possible to
increase the density of carriers by more than about 1 % at the densities present in
these LaTiO3 heterostructures. The situation may be quite different for lower donor-
density systems, like the SrTiO; interface described by Ngai ef al. [19], where carrier
accumulation was apparently seen.

In terms of determining the effective thickness of the heterostructures, comparison
of the thickness dependence of LaTiO; layer with the back gate experiments, it is
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Figure 6.29: Two carrier fitting results according to Eq. 6.4 with identical n; and u; used

for all bias values.

quite clear that carriers exist not only in the LaTiO; layer but also deep in the SrTiO;
substrate. Unless additional confining potential adjustments are made, for example by
applying an electric field, the carrier spread strongly affect the transport properties of

the heterostructures.

Magnetic field

Gate bias 17 (cm™) th (em? Vs n, L

ov 3.3%x 1018 +3.6 x 10" 2200 + 30 3.1x 108 +8.1x10" 8200
-10V 25%x 108 +7.4x 10" 7800
20V 22x108 +£7.1x 10" 7700
-40V 1.7 x 10" + 6.6 x 10" 7300
-60 V 1.3x 1018 £ 6.1 x 10" 6800
-80V 9.7 x 10" + 5.8 x 10" 6800
-100 V 6.3 x 102 £5.7 x 10'' 6000

Table 6.5: Carrier density and Hall mobility of Hall resistance in Fig. 6.28 calculated by

two carrier fitting.
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Figure 6.30: Magnetoresitance of a 10 unit cell of LaTiO; layer under positive back-gate
bias, (a) out-of-plane field, (b) in-plane field, and (c) Hall resistance

6.4 Summary

As a summery for this Chapter, magnetoresistance and Hall resistance were measured
for different LaTiO3; doping layer thicknesses embedded in SrTiO3;. A strong LaTiOs
layer thickness dependence was found for MR of both out of plane and in plane field
directions. The cause for the appearance of negative MR was not determined, although
based on literature references, spin-orbit coupling may be an important contributing
factor, considering the intrinsic asymmetry of the heterostructures. The possibility of
charge or spin order at LaTiO; / SrTiOj; interface, as has been predicted by Pentcheva
et al. [4] cannot be ruled out either, but would require additional experiments to
confirm. For very low LaTiO; coverages, below 1 unit cells, it is also important to
consider percolation effects.

Signatures of ferromagnetic ordering was sought, but no evidence for the existence
of magnetic order, that is non-symmetric field dependence, could be seen in the mag-
netoresistance data. For the lowest doping densities of about 0.3 unit cells of LaTiO3, a
metal-insulator transition was seen, but this loss of conductivity could not be regained
under a magnetic field. [Fig. 5.10 and Fig. 5.11].

Based on the Hall measurements, it was concluded that the LaTiO; / SrTiO; het-
erostructures contain multiple parallel conducting layers with quite different carrier
densities and mobilities. Specifically, the data supports a model where a high-density
/ low-mobility layer exists at the immediate interface, possibly consisting of the first
SrTiO; unit cell layer, as suggested by the dramatic effect of surface step orientation on
the magnetoresistance behavior. Another layer consists of deep high-mobility carriers
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at very low carrier densities in SrTiO;. These carriers can be eliminated by applying
a depleting electric field. A two-layer model was used to analyze the Hall resistance
and magnetoresistance data. Fitting of all data resulted in a consistent model for the
behavior of carriers in these heterostructures. The carrier spread, which distributes
Ti** states deep in SrTiO; may explain Shubnikov-de Haas oscillations were seen at
tields of up to 7 T. The case might be similar to the LaAlO; / SrTiO; system reported by
Siemons et al. [23].

Moreover, tuning the carrier density on the SrTiOj; side of the LaTiO3 / SrTiO; inter-
face by back gate bias, magnetoresistance and Hall resistance showed similar behavior
which could be interpreted as being caused by a reduction of carriers spread into
SrTiOs. It was found that sharpening the confining potential in LaTiOs heterostructure
by electric field is functionally equivalent to reducing the thickness of the LaTiOs layer.
Unlike theoretical predictions of SrTiOs / LaTiOs / SrTiO; heterostructures, it was found
that increasing the LaTiO; layer thickness, even in the 4 to 10 unit cell range, strongly
affect the carrier spread into SrTiO;.
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Chapter 7
Capping layer effect on LaTiO3 / SrTiOg3

The transport properties of LaTiO; / Sr'TiO; heterostructures were discussed in
Chapters 5 and 6. However, a remaining issue is the possibility of conductivity at the
interface between the LaTiO; layer and the SrTiO; capping layer, mostly in the SrTiO;
capping layer itself. The capping layer is necessary to prevent surface depletion effects
from affecting the transport properties of the LaTiO; layer. In this Chapter, conductivity
at the interface between LaTiO; and SrTiO; capping layer and in the capping layer itself
are discussed.

7.1 CaHf03

As was discussed in Chapter 2, CaHfO; is known as wide gap insulator, with a band
gap above 5 eV [1]. Due to its excellent insulator properties, it has been used as gate
insulator in SrTiOs-based field-effect transistors[2].

In order to check the effect of the capping layer on the heterostructure transport,
some samples were prepared where CaHfO; was used as a capping layer instead of
SrTiOs. As a first step, a CaHfO3 capping layer was grown directly on a clean SrTiO;
surface. The resistance of a 25 unit cell thick CaHfOj; layer on a pre-annealed SrTiO;
substrate is shown in Fig. 7.1. The CaHfO; film was deposited under 10~° Torr of
oxygen. The substrate temperature was 500 °C, which is the same growth temperature
and pressure as was used for SrTiO; capping layers. As expected, the as-deposited
CaHfO; / SrTiO; film showed a metallic resistance behavior before post-annealing. The
large resistance ration between 300 K and 4 K resistances shows that the conductivity
is due to oxygen vacancies doping the surface layer of the SrTiO; substrate. Indeed,
after post-annealing, the resistivity behavior changed completely, and an insulating
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temperature dependence was seen instead. It is interesting that there was still an initial
drop of resistance down to about 100 K before a sharp upturn was seen. This is likely
due to an insufficient annealing time and the relatively large thickness of the insulator
layer. It is known that a CaHfO; film is an excellent oxygen diffusion barrier, so it is
difficult to fully oxygenate the underlying interface by air annealing, even at 400 °C.

One way to solve this problem is to grow the CaHfOj; at a higher oxygen pressure,
thereby reducing the density of oxygen vacancies that form in the SrTIO; substrate
during film growth. Following the example of earlier FET work, CaHfO; cap layer
films were grown at 7 X 107° Torr of oxygen but still at 500 °C. For CaHfOj; films
grown under similar conditions, insulating behavior has been seen before. Fig. 7.2
shows the resistance behavior of approximately 25 unit cell thick CaHfOj; film grown
at 7 x 107 Torr on top of a 1 unit cell LaTiO; / SrTiO; heterostructure. Surprisingly, the
resistance behavior was insulating. Even when the thickness of the LaTiO; layer was
increased to well above 1 unit cell, the resistance behaved remained insulating. This
may be caused by band bending at the interface [Fig. 7.3] or change of the LaTiO; phase
to an insulator. Experiments by hard-xray photoemission angle profiling are planned
to find an answer to this problem.

It is interesting to note that the number of dopands introduced at the interface for a
1u.c. LaTiO; layer is similar to what has been proposed for the LaAlO; / SrTiO; system.
The band gap of CaHfOj is similar to LaAlO;. Since CaHfO; is a 2/4 oxide, i.e. Cais in
2+ state and Hf is in 4+ state, there is no polarity change at this interface. It is therefore
an open question why the LaAlO; / SrTiO; interface supports metallic conductivity,
while the CaHfO; / LaTiO; / SrTiO; system does not, even for thick LaTiO; layers.

7.2 BaTi03

As shown in the previous section, CaHfO3; had a strong effect on the transport
properties, and presumably the band structure of the LaTiO; / SrTiO; heterostructure.
Another attempt was therefore made to find another capping layer material that would
have a narrower band gap and would not affect the heterostructure as much as CaHfO;
did.

Another simple choice was to use BaTiOj; as capping layer. The physical properties
of BaTiO; have been presented in in Chapter 2. BaTiO; has a similar band gap to SrTiO;
and it has the additional advantage that it does not break the B-site titania sublattice.

As before, an approximately 25 unit cell thick capping layer was grown. The
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thickness was estimated from RHEED oscillations and separate deposition rate mea-
surements. BaTiO; was grown on SrTiO; under at 10~° Torr of oxygen and 500 °C. The
growth conditions were the same as for SrTiO; capping layer to preserve the LaTiO;
phase. These samples also showed an insulating behavior, even though the cap layer
was grown at a relatively low temperature and low oxygen pressure. Then, BaTiO; was
deposited on a 1 unit cell LaTiO; / SrTiO; heterostructure. The final film still showed
an insulator behavior, which was unexpected.

An appropriate answer why heterostructure conductivity was lost is not yet avail-
able. It is clear from the very high mobilities observed in the LaTiO; / SrTiO; system
that the contribution of the cap layer is minor, if it is detectable at all. the solution to
this problem will hopefully be found once the photoemission data for these samples
becomes available.

7.3 Summary

The effect of CaHfO; and BaTiO; capping layers on the transport properties of
LaTiOj3 / SrTiO; heterostructures was studied. In both cases, an unexpected insulating
behavior was observed. For CaHfOj3 this may be due to large band offsets, considering
the ~ 5.5 eV band gap of CaHfO;.

In order to select another nonconducting but narrower gap cap layer material, a
BaTiO; cap layer was grown on a LaTiO; / SrTiO; heterostructure. Regardless of the
thickness of the LaTiO; layer, the BaTiO; / LaTiO;5 / SrTiO; heterostructures showed
insulating behavior. The contribution of the SrTiO; capping layer to the conductivity
of the heterostructures thus remains an open question. however, the capping layer
material tests opened up new interesting questions regarding the conductivity of an in-
terface between SrTiO; and a wide-gap insulator, even when the interface is deliberately
doped with La, which would normally introduce carriers into SrTiO;.
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Figure 7.1: Temperature dependence of resistance for a 25 unit cell CaHfO; capping
layer grown directly on a pre-annealed SrTiO; after deposition and after post-annealing
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Figure 7.2: Temperature dependence of resistance of a 25 unit cell CaHfO; capping
layer on a 1 unit cell LaTiO; / SrTiO; heterostructure.
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Figure 7.3: Illustration of possible band bending in a CaHfO3 / LaTiO; / SrTiO; het-
erostructure, assuming that the LaTiO; layer is Sr doped and can be approximated as
heavily n-type SrTiO;.
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Chapter 8

Conclusion

In this study, the focus was on the LaTiO3 / SrTiO; system with an original aim
of finding evidence for the existence of various forms of electronic ordering at these
interfaces, as has been predicted by theory. The main task was to make grow epitaxial
oxide heterostructures and to study the possibility of tuning the carrier density and
electronic phases in LaTiO; / SrTiOs heterostructures by changing the doping layer
thickness, temperature or by applying magnetic or electric fields.

LaTiOs; heterostructures were grown by pulsed laser deposition and various forms of
transport characterization were performed. A metal-insulator transition was observed
at low temperature when the LaTiO; layer thickness in a SrTiO; / LaTiO; / SrTiO;
heterostructure was reduced to below 0.5 unit cells. Several mechanisms that might be
responsible for the MIT were considered but no clear signature of magnetic or charge
ordering phenomena was found based on transport measurements. Other techniques,
such as linear or circular dichroism measurements have been suggested as possible
solutions to detecting ordered phases in interface layers.

Magnetoresistance and Hall resistance were also measured for different LaTiOs layer
thicknesses. A strong doping layer thickness dependence was found for magnetore-
sistance. The magnetoresistance behavior was also anisotropic, with out-of-plane MR
being positive and in-plane MR showing a crossover between positive and negative
behavior depending on the density and distribution of carriers in the heterostructures.
The heterostructures were therefore considered to be two-dimensional. Several mecha-
nisms for the negative in-plane MR response were considered, including the possibility
of a charge-ordered occurring at the LaTiO; / SrTiO; interface and the influence of
spin-orbit coupling in the strongly nonsymmetric structure of the LaTiO3 / SrTiO; in-
terface. No hysteretic or nonsymmetric behavior was seen in the magnetoresistance
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measurements, which appear to rule out ferromagnetic ordering of the 3d" electrons at
the interface.

All transport data supported a model of multiple parallel conducting layers at
the interface, one being a low-carrier-density and high-mobility layer and the other a
high-carrier-density and low-mobility interface layer. This conclusion was made based
on the observation of non-linear Hall resistance for all LaTiO; thickness. The Hall
and magnetoresistance data was successfully fitted with the multiple conducting layer
model. Typical carrier density and mobility numbers were extracted and found to
be consistent between samples and between measurements. It was found that carrier
spread deep into the SrTiO; substrate explaining the presence of a very high-mobility
layer. A gradual change of carrier density and mobility in the heterostructure explains
why the heterostructures did not show Shubnikov-de Haas oscillations.

SrTiOs / LaTiO; /SrTiO; heterostructures were grown with different LaTiO3 thick-
nesses and transport properties were studied under magnetic and electric fields. Thin-
ner LaTiO; layers showed strong negative MR, and a nonlinear Hall resistance. No
direct evidence of ordered phases was seen in MR measurements. Moreover, tuning
the carrier density in SrTiO; was successful. The deep carrier tail in the SrTiO; sub-
strate could be eliminated by a negative back gate bias. Magnetoresistance and Hall
resistance showed similar behavior under a gating field as for decreasing LaTiO; layer
thickness.

In this study, quasi-2D behavior was seen, but it was also recognized that spilling

of carriers into SrTiO3 limits the carrier confinement.
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