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ABSTRACT 

 

Complex oxides host a wide variety of exotic physical properties, such as 

ferromagnetism, superconductivity and ferroelectricity, due to the strong 

correlation and delicate balance between charge, spin, orbit and lattice. The 

thin films, interfaces and heterostructures composed of these complex oxides 

show even more intriguing properties due to symmetry breaking at the 

interface and are promising for future multifunctional electronics. For practical 

applications, it is important to unveil the origin of these properties and control 

them with external stimuli.  

In this thesis, we study the origins of electronic and magnetic properties of 

oxide heterostructures and tune them with electric and ferroelectric field effect. 

Compared to other modulation techniques, electric and ferroelectric 

modulations are of particular interest as they do not cause any structural or 

chemical changes. Firstly, we show soft phonon induced electronic transport 

anomaly at the cubic-to-tetragonal phase transition temperature in n-type 

SrTiO3, which is the “silicon” of oxide electronics. As far as we know, this 

electron-soft phonon scattering in SrTiO3 is explicitly shown for the first time. 

These results shall provide some new insights into the conduction mechanism 

in n-type SrTiO3. Next, we study ferroelectric control of the two-dimensional 

electron gas in a LaAlO3/BaxSr1-xTiO3/SrTiO3 heterostructure. We find that 

the conductivity of the two-dimensional electron gas can be systematically 

controlled by varying the thickness of the ferroelectric BaxSr1-xTiO3 layer. In 

addition, we show the coexistence of ferroelectricity and two-dimensional 

electron gas in this heterostructure by observing the interaction between the 
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depolarization field of BaxSr1-xTiO3 and the built-in electric field of LaAlO3. 

Our approach provides an alternate route to control the two-dimensional 

electron gas with ferroelectricity. On the other hand, these results also provide 

evidence for the coexistence of two seemly incompatible properties 

(ferroelectricity and two-dimensional electron gas). Finally, we study 

ferroelectric control of the magnetic properties of Pt thin films in a 

Pt/BaTiO3/SrTiO3 heterostructure. Ferromagnetism was found in Pt thin films 

by electric and magnetic measurements, as well as first-principles calculations. 

The unusual ferromagnetism was found to be induced by ferroelectric BaTiO3. 

These results provide a new routine to tune an otherwise paramagnetic 

material into ferromagnetic with ferroelectricity. 
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Chapter 1 Introduction 

1.1 Oxides: physics and applications 

Silicon-based semiconductor electronics have improved our life quality 

dramatically over the past decades. The continuous improvement of the 

performance of the electronics has almost never failed our expectations as 

predicted by the famous Moore’s law [1]. However, new challenges, such as 

quantum confinement and interference effect, emerge in the process of pursing 

smaller, faster and smarter electronics [2]. These challenges will inevitably 

lead to the failure of Moore’s law. As a matter of fact, this is happening right 

in front of our eyes as the transistor size continues to scale down from 14 to 10 

nm [3]. As also pointed out by many institutes and scientists, the Moore’s law 

is dying in the next decade or so [3]. The question is: what can be done if the 

Moore’s law is dying? 

Many possible solutions to the above question have been proposed by 

researchers. Several examples are given below. 

(1) New computers: Spintronics and Quantum computer. Unlike 

conventional computers, which manipulate charges, spintronics 

involve manipulation of spin degrees of freedom in solid-state systems 

[4]. On the other hand, unlike conventional computers, which have two 

definite states (0 or 1), quantum computers use quantum bits, which 

can be in superpositions of states [5]. By controlling coherent quantum 

mechanical waves, a quantum computer can dramatically improve our 

computational power for particular tasks [5].  Both spintronics and 
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quantum computer open up new possibilities for next generation 

computing and electronics. 

(2) Complex structure design: from 2D to 3D. By designing more complex 

structures, more transistors can be integrated onto one chip and more 

functions can be realized. For example, the development of 3D printing 

technique may offer more precise and complex control over the device 

structure as compared to conventional lithography [6]. Another 

example is the Gate-all-around field effect transistor (GAAFET), 

which may provide a viable approach toward ultimate scaling of the 

Metal-oxide-semiconductor field effect transistor (MOSFET) [7]. 

(3) Artificial intelligence. The competition between AlphaGo and Lee 

Sedol in 2016 has clearly shown the power of artificial intelligence. By 

improving the software and algorithm, more intelligent electronics can 

be developed. 

Apart from the above mentioned solutions, another solution is to replace 

conventional semiconductors with multi-functional materials, such as oxides, 

which host more versatile and exotic physical properties compared to 

conventional semiconductors [8, 9]. In this way, more functions could be 

realized in a limited size.  

Oxides, especially complex oxides, are important not only for fundamental 

physics, but also for potential applications. The strong correlation and delicate 

balance between spin, orbit, charge and lattice in complex oxides provide a 

versatile playground to study condensed matter physics, such as electron-

electron interaction, electron-phonon interaction, spin-orbit coupling [8, 10]. 

On the other hand, these correlations and interactions give rise to intriguing 
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and useful electronic, magnetic, thermal and optical properties, which could be 

used in future electronics. Some examples of the properties are: insulating (e.g. 

SrTiO3, LaAlO3), conducting (e.g. SrRuO3), semiconducting (e.g. TiO2), 

ferromagnetism (e.g. SrRuO3, La1-xSrxMnO3), ferroelectricity (e.g. BaTiO3, 

PbTiO3), superconductivity (e.g. YBa2Cu3O7-x), metal-insulator transition and 

various charge, spin and orbital orderings [8]. 

As to applications, many oxides have been commercially used. For example, 

Indium gallium zinc oxide (IGZO) based transparent field-effect transistors 

have been used for high-resolution displays by the technology giants-Apple 

and Sharp [11-12]. Lead zirconate titanate (PZT) based materials are used in 

ultrasound transducers, atomic force microscope actuators and piezoelectric 

sensors [13]. Barium strontium titanate (BST) has been used as dielectric 

materials in commercially available capacitors due to its large dielectric 

constant [14]. With the development of oxide technologies, more oxides are 

expected to find their applications in future electronics. 

In view of both fundamental physics and potential applications, it is important 

to unveil the origin of these physical properties and control them with external 

stimuli. In this thesis, we study the origins of electronic and magnetic 

properties of oxide heterostructures and tune them with electric and 

ferroelectric field effect. Compared to other modulation techniques, electric 

and ferroelectric modulations are of particular interest as they do not cause any 

structural or chemical changes. Generally, this thesis consists of three projects: 

(1) Electron-soft phonon scattering in n-type SrTiO3 (2) Coexistence of 

ferroelectricity and two-dimensional electron gas in LaAlO3/BaxSr1-
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xTiO3/SrTiO3 (001) heterostructure and (3) Ferroelectricity induced 

ferromagnetism in paramagnetic Pt thin films. 

In Chapter 1, I introduce some general information and electric and 

ferroelectric control of electronic and magnetic properties in the field of 

complex oxides.  

In Chapter 2, I discuss the experimental methods that were used in this thesis. 

In Chapter 3, we show soft phonon induced electronic transport anomaly at the 

cubic-to-tetragonal phase transition temperature in n-type SrTiO3, which is the 

“silicon” of oxide electronics. As far as we know, this electron-soft phonon 

scattering in SrTiO3 is explicitly shown for the first time. These results shall 

provide some new insights into the conduction mechanism in n-type SrTiO3. 

In Chapter 4, we study ferroelectric control of the two-dimensional electron 

gas in a LaAlO3/BaxSr1-xTiO3/SrTiO3 heterostructure. We find that the 

conductivity of the two-dimensional electron gas can be systematically 

controlled by varying the thickness of the ferroelectric BaxSr1-xTiO3 layer. In 

addition, we show the coexistence of ferroelectricity and two-dimensional 

electron gas in this heterostructure by observing the interaction between the 

depolarization field of BaxSr1-xTiO3 and the built-in electric field of LaAlO3. 

Our approach provides an alternate route to control the two-dimensional 

electron gas with ferroelectricity. On the other hand, these results also provide 

evidence for the coexistence of two seemly incompatible properties 

(ferroelectricity and two-dimensional electron gas). 
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In Chapter 5, we study ferroelectric control of the magnetic properties of Pt 

thin films in a Pt/BaTiO3/SrTiO3 heterostructure. Ferromagnetism was found 

in Pt thin films by electric and magnetic measurements, as well as first-

principles calculations. The unusual ferromagnetism was found to be induced 

by ferroelectric BaTiO3. These results provide a new routine to tune an 

otherwise paramagnetic material into ferromagnetic with ferroelectricity. 

In Chapter 6, we summarize the main results of Chapter 2-5 and discuss our 

future plans. 

1.2 ABO3 Perovskite oxides 

Perovskite oxide is an important member of the oxide family. Many important 

oxides, such as SrTiO3 (STO), BaTiO3 (BTO), LaAlO3 (LAO), SrRuO3 (SRO), 

take the perovskite structure and can be described by a common chemical 

formula as ABO3. The ‘A’ cation generally comes from Group 1 or Group 2 in 

the periodic table, i.e. the alkali and alkaline earth metals, for example 

potassium in KTaO3, strontium in SrTiO3. In some compounds, the ‘A’ cation 

may also come from rare earth metals, for example lanthanum in LaAlO3. The 

‘B’ cation generally comes from the transition metals, for example titanium in 

SrTiO3 and ruthenium in SrRuO3.  

Figure 1.1 shows a typical sketch of the ABO3 perovskite structure, where the 

‘A’ cations sit at the corners of the cubic, the ‘B’ cation lies at the center of the 

cubic and the O
2-

 anions lie at the surface centers of the cubic. This ABO3 unit 

cell (uc) can be further divided into two sublayers-AO and BO2-along (001) 

direction, as shown in Fig. 1.1 (b). Here, m and n stand for the net charges for 

each layer, for example, in STO, the two sublayers are (SrO)
0
 and (TiO2)

0
, 
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where the valences of Sr, Ti and O are +2, +4 and -2, respectively. We will see 

in later chapters that the net charge for each layer is very important for the 

electronic, magnetic and optical properties in some systems. 

 

Figure 1.1  (a) Sketch of ABO3 perovskite structure. (b) Sublayers-(AO) and 

(BO2) for ABO3 perovskite structure along (001) direction. Here, m and n 

represent net charge for AO and BO2 layer, respectively. 

The complex ABO3 structure and various choices for the A and B cations give 

researchers a lot of possibilities to play with the physical (e.g. structure, 

symmetry) and chemical (e.g. different elements) properties of the perovskite 

oxides. In the next section, I will discuss in detail about the different 

properties for different perovskite oxides, which are studied in this thesis.  

1.2.1 SrTiO3-the silicon of oxide electronics 

As silicon is the core for semiconductor-based industry, STO, a prototype 

perovskite oxide, is the key for oxide electronics. It is also one of the main 

focuses of this thesis. Here, I would introduce the structural, electrical, optical 

and magnetic properties of STO. 

STO was first synthesized in the late 1940s. Early interests were evoked on its 

unusual and large dielectric response, its intriguing cubic-to-tetragonal phase 



7 
 

transition at Tc=105-110 K, the conduction mechanism in STO (when doped 

with electrons) and its absence of ferroelectricity. 

In its bulk form, at room temperature, STO is a centrosymmetic paraelectric 

insulator with a band gap ~3.27 eV [15]. It undergoes a cubic-to-tetragonal 

second order antiferrodisplacive phase transition at Tc=105-110 K when the 

temperature is lowered [16]. Figure 1.2 (a) and (b) show the cubic and 

tetragonal structure of STO above and below Tc, respectively. In the cubic 

phase, the lattice constants a=b=c (a, b, c is lattice constant along x, y, z 

direction, respectively), and the TiO6 octahedron lies at the center of the cubic. 

In the tetragonal phase, a=b<c, and the nearest TiO6 octahedra rotate out-of-

phase (clockwise and anti-clockwise) around the z axis.  

Generally, a crystallographic phase transition can be described by a soft 

phonon mode whose eigenvectors approximate the ionic displacements 

occurring at Tc [16]. In addition, the energy of the soft phonon mode decreases 

in energy remarkably as Tc is approached [16]. In STO, the cubic-to-tetragonal 

phase transition is described by the zone corner phonon Г25 (111) at Tc [16]. 

Figure 1.3 shows the temperature dependence of the energy of the soft phonon. 

It softens from high temperature to Tc and splits into two branches-A1g (upper 

branch) and Eg (lower branch)-below Tc as the symmetry is lowered from 

cubic to tetragonal phase. This symmetry breaking doubles the unit cell from 

cubic to tetragonal phase and consequently the Brillouin zone corner Г25 (111) 

phonon is folded onto the zone center of the tetragonal phase [16, 17]. 
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Figure 1.2 (a) and (b) Cubic and tetragonal structure for STO, respectively. 

O1 and O2 in (b) denote the nonrotating and rotating oxygen, respectively, 

adapted from [18]. 

 

Figure 1.3 The energy of the soft phonon dependence on temperature. Here, 

temperature is normalized by the phase transition temperature Ta (or Tc ), 

adapted from [16]. 

Although STO is a band insulator, itinerant electrons can be introduced into 

STO by chemical doping (Nb, La or Ta), high-vacuum annealing and argon 

milling [19-21]. In addition, it becomes superconducting below ~0.3 K and 

was the first oxide insulator discovered to be superconducting [22]. STO 

serves as a prototype to study the electron-electron, electron-phonon and 

phonon-phonon scattering in strongly correlated systems and the conduction 

mechanism has been controversial since the 1950s [19-27]. In the low 

temperature region (T<100 K), the conduction mechanism is generally 

explained by the Baber scattering, which considers both Coulomb interaction 
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and phonon-mediated electron-electron scatterings [20, 25-28]. The Baber 

scattering invokes a multi-band system with two different electron masses, and 

the momentum transfer between these two electron reservoirs give rise to the 

T
2 

dependence of resistivity [27]. However, above 100K, the resistivity 

deviates from the Baber T
2 

dependence [27]. In addition, the monotonic 

increase of mobility ( with decreasing temperature is either explained by the 

monotonic increase of dielectric constant (εr) and thus the transverse optical 

(TO) zone centre phonon scattering or the longitudinal optical (LO) phonon 

scattering [23, 29]. Nevertheless, attempts to quantitatively understand 

temperature dependent resistivity and mobility in STO in this region were 

unclear and controversial [20, 25-27].    

In 2005, it was found that Ar
+
-irradiated STO can emit blue light at room 

temperature when it is excited with a 325 nm He-Cd laser [21]. This finding 

provided possibilities to use STO in potential oxide-based optoelectronic 

devices [21]. In addition, this photoluminescence (PL) was found to be 

associated with the oxygen vacancies which were introduced during the Ar
+
 

irradiation. On one hand, the oxygen vacancies introduce itinerant electrons 

(two electrons per oxygen vacancy) in STO, on the other hand, they stabilize 

hole levels in self-trapped states [21]. The PL spectra can thus be used to study 

the oxygen vacancy concentration and the in-gap states in STO-based systems 

[30, 31]. It was found that PL spectra can give qualitative information about 

the oxygen vacancy concentration in STO-based systems, that is, higher 

oxygen vacancy concentration gives larger PL intensity [30, 31].  
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In its stoichiometric form, STO is diamagnetic [32]. However, experiments as 

well as first-principles have shown that ferromagnetism can be induced in 

STO [33-37]. The origin of the observed ferromagnetism is still controversial, 

several mechanisms have been proposed: oxygen vacancy, titanium vacancy 

or Ti
3+

 ions [33-37].  

Apart from the rich exotic properties mentioned above, STO is also important 

for its compatibility with other oxides. Its cubic structure with an intermediate 

lattice constant (3.905 Å) makes it suitable to be used as a substrate to prepare 

oxide interfaces and heterostructures [38]. Moreover, chemical and thermal 

treatment method of STO substrate found in the 1990s has enabled sub-atomic 

control of its surface, making STO one of the state-of-art substrates [39, 40]. 

Some examples of such heterostructures are LaAlO3/SrTiO3, BaTiO3/ SrTiO3, 

LaMnO3/ SrTiO3. LaAlO3/SrTiO3 heterostructure will be discussed in detail in 

later chapters.

 

Figure 1.4 A number line showing the pseudocubic or pseudotetragonal in-

plane lattice constants in angstroms for some perovskite oxides, adapted from 

[38]. 
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1.2.2 BaTiO3-a prototype ferroelectric 

BaTiO3 (BTO) is another important member of the perovskite oxide family 

and a prototype ferroelectric. In this section, I will discuss the physical nature, 

as well as the applications of ferroelectricity by using BTO as an example. 

Ferroelectricity (FE) is a property of certain materials that have a spontaneous 

electric dipole moment even in the absence of an external electric field. The 

term ferroelectricity is used in analogy to ferromagnetism (FM). A 

ferromagnetic material has a long-range ordering of spins, while a ferroelectric 

material has a long-range ordering of electric dipoles. Similar to a 

ferromagnetic material, a ferroelectric material also has a Curie temperature 

(Tc). Below Tc, the material is ferroelectric and the center of positive charges 

of the material does not coincide with the center of negative charges, which 

gives rise to the spontaneous electric dipole moment. Above Tc, the material is 

paramagnetic and the spontaneous electric dipole moment disappears. The 

balance between the ferroelectric state and the paraelectric state is determined 

by two competing forces-the long-range Coulomb force (which favors the 

ferroelectric state) and the short-range repulsion (which favors the paraelectric 

state) [41-43]. Additionally, it was found by Cohen in 1992 that hybridization 

between titanium 3d states and oxygen 2p states is essential for the 

ferroelectricity of BTO [42]. 

There are generally two types of ferroelectrics, i.e. displacive and order-

disorder. The perovskite oxide ferroelectrics, such as BTO, PbTiO3 (PTO), are 

generally considered as the former type. Similar to the phase transition of STO 

discussed in last section, the displacive phase transition between the 

ferroelectric state and the paraelectric state can also be described by a soft 
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phonon mode. Here, I will discuss the soft phonon modes of BTO as an 

example. 

 

Figure 1.5 A schematic view of the cubic (a) and tetragonal (b) structure of 

BTO. 

In its bulk form, BTO is an insulator with a bandgap of 3.2 eV [44]. It 

undergoes a series of phase transitions from high-temperature paraelectric 

cubic to ferroelectric tetragonal, orthorhombic and rhombohedral phases at 

403, 287 and 197 K, respectively [45]. Figure 1.5 shows the cubic (a) and 

tetragonal structure (b) of BTO. In the cubic phase, the Ti ion sits at the center 

of the cubic unit cell, while in the tetragonal phase, the out-of-plane lattice 

constant is larger than the in-plane lattice constant and the Ti ion is displaced 

from the center of the oxygen octahedron along the [0 0 1] direction. While in 

the Ti ion is displaced along [0 1 1] and [1 1 1] direction for the orthorhombic 

and rhombohedral phase, respectively. These phase transitions are described 

by the evolution of the F1u soft phonon mode, as shown in Fig. 1.6. From high 

temperature to low temperature, the triply-degenerate F1u mode softens and 

splits into a non-degenerate A1 mode and a doubly-degenerate E mode at the 

cubic-to-tetragonal phase transition temperature due to the symmetry breaking. 
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Upon further cooling, the doubly-degenerate E mode splits into two non-

degenerate modes-B1 and B2 at the tetragonal-to-orthorhombic phase transition 

temperature. Finally, at the orthorhombic-to-rhombohedral phase transition 

temperature, the B2 mode transforms into the E mode [46]. At each phase 

transition, one non-degenerate component stabilizes abruptly while the other 

components continue to soften on cooling [46].  

 

 

Figure 1.6 A schematic plot of the evolution of the temperature dependent F1u 

soft phonon, adapted from [46]. 

The soft phonon description of the phase transitions of BTO has proven its 

usefulness in explaining the physical properties of BTO, for example, the 

dielectric constant. In the Lyddane –Sachs-Teller ( LST) relation: 

𝜀(0)

𝜀(∞)
= ∏

𝜔𝐿𝑂𝑗
2

𝜔𝑇𝑂𝑗
2

𝑁

𝑗

 



14 
 

where and is the static and high-frequency dielectric constant, 

respectively, LO and TO is the eigenfrequency of the longitudinal and 

transverse optical mode, respectively. It is generally found that the optical 

modes with higher frequencies exhibit no sizeable temperature dependence. 

And is directly related to the frequency of the lowest soft phonon modes 

[47]. Figure 1.7 shows the temperature dependence of the dielectric constant 

of BTO. One can clearly see that  inversely relates to the frequency of the 

soft phonon modes of BTO in Fig. 1.6. 

 

Figure 1.7 Temperature dependent dielectric constant of BTO single crystal 

along [100] direction. The relative displacement of Ti in the oxygen 

octahedron and the corresponding spontaneous polarization is also shown in 

each phase, adapted from [48]. 

Despite the success of the soft phonon theory in the displacive ferroelectrics, it 

has been proposed that BTO has both displacive and order-disorder 

components [49-51]. In the purely order-disorder phase transition picture, the 

Ti ion is at all temperatures above Tc located at one of the eight positions 

shifted from the center along the body diagonals of the unit cell, i.e. in every 

single unit cell, the polarization is pointing along one of the eight <1 1 1> 

directions [49-51]. Only the rhombohedral phase is completely ordered, that is, 

all the polarizations are directed along the same [1 1 1] direction. And all the 
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other high-symmetry phases are disordered [49-51]. The numbers of the 

allowed directions along which the Ti ion is displaced are 1, 2, 4 and 8 for the 

rhombohedral, orthorhombic, tetragonal and cubic phase, respectively [49-51]. 

These allowed directions then determine the macroscopic spontaneous 

polarization direction to be along [1 1 1], [0 1 1] and [0 0 1] for the 

rhombohedral, orthorhombic and tetragonal phase, respectively. The cubic 

phase is paraelectric without a polarization. [49-51]. 

Although the microscopic mechanism for the ferroelectricity of BTO is still 

under debate between the displacive and order-disorder model, 

macroscopically, the spontaneous polarization direction is conclusive, that is, 

[1 1 1], [0 1 1] and [0 0 1] for the rhombohedral, orthorhombic and tetragonal 

phase, respectively, as shown in Fig. 1.7. 

1.3 Oxide thin films, heterostructures and interfaces 

With the development of oxide thin film growth techniques, such as molecular 

beam epitaxy (MBE) and pulsed laser deposition (PLD), high quality 

heterostructures can now be prepared with atomically sharp interfaces. 

Compared to the bulk materials, oxide thin films, heterostructures and 

interfaces show even more abundant and unexpected properties due to the 

symmetry breaking at the surfaces/interfaces, reduced dimension, strain and 

defects etc.  

In the case of thin films, one well-known example is the observation of room-

temperature ferroelectricity in strained and even strain-free STO thin films of 

a few nanometers, despite the fact that bulk STO is paraelectric [52-54]. 

Another example is the large enhancement of the ferroelectricity in strained 
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BTO thin films, whose Curie temperature and polarization can be dramatically 

enhanced compared to its bulk counterpart [55, 56].   

In the case of heterostructures and interfaces, some prominent examples are: 

(1) The observation of a high-mobility two-dimensional electron gas (2DEG) 

at the interface of LaAlO3/SrTiO3 (LAO/STO), although both LAO and STO 

are band insulators [57].  

(2) The observation of the antiferromagnetic-to-ferromagnetic phase transition 

of LaMnO3 (LMO) thin film deposited on a STO (001) substrate when LMO 

thickness exceeds 6 unit cells [58].  

(3) The observation of ferromagnetism in LaMnO3/SrMnO3 superlattice, 

although both LaMnO3 and SrMnO3 are non-magnetic [59]. 

As most of my research is related to the LAO/STO interface, I will introduce 

the properties and possible origins of the 2DEG at this interface in detail.  

1.3.1 LaAlO3/SrTiO3 interface-properties 

As discussed in section 1.2.1, STO is a band insulator with a band gap of 

~3.27 eV [15]. LAO is also a band insulator with a band gap of ~5.6 eV [57]. 

SrTiO3 has a cubic structure at room temperature with a lattice constant of 

3.905 Ǻ, while LAO maintains a rhombohedral phase at room temperature and 

transforms into a cubic phase at temperatures above 875 K [60, 61]. For 

simplicity, the rhombohedral phase of LAO is often treated as a pseudocubic 

structure with a lattice constant of 3.868 Ǻ [62]. Structurally, as shown in Fig. 

1.1, one unit cell of STO can be divided into two charge-neutral sublayers-
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(TiO2)
0
 and (SrO)

0
, while LAO has alternating negatively charged (AlO2)

-1
 

and positively charged (LaO)
+
 layers. 

In 2004, Ohotomo and Hwang first reported a high-mobility two-dimensional 

electron gas (2DEG) at the n-type interface of LaAlO3/SrTiO3 (LAO/STO), 

which has an atomic layer stacking sequence of AlO2-LaO-TiO2-SrO at the 

interface [57]. However, the p-type interface with an atomic layer stacking 

sequence of LaO-AlO2-SrO-TiO2 is insulating [57]. Figure 1.8 shows the sheet 

resistance, Hall coefficient and Hall mobility of n-type 60 Ǻ LAO/STO 

samples prepared with different oxygen partial pressures. One can see that all 

the samples show metallic behavior and the samples prepared with 10
-6

 torr 

oxygen partial pressure show mobility as high as 10,000 cm
2 

V
-1 

s
-1

at low 

temperature [57]. Since then, it has drawn intense attentions as new properties 

continue to emerge at this interface. 

 

Figure 1.8 Electronic transport properties of the two-dimensional electron gas 

at the n-type LAO/STO interface. Temperature dependence of sheet resistance 

(a), Hall coefficient (c) and Hall mobility (e) for 60 Å LAO/STO samples 

prepared with different oxygen partial pressures, adapted from [57].  

In 2006, it was found that LAO has to be thicker than 4 uc for the LAO/STO 

interface to be conducting. Fig. 1.9 (a) and (b) show LAO thickness 

dependence of sheet conductance and sheet carrier density of the 2DEG, 

respectively. Below 4 uc of LAO, the interface has a sheet conductance of 10
-9

 




, while beyond 4 uc of LAO, the sheet conductance increases by 4 orders 
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of magnitude to around 10
-5

 


. Similarly, the sheet carrier density is 

negligibly small below 4 uc of LAO and increases to around 2×10
13

 cm
-2

 

beyond 4 uc of LAO. These results indicate an insulator-metal transition from 

3 to 4 uc of LAO [63]. 

 

Figure 1.9 LAO thickness dependence of sheet conductance (a) and sheet 

carrier density (b) of the 2DEG at LAO/STO interface at room temperature, 

adapted from [63]. 

In 2007, Reyren et al. found that the 2DEG at LAO/STO interface becomes 

superconducting below a critical temperature ~200 mK and that the 

superconducting layer is confined to 10 nm within STO at the LAO/STO 

interface [64]. As shown in Fig. 1.10, a clear metal-superconductor transition 

can be observed for 8 uc LAO/STO and 15 uc LAO/STO at a critical 

temperature of 200 and 100 mK, respectively. 

 

Figure 1.10 Temperature dependent sheet resistance for 8 uc LAO/STO and 

15 uc LAO/STO, adapted from [64].  



19 
 

Also in 2007, Brinkman et al. discovered magnetic properties at the LAO/STO 

interface, although both LAO and STO are non-magnetic [65]. As shown in 

Fig. 1.11 (left), the samples grown beyond an oxygen partial pressure of 10
-4

 

mbar show an upturn at low temperature, a signature of the Kondo effect, 

which describes the scattering of itinerant electrons by localized magnetic 

moments. Figure 1.11 (right) shows a clear hysteresis loop of the 

magnetoresistance of a LAO/STO sample grown at 10
-3

 mbar [65]. 

  

Figure 1.11 Magnetic properties at LAO/STO interface. (left) Temperature 

dependent sheet resistance for LAO/STO samples prepared at different oxygen 

partial pressures. (right) Magnetic field dependent sheet resistance at 0.3K of a 

conducting LAO/STO sample grown at 10
-3

 mbar, adapted from [65]. 

Later, several groups reported the coexistence of superconductivity and 

ferromagnetism at LAO/STO interface, which makes this interface even more 

interesting [66-69]. Ferromagnetism and superconductivity are generally 

considered as two incompatible properties as ferromagnetism destroys the 

Cooper pairs, which are responsible for superconductivity. Figure 1.12 shows 

the direct mapping of the coexistence of ferromagnetism and 

superconductivity at LAO/STO interface by scanning superconducting 
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quantum interference device (SQUID). Figure 1.12 (a) shows the magnetic 

patches in a uniform paramagnetic background, while weak diamagnetic 

superconducting susceptibility can be observed in Fig. 1.12 (b). These results 

indicate the nanoscale phase separation of superconductivity and 

ferromagnetism. 

 

Figure 1.12 Coexistence of ferromagnetism and superconductivity at 

LAO/STO interface. (left) Scanning SQUID mapping of the magnetic order at 

LAO/STO interface. (middle) Susceptometry mapping of the superfluid 

density at 40 mK. (right) Temperature dependent susceptibility taken at the 

two spots in the middle image. Adapted from [67]. 

Apart from the above mentioned properties, some other interesting properties, 

such as 2D quantum oscillations [70, 71], Rashba spin-orbit interaction [72, 

73], have also been observed at LAO/STO interface. 

1.3.2 LaAlO3/SrTiO3 interface-origins 

To explain the observed 2DEG at LAO/STO interface, several possible 

mechanisms have been proposed. Each of them can explain certain 

experimental results and the exact origin is still under debate. In this section, I 

will introduce these mechanisms.  

(1) The most popular model so far is the polar catastrophe model. As 

shown in Fig. 1.13 (a), the polar discontinuity at the n-type interface 

(with a sequence of AlO2-LaO-TiO2-SrO) would result in a diverging 

potential with LAO thickness. To avoid this potential divergence, 0.5 
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e
-
 per unit cell is transferred from the surface of LAO to the interface 

of LAO/STO. This process reconciles the potential divergence as 

shown in Fig. 1.13 (c). As a result, the Ti
4+

 ion at the interface 

becomes Ti
3.5+

, which can be treated as a mixture of Ti
4+

 and Ti
3+

. 

Meanwhile, the transferred electrons serve as the source for the 2DEG 

[74]. 

Similarly, from a simple ionic picture, the polar discontinuity also 

exists at the p-type interface (with a sequence of LaO-AlO2-SrO-TiO2). 

One would expect 0.5 hole per unit cell to be transferred from the 

surface of LAO to the interface of LAO/STO, as shown in Fig. 1.13 (b) 

and (d). However, in this case, no mixed valence is available to host 

the 0.5 hole. Thus, an atomic reconstruction is required [74]. 

This model successfully explained the 4 uc critical thickness of LAO 

for the metal-insulator transition [63] and the insulating behavior for 

the p-type interface [57]. However, challenges to this model were 

posed by several experimental observations. The first one is the far less 

experimentally observed carrier density (2-3×10
13

 cm
-2

) as compared 

to that (3.4×10
14

 cm
-2

) predicted by the polar catastrophe model [75]. 

Another challenge is the observation of the absence of built-in electric 

field in LAO as measured by X-ray photoemission [76]. 
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Figure 1.13 The polar catastrophe model at LAO/STO interface. The 

distribution of charge, electric field and potential for unreconstructed (a) and 

reconstructed (c) n-type LAO/STO (001), respectively. (b) and (d) shows the 

analogous unreconstructed and reconstructed interface for p-type LAO/STO 

(001), respectively. Adapted from [74]. 

 

(2) Oxygen vacancy formation in STO. Almost all the LAO/STO 

interfaces in the literature are grown in vacuum at elevated temperature 

(typically around 700 ℃ ), this sample preparation process may 

introduce oxygen vacancies in STO. In addition, the bombardment of 

LAO may also contribute to the formation of oxygen vacancies, 

especially when the samples are prepared by PLD. Each oxygen 

vacancy may contribute two itinerant electrons [30]. This mechanism 

is supported by the observation of a 2DEG at the interface of 

amorphous LAO and STO. However, the persistence of conductivity 

after eliminating oxygen vacancies with oxygen annealing in 

crystalline LAO/STO samples indicates that oxygen vacancy is not 

essential for the observation of 2DEG [30].  

(3) Cation interdifussion at the interface. The high-temperature and high-

energy preparation condition for LAO/STO interface could result in 

intermixing of La and Sr or Al and Ti at the interface. As introduced in 



23 
 

section 1.2.1, La doped STO is conducting, which may explain the 

origin of the 2DEG. This mechanism is supported by the surface X-ray 

diffraction measurements [77]. However, this mechanism can not 

explain the insulating behavior of the p-type LAO/STO interface, 

where the cationic intermixing is also expected [57]. More importantly, 

high resolution TEM experiments showed very sharp interface with 

little intermixing [74].  

(4) Polarity-induced defects [75]. It is proposed that the polar discontinuity 

at the LAO/STO interface spontaneously induces oxygen vacancies at 

LAO surface and Ti-on-Al antisite defects at the interface. And the 

surface oxygen vacancy is responsible for the observed 2DEG at the 

interface, while the Ti-on-Al antisite defect is responsible for the 

observed interfacial ferromagnetism. This mechanism is the most 

recent proposed mechanism and the authors claimed that it is the most 

comprehensive mechanism. However, more experimental results are 

needed to verify this mechanism.  

In summary of the four mechanisms, each of them can explain certain 

experimental results while each of them also has certain drawbacks. It should 

be noted that several mechanisms may coexist in the experimental samples. 

For example, the conductivity of the as-grown crystalline LAO/STO (001) 

samples normally has contributions from both oxygen vacancies and polar 

catastrophe [30].  

1.4 Electric and ferroelectric control of electronic properties 

It’s well known that the physical properties of a material can be modulated by 

an external electric field. The most famous example is the metal-oxide-
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semiconductor field effect transistor (MOSFET). Figure 1.14 shows a 

schematic of a typical MOSFET, which is composed of a channel and four 

terminals-drain, source, gate and body. When an external electric field is 

applied between the gate and body, the insulating oxide dielectric layer 

becomes polarized and it can attract or repel electrons in the channel. As a 

result, an electron accumulation or depletion layer is formed in the channel, 

which correspond to a low-resistance (large source-drain current) and a high-

resistance state (small source-drain current), respectively.  

In addition to MOSFET, electric field effect can also be used to control the 

physical properties of oxide thin films, heterostructures and interfaces. As an 

example, the electric field effect modulation of LAO/STO interface is 

introduced below. 

 

Figure 1.14 A schematic diagram of a typical MOSFET, adapted from [78] 

1.4.1 Electric field modulation of LaAlO3/SrTiO3 interface 

In the literature, there are basically three configurations for electric field 

modulation, i.e. back gating, top gating and ionic liquid gating, of LAO/STO 

interface.  
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In 2006, Thiel et al. first observed an insulator-metal transition for a 3 uc 

LAO/STO insulating sample by applying a gate voltage on STO, as shown in 

Fig. 1.15. In this back-gating configuration, STO was used as the dielectric. 

By reversibly change the gate voltage, the sheet resistance can be switched 

between a high-resistance state and a low-resistance state, which is analogous 

to a MOSFET [63]. The gate voltage applied on STO modulates both carrier 

density and carrier mobility, with the latter taking the dominant role [79]. 

Later, it was reported by Caviglia et al. that a quantum phase transition 

between an insulating state and a superconducting state could be reversibly 

controlled with a gate voltage [80]. In addition, several groups reported that 

the superconducting transition temperature Tc of the LAO/STO interface could 

also be modulated with a gate voltage [71, 73, 79]. Furthermore, it was found 

that the spin-orbit coupling energy [72, 73] and the Shubnikov-de Haas (SdH) 

oscillations [70, 71] were also gate voltage dependent.  

   

Figure 1.15 (left) The back gating configuration for LAO/STO interface. A 

gate voltage was applied between VG
-
 and VG,b. (right) Sheet resistance (top) 

and gate voltage (bottom) dependence on time at 300K for a 3 uc LAO/STO 

sample. Adapted from [63]. 

In the top-gating configuration, a gate voltage is applied on LAO, i.e. LAO 

serves as the dielectric. As shown in Fig. 1.16, the drain-source current, and, 

thus the resistance of the 2DEG at LAO/STO interface, can be modulated by 

sweeping the gate voltage applied on LAO [81]. As compared to the back-
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gating configuration, this configuration normally requires much smaller gate 

voltage. By using the tip of a conducting atomic force microscope (CAFM) as 

the top electrode, Jeremy Levy and coworkers have exploited reversible 

nanoscale (~2 nm) control of the conductivity of a 3 uc LAO/STO sample [82-

84]. Furthermore, LAO/STO-based single electron transistor has been realized 

by using this atomic force microscope lithography technique [84].   

       

Figure 1.16 (a) and (b), top and side view of the back-gating configuration of 

LAO/STO interface. (c) Gate voltage dependent drain-source current (ID) and 

leakage current (IG) with fixed drain-source voltage (VDS = 2V). Adapted from 

[81]. 

In the liquid gating configuration, a gate voltage is applied on the ionic liquid, 

as shown in Fig. 1.17. Similar to back gating and top gating configuration, the 

carrier density and mobility of the 2DEG at LAO/STO interface can also be 

modulated. The advantage of this technique lies in its strong capability of 

accumulating and depleting electrons (~10
15

 cm
-2

) [85, 86]. Large 

enhancement of carrier mobility of the 2DEG at LAO/STO interface has been 

realized by strong depletion of the carrier density [85].  
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Figure 1.17 (left) Top view of the Hall bar structure of a LAO/STO sample. 

The ionic liquid covers the transparent bluish area. (right) Mobility 

dependence on carrier density as a result of ionic liquid gating. Adapted from 

[85]. 

1.4.2 Ferroelectric modulation of LaAlO3/SrTiO3 interface 

As discussed above, electric field modulation has been efficient and fruitful in 

controlling the physical properties of the 2DEG at LAO/STO interface. 

However, the switched state will gradually revert back to its original state after 

removing the electric field [79, 87]. For practical applications, it is important 

to tune the 2DEG in a reversible and non-volatile manner. This can be realized 

by integrating ferroelectricity in LAO/STO heterostructure. In the literature, 

there are basically four configurations for ferroelectric modulation of 

LAO/STO interface. 

The first configuration is ferroelectric top gating, as shown in Fig. 1.18 [88-

90]. A ferroelectric Pb(Zr0.2Ti0.8)O3 (PZT) layer is deposited on LAO/STO. By 

applying a gate voltage on PZT, the polarization direction of PZT can be 

reversibly switched between a downward and an upward state. The different 

polarization directions of PZT generate different electric fields in LAO/STO, 

and, thus, the conductance of the 2DEG is modulated.  The switched “on” and 

“off” state can be preserved even after removing the external electric field, as 
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shown in Fig. 1.18 (c). In addition, similar effect has also been reported by 

replacing PZT with BiFeO3 [90].  

  

Figure 1.18 Ferroelectric top gating control of the 2DEG at LAO/STO 

interface. (a) Schematic diagram of the structure of a  Pt/PZT/LAO/STO 

sample with a Hall bar. (b) Gate voltage dependent conductance of the 2DEG. 

(c) Time dependent conductance of the 2DEG switched with a positvie (green 

line) and negative voltage (red line). The external gate voltage was turned off 

at time t = 0. (d) Reversible switch of the conductance with alternating 

positive and negative voltage pulses. Adapted from [88]. 

Another configuration has a ferroelectric/STO structure, where a polar 

ferroelectric layer is deposited on STO substrate. As shown in Fig. 1.19, at the 

KNbO3/STO interface, the same polar discontinuity as that of LAO/STO 

interface is also present. This polar discontinuity is expected to generate a 

2DEG at KNbO3/STO interface. As KNbO3 is ferroelectric, modulation of the 

conductivity of the 2DEG can be realized by switching the polarization 

direction of KNbO3. As shown in Fig. 1.19 (c), the calculated density of states 

(DOS) shows a high-resistance and low-resistance state corresponding to 

different polarization directions of KNbO3 [91]. Apart from KNbO3, several 

other ferroelectrics have also been proposed to generate 2DEG at the 

ferroelectric/STO interface, such as BiFeO3 (BFO) [92] and BTO [93]. 
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Figure 1.19 Ferroelectric control of the 2DEG at KNbO3/STO interface. (a) 

Atomic structure of KNbO3/STO interface showing polar discontinuity at 

KNbO3/STO interface. (b) Schematic illustration of the STO/KNbO3/STO unit 

cell used in [91] with the polarization direction indicated by the arrow. (c) 

DOS at the two interfaces in (b). 

The other two configurations are: LAO/ferroelectric substrate and 

LAO/STO/ferroelectric substrate as shown in Fig. 1.20. In the 

LAO/ferroelectric configuration, if a 2DEG is present at LAO/ferroelectric 

interface, its conductivity is expected to be modulated by switching the 

polarization direction of the ferroelectric substrate. Theoretically, a switchable 

2DEG has been predicted at LAO/BTO interface [94].  In the 

LAO/STO/ferroelectric configuration, the 2DEG at LAO/STO interface can be 

modulated by switching the polarization direction of the ferroelectric substrate. 

A LAO/STO/BTO structure has been theoretically proposed [95].  

   

Figure 1.20 Ferroelectric control of the 2DEG at LAO/ferroelectric interface 

(left)  and (right) LAO/STO interface (right) by switching the ferroelectric 

substrate. 
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It should be noted that, for the four configurations discussed in this section, 

only the first configuration has been experimentally realized. All the others are 

theoretical predictions, which haven’t been realized in experiments to the best 

of my knowledge.  

Apart from electric and ferroelectric modulations, other techniques, such as 

light illumination [96], strain [97], capping layer [98] and surface polar 

adsorbates [99], have also been successfully applied to tune the conductivity 

of the 2DEG at LAO/STO interface.  

1.5 Electric and ferroelectric control of magnetic properties 

Not only can electric field effect modulate electronic properties of a material 

as discussed in section 1.4, it can also control magnetic properties through 

magnetoelectric coupling. Electric control of ferromagnetism has triggered 

intense researches in recent years due to its fundamental and technological 

importance, especially in view of recent developments in magnetoelectronics 

and spintronics [100, 101]. The drawback of large power assumption due to 

magnetic writing in current electronics can be overcome by electric field 

control of magnetism, which relies on zero-current, gate-controlled operations 

[102]. 

The early interests of electric field control of magnetism lied in 

semiconductors. One prominent example is the control of Curie temperature of 

magnetic semiconductor (In,Mn)As thin film [100] by modulating the carrier 

concentration with an external electric field. Another example is the control of 

magnetic anisotropy of  magnetic semiconductor (Ga,Mn)As thin film [103]. 
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Later, electric field control of magnetism was extended into ferromagnetic 

metal and complex oxides. For example, electric field control of coercive field, 

magnetic anisotropy and Curie temperature in ferromagnetic metal thin films 

[104, 105]. For complex oxides, electric field control of Curie temperature and 

magnetic phase transition has been demonstrated in manganites [106, 107].   

Non-volatile control of ferromagnetism has been realized by switching the 

polarization of the ferroelectrics in epitaxial ferroelectric/ferromagnet 

heterostructures. As an example, I introduce the ferroelectric control of the 

magnetic properties of FeRh thin film on a ferroelectric BTO substrate, as 

reported in Ref. [108]. 

FeRh exhibits an antiferromagnetic-to-ferromagnetic phase transition at 

T
*
=350 K. As can be seen in the top panel of Fig. 1.21 (b), the magnetization 

increases from around 50 e.m.u.cm
-3

 at 350 K to nearly 800 e.m.u.cm
-3

 at 400 

K, indicating the antiferromagnetic-to-ferromagnetic phase transition under 

zero gate voltage. When a positive voltage (Vg = 21 V) is applied (which 

corresponds to a BTO polarization pointing away from FeRh), the T
*
 is shifted 

to 375 K, which is 25 K higher than the original state (second panel in Fig. 

1.21 (b)). Furthermore, the original state can be restored after removing the 

gate voltage (third panel in Fig. 1.21 (b)).  When a negative gate voltage (Vg= 

-21 V) is applied (which corresponds to a BTO polarization pointing towards 

FeRh), the T
*
 is again shifted to higher temperature, although smaller than that 

at 375 K (fourth panel in Fig. 1.21 (b)). Figure 1.21 (c) shows the difference 

between the gated and original states, which clearly shows the large 

magnetization change with an external electric field. It was found that two 
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mechanisms contribute to this large magnetoelectric coupling at FeRh/BTO 

interface: (1) Voltage induced strain. (2) Electrostatic effect. 

 

Figure 1.21 Ferroelectric modulation of magnetization in a FeRh/BTO (001) 

heterostructure. (a) BTO polarization dependence on gate voltage. The green 

and gray rectangle stands for FeRh and BTO, respectively. The arrows 

represent polarization direction of BTO. (b) FeRh magnetization dependence 

on temperature for different gate voltages. (c) Magnetization difference 

between different curves in (b). Adapted from [108].  

Some other prominent examples are: (1) Electric field control of magnetic 

properties of ferromagnetic La0.67Sr0.33MnO3 thin films on ferroelectric BTO 

substrate [109]. (2) Electric field control of local ferromagnetism by using the 

multiferroelectric BiFeO3 [110]. (3) Electric field control of magnetic 

properties in Pb(Zr0.2Ti0.8)O3/La0.8Sr0.2MnO3 heterostructure [111]. 
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One important application of electric field control of ferromagnetism is 

multiferroic tunnel junction (MFTJ), which can be considered as a 

combination of magnetic tunnel junction (MTJ) and ferroelectric tunnel 

junction (FTJ).  

As shown in Fig. 1.22, a MTJ has a FM/I/FM structure, i.e. two ferromagnetic 

metal (FM) electrodes sandwiching a thin insulator (I) layer. In a MTJ, 

electrons can travel from one FM electrode to the other FM electrode by 

tunneling through the thin insulator layer. The tunneling probability or the 

tunneling current is spin-dependent (or magnetization-dependent). There are 

two configurations for the magnetization of the two FM electrodes: (1) 

Parallel, the tunneling current is large and the corresponding tunneling 

magnetoresistance (TMR) is small. (2) Anti-parallel, the tunneling current is 

small and the corresponding TMR is large. The difference in TMR in these 

two configurations is due to the disproportion of the number of electrons 

parallel and anti-parallel to the magnetization direction of a FM [112]. As a 

result of the two different configurations, two resistance states can be obtained 

as shown in the lower panel of Fig. 1.22.  

On the other hand, FTJ has a NM/FE/NM structure, i.e. two normal metal 

(NM) electrodes sandwiching a thin ferroelectric (FE) insulator layer. Similar 

to MTJ, electrons can travel from one electrode to the other by tunneling 

through the FE layer. In a FTJ, the tunneling current is polarization-dependent. 

The two configurations for the electric polarization of the ferroelectric layer 

are: (1) Pointing-up, the tunneling current is large and the corresponding 

tunneling electroresitance (TER) is small.  (2) Pointing-down, the tunneling 

current is small and the corresponding TER is large. Several mechanisms have 
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been proposed to explain the polarization-dependent TER: (a) the electrostatic 

potential across the junction (b) interface bonding strength and (c) strain 

associated with the piezoelectric response [112].   

By replacing the insulator layer of a MTJ with a ferroelectric layer (or 

equivalently, by replacing the NM electrodes with FM electrodes in a FTJ), a 

MFTJ can be constructed, which has a FM/FE/FM structure, i.e. two 

ferromagnetic metal electrodes sandwiching a ferroelectric insulating layer. 

The key property of a MFTJ is the coexistence of spin-dependent and 

polarization-dependent current in one device. Therefore, four resistance states 

can be obtained corresponding to different configurations of spin and 

polarization, as shown in Fig. 1.22 (c) [112].  

 

Figure 1.22 Schematic structures of the three types of tunnel junctions. (a) 

MTJ (b) FTJ and (c) MFTJ, respectively. Here, FM, I, NM, and FE stand for 

ferromagnetic metal, insulator, normal metal and ferroelectric, respectively. 

Horizontal and vertical arrows represent the direction of magnetization and 

polarization, respectively. Lower panels indicate the resistance response of 

these tunnel junctions to electric field (E) and magnetic field (H). Adapted 

from [112]. 

Experimentally, several groups have realized four-state MFTJ with different 

materials. Figure 1.23 shows the tunneling resistance dependence on magnetic 
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field for two different polarizations of the ferroelectric layer in a 

La0.7Sr0.3MnO3/Ba0.5Sr0.5TiO3/ La0.7Sr0.3MnO3 MFTJ [113]. 

 

Figure 1.23 Experimental realization of four resistance states in a 

La0.7Sr0.3MnO3/Ba0.5Sr0.5TiO3/ La0.7Sr0.3MnO3 MFTJ. Magnetic field 

dependent tunneling resistance corresponding to upward (blue arrow) and 

downward (red arrow) polarization of Ba0.5Sr0.5TiO3. Adapted from [113]. 

On the other hand, the TMR can be controlled by the polarization direction of 

the ferroelectric layer in a reversible and non-volatile manner. As shown in 

Fig. 1.24, the TMR of the Fe/BaTiO3/La0.67Sr0.33MnO3 MFTJ can be 

reversibly controlled by switching the polarization direction of the BTO layer 

with an external electric pulse [102]. Here, TMR is defined as (Rap-Rp)/Rp, and 

Rap and Rp are the resistance in the anti-parallel and parallel magnetic 

configurations, respectively. 
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Figure 1.24 TMR dependence on magnetic field (H) with repeated switch of 

the polarization direction of the ferroelectric layer in a 

Fe/BaTiO3/La0.67Sr0.33MnO3 MFTJ, adapted from [102]. 

Other experimental demonstrations of MFTJ include: 

Co/Pb(Zr0.2Ti0.8)O3/La0.7Sr0.3MnO3 heterostructure by  Pantel et al. [114] and 

La0.67Sr0.33MnO3/BiFeO3/ La0.67Sr0.33MnO3 heterostructure by  Hambe et 

al.[115].  

Although electric and ferroelectric control of ferromagnetism is promising for 

future applications, the exact origin is still under debate and some fundamental 

issues remain unsolved, such as the stability of ferroelectric thin films, the role 

of structural and interfacial defects, the ferroelectric and ferromagnetic dead 

layers etc.[112]. 
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Chapter 2 Experimental methods 

This chapter focuses on the experimental methods that were used in this thesis. 

It covers the following topics: (1) sample preparation (2) surface and structure 

characterization (3) electrical properties characterization (4) magnetic 

properties characterization. 

2.1 Sample preparation 

2.1.1 Substrate treatment  

A good substrate with smooth surface is critical for high-quality epitaxial 

growth of oxide thin films and heterostructures, especially for the layer-by-

layer two-dimensional growth. In many cases, the substrate quality or 

termination directly determines the physical properties of the thin films, 

heterostructures and interfaces. For example, as mentioned in section 1.3.1, 

the LAO/STO interface with TiO2-terminated substrate (n-type) is conducting 

while it becomes insulating with SrO-terminated substrate (p-type) [57]. 

Another example is that the polarization direction of BiFeO3 grown on 

La0.7Sr0.3MnO3 can be directly controlled by the termination of La0.7Sr0.3MnO3 

(MnO2-terminated or La0.7Sr0.3O-terminated) [116]. 

In this section, I introduce the treatment methods for three types of substrates 

that were used in this thesis-STO, Nb doped STO (NST) and 

(LaAlO3)0.3(Sr2AlTaO6)0.7 (001) (LSAT). 

STO substrate is probably the most commonly used substrate for oxide thin 

films. The commercially available STO substrate normally has a mixed 

termination, i.e. SrO and TiO2. In 1994, Kawasaki et al. obtained TiO2-

terminated STO (001) substrate by selective etching of SrO with a pH-
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controlled NH4F-HF solution [39]. Later, in 1998, this technique was 

improved by Koster et al.[40]. In this thesis, the STO substrates were treated 

in three steps following this method. Firstly, the STO substrate is 

ultrasonically treated in deionized water for 10 minutes and then dried with 

flowing nitrogen. Secondly, the dried substrate is ultrasonically treated in 

buffered NH4F-HF solution for 30 seconds and then dried with flowing 

nitrogen. Thirdly, the substrate is annealed in air at 950 C for 1.5 hour with a 

ramping up and ramping down rate of 5 C/min and 3 C/min, respectively.  

Figures 2.1 (a) and (b) show the atomic force microscopy (AFM) image of an 

as-received and treated STO (001) substrate, respectively. It can be seen that 

the treated surface is much smoother than the as-received one. Figures 2.1 (c) 

and (d) show the surface profile along the straight lines depicted in (a) and (b), 

respectively. Clear and sharp steps with a step height of ~0.4 nm (which 

corresponds to one unit cell of STO) can be seen in (d), while the step height 

in (c) is not well-defined. These results indicate that the three-step treatment 

significantly improves the surface quality of the STO substrate.  

This three-step treatment can also be applied to NST (001) substrates and 

similar results to those of STO can be obtained. For LSAT (001), it is annealed 

in air at 1300 C for 2 hours with a ramping up and ramping down rate of 5 

C/min. This process results in high surface quality similar to that of STO. 
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Figure 2.1 Atomic force microscopy image (4×4 m
2
) of an as-received (a) 

and HF treated (b) STO (001) substrate. (c) and (d) show surface profiles 

along the solid lines in (a) and (b), respectively. 

2.1.2 Pulsed laser deposition 

Pulsed laser deposition (PLD) is a physical vapor deposition technique. Most 

of the samples studied in this thesis were prepared by this technique. PLD has 

been widely used to deposit oxide thin films since the first successful 

preparation of superconducting Y-Ba-Cu-O thin films in 1987 by Dijkkamp et 

al.[117]. As compared to other deposition techniques, PLD is relatively simple, 

has a fast growth rate, very versatile and does not require ultrahigh vacuum. 

Figure 2.2 shows schematic diagram of the PLD setup in our laboratory. The 

main parts of the setup are: a vacuum chamber, a KrF excimer laser with a 

wavelength of 248 nm, vacuum pumps, substrate and target carousel and 

reflection high-energy electron diffraction (RHEED). 

The basic steps for thin film depositions are: (1) Pump down the base vacuum 

level of the main chamber down to 10
-8

-10
-9

 torr to minimize contamination. 

(2) Load the substrate and target to their corresponding carousel and set up the 
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distance between the substrate and target. (3) Set up the gas pressure (O2, N2 

or Ar) and heat the substrate to designated temperature. (4) Turn on laser and 

adjust its energy to ablate the target and start the deposition process. Both the 

target and substrate can be rotated by their corresponding carousels. This 

rotation process gives more homogenous films, especially for thick films. (5) 

After the deposition, the sample is cooled down to room temperature and 

unloaded. 

Next, I discuss step (4) in details as it is the key step in the whole PLD process. 

During this step, a plume, which consists particles like atoms, molecules and 

plasma etc., is generated from the target and then nucleates on the substrate, 

forming the thin films. Due to the high energy particles, the deposition process 

is far from equilibrium. Depending on the thermodynamic parameters of the 

deposition process and the substrate surface, the initial growth modes can 

typically be classified into three types: (i) Layer-by-Layer type or Frank-van 

der Merwe type, which means that each new layer starts to grow only after the 

last one has completed (ii) Island type or Volmer-Weber type, which means 

island formation on substrate due to a multi-layer conglomerate of adsorbed 

atoms. (iii) Mixed type or Stranski-Krastanov type, which is a mixture of the 

previous two types. To ensure high surface and interface quality of the thin 

films, the layer-by-layer type is highly desirable.  

To achieve layer-by-layer growth, a smooth substrate, such as HF-treated STO, 

is needed. In addition, the thermodynamics can be controlled experimentally 

by the substrate temperature, laser energy density and deposition pressure. In 

my experiments, I normally used substrate temperature of 700-950 C, laser 
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energy density of 1-2 J/cm
2
 and oxygen pressure of 10

-4
-10

-3
 torr. To monitor 

the growth mode, an in-situ RHEED was used during the deposition. A brief 

introduction to RHEED is discussed in the next section. 

 

Figure 2.2 Schematic diagram of the main parts of a PLD chamber equipped 

with an in-situ RHEED. 

2.1.3 RHEED 

RHEED is a common technique used in molecular beam epitaxy (MBE) and 

PLD to characterize the surface of crystalline thin films. As shown in Fig. 2.2, 

a high-energy (10-50 KeV) electron beam emitted from an electron gun strikes 

the substrate at a glancing angle (< 8). The small glancing angle makes the 

electrons only sensitive to a few unit cells of the sample surface, and thus, 

RHEED is a surface-sensitive technique. Subsequently, a small fraction of the 

incident electrons is diffracted by the substrate and interfere constructively at 

some specific angle, forming RHEED patterns on the CCD camera. In real 

experiments, the electron gun is kept in ultra-high vacuum (~ 10
-9

 torr) to 

minimize electron scattering by impurities. While RHEED can operate in a 

wide temperature range (from room temperature to hundreds of degrees), I 
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normally operated RHEED at the sample growth temperature (normally 

several hundred degrees) to monitor the film deposition process. 

Figure 2.3 shows the RHEED pattern of a HF-treated TiO2-terminated STO 

(001) substrate at 760 ℃. The two main features are: (1) Some discrete bright 

spots lying on two circles, which are called the zeroth and first Laue zone as 

shown in the figure. (2) Some bright streaks, which are called Kikuchi lines. 

 

Figure 2.3 RHEED pattern of a TiO2-terminated STO (001) substrate. The 

zeroth and first Laue zone are shown as dashed red circles and the Kikuchi 

lines are indicated by the blue arrows. 

The RHEED pattern can be explained by electron diffraction theory. Basically, 

the two conditions for electron diffraction are: (1) Energy conservation and (2) 

Momentum conservation. The simplest model is electron diffraction by a one-

dimensional crystal, as shown in Fig. 2.4 (a)-(b). The condition for 

constructive interference is: 

                                        a•cosi- a•f =n•eq.  2.1) 

where a is the lattice constant for the one-dimensional lattice, i and f stand 

for the incident and diffracted angle of the electrons, respectively. n is an 
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integer and is the wavelength of the electrons. In reciprocal space, eq. 2.1can 

be written as: 

                                       k•cosi - k•f =Bn                                        (eq. 2.2) 

where k =2/ and Bn=2n/a. Since the diffraction process is elastic, the 

incident and diffracted electrons have the same wavelength ( and wave-

vector (k). From eq. 2.2, one can see that the final states of the diffracted 

electrons form concentric circles at the base of cones of half angle f , as 

shown in Fig. 2.4 (b) [118].  

For thin film depositions, a more realistic model needs to be considered, i.e. a 

two-dimensional lattice. Since RHEED is surface-sensitive, a two-dimensional 

lattice is enough to understand the main features during our experiments. In 

this model, the energy and momentum conservation conditions are: 

                                                 | kf |=| ki |                                           (eq. 2.3) 

                                                kf - ki =  Gm                                         (eq. 2.4) 

where kf and ki are the wave-vectors of diffracted and incident electrons, 

respectively, Gm is a reciprocal lattice vector. These conditions can be 

transformed into Ewald-Laue conditions as shown in Fig. 2.4 (c)-(d). The 

energy conservation condition is represented by an Ewald sphere as shown in 

Fig. 2.4 (c). Since the reciprocal lattice for a two-dimensional lattice is a 

family of evenly spaced parallel rods, constructive interference only happens 

at the intersection of the Ewald sphere and the parallel rods, as shown in Fig. 

2.4 (d). These intersections are the bright spots observed in the RHEED 

pattern. 
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Figure 2.4 Electron diffraction conditions for one-dimensional ((a)-(b)) and 

two-dimensional lattice ((c)-(d)). Here, a is the lattice constant for the one-

dimensional lattice. Ki and Kf stand for the wave-vector of incident and 

diffracted electrons, respectively. i and f stand for the incident and 

diffracted angle of the electrons, respectively. Bm is the reciprocal lattice 

vector of the two-dimensional lattice. Adapted from [118].  

The Kikuchi lines are formed by the diffraction of the inelastically scattered 

electrons. The underlying mechanism is more complex and beyond the scope 

of this thesis. Nevertheless, the information one can get from the sharp 

Kikuchi lines is that the crystal has perfect surface and bulk lattices [118]. 

RHEED pattern can also be used to determine the lattice parameter of the 

substrate or thin film if the distance between the camera and the pattern and 

the electron energy are known. As shown in Fig. 2.5, by using the Ewald-Laue 

method, in reciprocal space, the angle between diffracted beams  can be 

written as: 

2k•a                                                (eq. 2.5) 

where k is the wave-vector of the electrons and a is the lattice constant. In real 

space, can be written as: 
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 = tan
-1

 (d/L)                                        (eq. 2.6) 

where d is the distance between the bright spots in the RHEED pattern and L 

is the distance between the camera and the RHEED pattern. 

 

 

Figure 2.5 Lattice parameter measurement from RHEED pattern, adapted 

from [118]. 

Having explained the RHEED pattern, we now show how to monitor the 

layer-by-layer deposition of thin films. During the deposition, we monitor the 

specular spot of the RHEED pattern. Figure 2.6 (a) shows the real-time 

monitor of RHEED intensity as a function of time for a 15 uc LAO on STO 

(001) substrate. The inset shows similar pattern as that of Fig. 2.3, indicating 

that the LAO thin film is fully constrained on STO substrate. Here, one 

oscillation indicates one unit cell of LAO deposition. As shown in Fig. 2.5 (b), 

the RHEED intensity oscillates with different coverage of LAO on the 

substrate. The RHEED intensity is proportional to the roughness, and thus, the 

coverage of the thin film. The rougher is the surface, the more electrons are 

diffusively scattered, and thus, less electrons can contribute to the RHEED 

intensity. From RHEED oscillations, the growth rate of the thin film can be 
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determined, which allows us to control the film thickness down to sub-atomic 

layer level. 

 

Figure 2.6 (a) RHEED oscillations during a deposition of 15 uc of LAO on 

STO (001). The inset shows the RHEED pattern after the deposition. (b) 

Schematic illustration of the relation between the oscillation and film coverage, 

here the yellow and red rectangles represent the substrate and one unit cell of 

the film, respectively. 

2.2 Surface and structure characterization 

2.2.1 Atomic force microscopy 

Atomic force microscopy (AFM) is a method to measure the surface of a 

sample with a lateral resolution of several nanometers and a vertical resolution 

of less than 1 Å [119]. The high resolution and relatively simple setup have 

made AFM one of the most popular and important techniques to measure, 

image and manipulate sample surfaces at the nanometer scale.  

So how does AFM measure the surface of a sample surface? By “touching” it 

with a sharp tip [120]. I illustrate the measurement process with the help of 

Fig. 2.7, which is a schematic diagram of the main components of an AFM 

setup. Basically, the main components are: a sharp tip attached to a cantilever, 

a focused laser beam and a split 4-cell photodiode. During the measurement, 

the tip is scanned over the sample and the cantilever is either bended or 

twisted due to the tip-sample forces. To amplify the small movement of the 
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cantilever and increase the sensitivity, a laser beam is shone on the cantilever 

and reflected onto the split 4-cell photodiode. Thus, the bending or twisting of 

the cantilever can be simultaneously transformed into electronic signals, which 

give information of the sample surface.  

 

Figure 2.7 Schematic illustration of the main components of a AFM setup. 

The inset is an optical image of the cantilever/tip. Adapted from [120]. 

The origin of the resultant image is the tip-sample forces. In experiments, the 

forces can be very complex depending on the environment (e.g. liquid or air), 

and temperature etc. As all my experiments are carried out in air at room 

temperature, we only consider this special case here. In this situation, the main 

forces are: van der Waals (vdw) and electrostatic repulsion. And the most 

important parameter for these forces is the tip-sample distance. As shown in 

Fig. 2.8, when bringing the tip and sample close from infinite distance, the van 

der Waals attractive force starts to build up due to the dipole-dipole interaction 

between the atoms from the tip and the sample. On further decreasing the tip-

sample distance below 1 nm, the electrostatic repulsion increases steeply due 

to the Pauli exclusion principle. The overall potential is phenomenologically 

expressed by the Lennard-Jones (L-J) potential [121]. 
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Figure 2.8 Distance dependence of L-J potential overlaid on Van der Waals 

(vdW) and electrostatic repulsive potentials. Here, positive and negative 

energy correspond to repulsive and attractive forces, respectively. Adapted 

from [121]. 

There are generally three operation modes for AFM, i.e. contact mode, non-

contact mode and tapping mode. In contact mode, the tip and sample surface is 

always in close contact with a small tip-sample distance (usually in the 

repulsive region of Fig. 2.8). And the topographic image of the surface is 

recorded by scanning the sample with a constant tip-sample distance. In non-

contact mode, contrary to contact mode, the tip does not contact the sample 

surface during the measurement. The cantilever is oscillated at or close to its 

resonant frequency, and the topographic image of the surface is recorded with 

a constant amplitude or frequency by adjusting the tip-sample distance. The 

oscillation amplitude is typically a few nanometres, and hence, in the 

attractive region of Fig. 2.8. Both contact mode and non-contact mode have 

their strengths and weaknesses. For contact mode, although it is the easiest 

mode, the tip may damage the sample during the experiment. For non-contact 
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mode, although it’s suitable for soft samples, it fails if the sample is covered 

with a thin fluid contaminant layer. As an intermediate mode, the tapping 

mode combines the merits and circumvents the drawbacks of the contact mode 

and non-contact mode, and hence, it is the most popular mode in ambient 

environment. The operation principle of the tapping mode is similar to that of 

non-contact mode, except that the tip will contact the sample.  All the AFM 

images in this thesis are taken in the tapping mode in air at room temperature 

and an example is shown in Fig. 2.1. 

2.2.2 X-ray diffraction 

X-ray diffraction (XRD) is one of the most important techniques to determine 

the atomic and molecular structure of a crystal. The working principle for 

XRD is schematically shown in Fig. 2.9. An incident X-ray beam with a fixed 

wavelength () is shone on the crystal and reflected by different crystal planes. 

Subsequently, the intensity of the reflected X-ray is monitored by a collector.  

Under certain conditions, the reflected X-ray interfere constructively, giving 

rise to intensity peaks in XRD spectra. The diffraction conditions are: (1) 

energy conservation and (2) momentum conservation. As the scattering 

process is elastic, the energy conservation condition means that the incident 

and diffracted X-rays have the same wavelength. The momentum conservation 

condition can be expressed as: 

                                                  2dsin = ne.q. 2.7) 

where d is the distance between two adjacent crystal planes, i.e. lattice 

constant, is the incident angle, n is an integer, is wavelength of the X-ray. 

In our XRD, we use Cu K line, which has a wavelength of 1.5406 Å. 
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Figure 2.9 Schematic illustration for XRD. Here, d is the distance between 

two adjacent crystal planes, i.e. lattice constant.  is the incident angle. The 

path difference of the X-ray diffracted by different crystal planes is coloured 

in red. 

The most common mode for XRD is the scan mode. In this mode, the 

direction of the X-ray source is fixed, while the sample is rotated from 0 to 

in the meantime, the detector is rotated from 0 to 2The rotation speed of 

the detector is always two times of that of the sample. Figure 2.10 shows the 

scan for a 100 nm Ba0.5Sr0.5TiO3 (BST)/STO (001) sample. From the 

peak position, we can calculate the out-of-plane c-axis lattice constant of the 

thin film by using eq. 2.7. For the (002) peak of BST, 44.38, n=2, 

1.5406 Å, hence the out-of-plane constant d=4.08 Å. Both bulk STO and 

BST are cubic with lattice parameters of 3.905 Å and 3.95 Å, respectively. So 

one can see that BST thin film grown on STO (001) substrate is under in-plane 

compressive strain with an elongated out-of-plane constant. 

It should be noted that scan can only give information of the out-of-

plane c constant. To gain full structural information of the thin film, reciprocal 

space mapping (RSM) is required. RSM is an important tool to decide the 

structure of a crystal and the strain status of a thin film. Not only can it 

measure the out-of-plane c constant, but also in-plane constants (a and b). 

More details about RSM will be discussed in later chapters. While XRD can 
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operate in a wide range of temperature and pressure, all the XRD images in 

this thesis were taken at room temperature in air. 

 

Figure 2.10 XRD scan of a 100 nm Ba0.5Sr0.5TiO3 (BST) thin film 

deposited on a STO (001) substrate. 

2.3 Electrical properties characterization 

After analyzing the surface and structure of the samples, I now turn to discuss 

the electronic transport properties, which are the key properties for any 

electronics. All the transport properties were measured with a Quantum 

Design physical properties measurement system (PPMS), which allows one to 

control temperature from 2 to 400 K and apply an external magnetic field as 

large as 9 T. All the contacts were made with an ultrasonic aluminum wire 

bonder. This section covers three topics: (1) resistance (resistivity) 

measurement (2) Hall measurement and (3) magnetoresistance measurement. 

2.3.1 Resistance measurement 

Resistance is probably the most fundamental property for conductors. In this 

thesis, we study both two dimensional electron gas (2DEG) and three 

dimensional electron gas (3DEG). The resistances for 2DEG and 3DEG are 
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characterized by sheet resistance and resistivity, respectively. For a normal 

3DEG, its resistance is defined as: 

                                                           𝑅 =
𝜌𝐿

𝑇𝑊
                                          (eq. 2.8) 

Where R and  are resistance and resistivity, respectively.  L,T and W are 

width, length and width of the conductor, respectively, as shown in Fig. 2.11. 

One can see that resistivity is independent of the geometry of the conductor 

and intrinsic of a material. 

When the thickness of the conductor is much smaller than its length and width, 

i.e. T<<L, T<<W, the three dimensional conductor transforms into a two 

dimensional conductor, i.e. 2DEG. For a 2DEG, we define sheet resistance (Rs) 

as: 

                                                      𝑅 =
𝜌𝐿

𝑇𝑊
=

𝑅𝑠

𝑊
𝐿                             (e.q. 2.9) 

                                                                    𝑅𝑠 =
𝜌

𝑇
                                    (e.q. 2.10) 

One can see that Rs is independent of the geometry of the conductor, i.e. 

intrinsic to the material, as long as the thickness of the conductor is fixed.  

 

Figure 2.11 Geometry for resistivity measurement. Here, W, L, and T stand for 

width, length and thickness of the conductor. The current (I) flows from right 

to left as indicated by the red arrow. 
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Experimentally, to eliminate the contact resistance, a 4-probe measurement is 

required. There are generally two geometries for 4-probe measurement: Van 

der Pauw (VdP) geometry and linear geometry. Fig. 2.12 shows schematic 

diagram of the two geometries for a LAO/STO sample which has a dimension 

of 5×5×0.5 mm
3
.  

In the VdP geometry, the current flows along one edge of the sample and the 

voltage is probed on the opposite edge. If the current flows from lead 1 to 2 

and voltage is probed along lead 3 to 4, a resistance can be defined as R12,34. 

Similarly, one can define R34,12, R14,23 and R23,14. From reciprocity theorem, 

we know that R12,34= R34,12 and R14,23= R23,14. The relationship between Rs, 

R12,34 and R14,23 were formulated by Van der Pauw [122] as: 

                                            𝑒
−𝜋𝑅12,34

𝑅𝑠 + 𝑒
−𝜋𝑅14,23

𝑅𝑠 = 1                      (eq. 2.11) 

If the resistance is isotropic (which is the case for all my samples), then 

R=R12,34= R14,23. Finally, the sheet resistance Rs can be simplified as:                     

                                               𝑅𝑠 =
𝜋𝑅

ln 2
≈ 4.53𝑅                               (eq. 2.12) 

In the linear geometry, if the current flows from lead 1 to 4 and the voltage is 

probed between lead 2 and 3, a resistance can be defined as R14,23. Similarly, 

one can define R41,32. If the resistance is isotropic, then R= R14,23= R41,32. To 

obtain the sheet resistance Rs in linear geometry, one has to fabricate a Hall 

bar to define the length (L) and width (W) of the conducting channel. Then, Rs 

can be obtained by using eq. 2.9.  
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One can see that the VdP method is relatively simpler as compared to the 

linear method, as the former does not require additional Hall bar fabrication. 

In this thesis, all the resistance measurements were carried out in the VdP 

geometry due to its simplicity. Fig. 2.13 shows temperature dependent sheet 

resistance (Rs-T) of a 10 uc LAO/STO sample from 2 to 300 K by using the 

VdP geometry. From the Rs-T curve, one can see that the sample is fully 

metallic from 300 to 2K as Rs increases monotonically with increasing 

temperature. 

 

Figure 2.12 Schematic illustration of van der Pauw (a) and linear (b) 

measurement of resistance of the 2DEG at LAO/STO interface. The four 

contacts (1, 2, 3 and 4) are formed by aluminum wire bonding. Current flows 

from I
+
 to I

-
 and voltage is probed between V

+
 and V

-
. The sample dimension 

is 5×5×0.5 mm
3
. 

 

Figure 2.13 Sheet resistance dependence on temperature for a 10 uc 

LAO/STO sample from 2-300K. The sample was deposited at T=760 ℃ and 

PO2=10
-3

 torr. Subsequently, it was annealed in air at T=600 ℃ for 1 hour. 
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2.3.2 Hall measurement 

Hall measurement is another important measurement to characterize a 

conductor. From Hall measurement, we can get important information, such as 

carrier type (electron or hole), carrier density and carrier mobility. These 

information help us to understand the band structure, electron-electron 

scattering, electron-phonon scattering etc. of a material. 

Figure 2.14 shows the geometry for Hall measurement of a three-dimensional 

conductor with length L, width W and thickness T. A current (I) flows along 

the L edge of the conductor. When an external magnetic field (B) is applied 

perpendicular to the current, the charges of the current are deflected by the 

Lorentz force, leading to positive and negative charge accumulation at 

different edges of the conductor, as shown in Fig. 2.14. These accumulated 

charges create a Hall voltage (VH) along W edge. Finally, the equilibrium 

condition is reached when the Lorentz force is equal to the electrostatic force 

created by the Hall voltage, i.e. 

                                                  qvB=qE=qVH/W                    (eq. 2.13) 

where q and v are the charge and velocity of the carrier, respectively. E is the 

electric field created by the Hall voltage. B, VH and W have been defined above. 

The current (I) created by the mobile charged carriers is defined as: 

                                                  I=qnv(WT)                             (eq. 2.14) 

where n is three-dimensional carrier density, I, q,v, W and T have been defined 

above. 

From eq. 2.13 and 2.14, one can derive Hall resistance as: 
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                                                RH=VH/I=B/(qnT)                     (eq. 2.15) 

Therefore, the three dimensional carrier density n can be deduced if one 

knows the Hall voltage VH, current I, the applied magnetic field B, the charge 

of the carrier q and the thickness of the sample T. 

Furthermore, the resistivity of a conductor can be written as: 

=
1

𝑛𝑞𝜇
eq. 2.16) 

Where  is the mobility of the charge carrier, which describes how quickly the 

carrier can move in the conductor. Hence, one can deduce by measuring the 

resistivity , the charge of the carrier q and the three dimensional carrier 

density n. As all the systems I studied are n-type conducting, i.e. only itinerant 

electrons contribute to the current, q in eq. 2.13-2.16 can be replaced with 

negative elementary charge –e. 

For a two-dimensional electron gas, we define sheet carrier density as: 

                                                  ns=nT                                       (eq. 2.17) 

From eq. 2.15 and 2.17, one can derive: 

                                                 RH=−
𝐵

𝑒𝑛𝑠
                                   (eq. 2.18) 

Therefore, the two-dimensional sheet carrier density ns can be obtained. 

Furthermore, if one notice that sheet resistance (Rs) is defined as resistivity 

divided by the thickness of the conductor (T) and that sheet carrier density (ns) 

is defined as three-dimensional carrier density (n) multiplied by the thickness 
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of the conductor (T), then by combining eq. 2.10, 2.17 and 2.18, one can 

derive: 

                                                𝜇 =
1

𝑒𝑅𝑠𝑛𝑠
                                      (eq. 2.19)  

Where 𝜇 is the mobility for a two-dimensional electron gas.                   

 

Figure 2.14 Geometry for Hall measurement of a three-dimensional conductor. 

Experimentally, we use the Van der Pauw geometry to measure the Hall effect. 

As shown in Fig. 2.15 (a), a current is applied between lead 2 and 4, while the 

Hall voltage is measured perpendicular to the current, i.e. between lead 1 and 

3. Figure 2.15 (b) shows Hall measurement data of an as-grown 10 uc 

LAO/STO sample at 300 K, from -9 to 9 T, by using the Van der Pauw 

geometry. The negative slope indicates that the charge carrier is electron. 

From linear fitting of the experimental data, one can find that the slope of the 

straight line is -5.90 T. By using eq. 2.18, the sheet carrier density ns is 

deduced to be 1.06×10
14

 cm
-2

. From the resistance measurement, the sheet 

resistance Rs is found to be 8783 . Thus, by using eq. 2.19, the carrier 

mobility  is deduced to be 6.7 cm
2
V

-1
s

-1
. 
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Figure 2.15 (a) Schematic illustration of Van der Pauw geometry for Hall 

measurement. (b) Hall resistance dependence on magnetic field for an as-

grown 10 uc LAO/STO sample at 300 K. Inset shows the details of linear 

fitting of the experimental data. 

It should be noted that the Hall effect introduced above is generally referred as 

normal Hall effect, which is generally observed in non-magnetic metal with 

one type of charge carrier. For normal Hall effect, the Hall resistance 

dependence on magnetic field is linear. However, for some materials, the Hall 

resistance dependence on magnetic field is non-linear. This type of Hall effect 

is called anomalous Hall effect (AHE), which involves either ferromagnetism 

[123] or multiple types of carriers [124]. Detailed discussion of AHE will be 

provided in later chapters. 

2.3.3 Magnetoresistance measurement 

Magnetoresistance (MR) measurement is the measurement of resistance with 

external magnetic field. It is defined as: 

                                         MR = 
𝑅(𝐵)−𝑅(0)

𝑅(0)
× 100%                    (eq. 2.20) 

Where R(B) and R(0) are resistances with a magnetic field of B and 0, 

respectively. MR is generally measured in a linear 4-probe geometry as shown 

in Fig. 2.12 (b), the external magnetic field can be applied along any direction 

depending on different experiments. 
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In the literature, there are many types of MR, such as ordinary MR, 

anisotropic MR (AMR), giant MR (GMR), clossal MR (CMR), tunnelling MR 

(TMR) and extraordinary MR (EMR) etc. In addition, MR is dependent on 

many external factors, such as temperature, the magnitude of magnetic field, 

the angle between current and magnetic field, localization, antilocalization and 

the magnetic properties of the materials etc. Due to the complexity of MR, 

here, I only introduce the ordinary MR and AMR, the others will be discussed 

in later chapters if applicable. 

For a normal non-magetic metal, MR is normally positive and quite small 

(smaller than one percent). In the presence of an external magnetic field, an 

electron orbits around the magnetic field due to the Lorentz force. Thus it does 

not contribute to electric current until it is scattered. After the scattering, the 

electron will begin another cyclotron obit and so on. Overall, the net effect is 

that the electron’s mean free path is decreased by the magnetic field because it 

is deflected away from its initial path by the Lorentz force. In this case, MR is 

proportional to the square of magnetic field, i.e. B
2
. This is known as Kohler’s 

rule: 

                                           𝑀𝑅 =
∆𝜌

𝜌(0)
= 𝑎(

𝐵

𝜌(0)
)2                       (eq. 2.21) 

where is the resistivity without magnetic field and  is the difference of 

resistivity with and without magnetic field. B is magnetic field and a is a 

constant. 

For a typical magnetic metal, the sign and magnitude of the MR is dependent 

on the relative direction of the current I and the magnitization M (or the 

external magnetic field). As shown in Fig. 2.16, the two most important 

configurations are: (1) parallel configuration, where I is parallel to M and (2) 
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perpendicular configuration, when I is perpendicular to M. Figure 2.17 shows 

MR measurement of a 30 nm Ni thin film in the two configurations. One can 

see that the two MR curves are quite different and hysteretic. The peak 

positions correspond to the coercive field. The hysteresis loops indicates that 

MR is related to magnetization, rather than magnetic field. In this case, the 

Kohler’s rule is modified as: 

                            𝑀𝑅 =
∆𝜌

𝜌(0)
= 𝑎(

𝐵

𝜌(0)
)2 + 𝑏(

𝑀

𝜌(0)
)2                     (eq. 2.22) 

Where M is magnitization, a and b are constants. 

 

Figure 2.16 Parallel (a) and (b) perpendicular configurations for MR 

measuremnt, respectively. 
 

 

Figure 2.17 MR measurement of 30 nm Ni thin film in parallel (top) and 

transverse (bottom) geometry, respectively. Adapted from [125]. 
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2.4 Magnetic properties characterization 

Depending on their response to an external magnetic field, materials are 

generally classified into one of the following categories: diagmagnetic, 

paramagnetic, ferromagentic, antiferromagnetic and ferrimagnetic. In this 

thesis, I only focus on diamagnetism, paramagnetism and ferromagnetism. 

Diamagnetism occurs in all materials with completely filled shells, and thus, 

the total spin magnetic moment is zero. Examples of diamagnets are: He, Ne, 

Ar and SrTiO3. These materials are weakly repelled by an external magnetic 

field. On the other hand, paramagnetism occurs in atoms or ions with partially 

filled outer shells. Examples of paramagnets are: Na, Au and Pt. These 

materials are weakly attracted to an external magnetic field. Ferromagnetism 

occurs when all spins are aligned and point along the same direction below 

Curie temperature (Tc). Examples of ferromagnets are: Fe, Co, Ni and SrRuO3. 

Ferromagnets are strongly attracted to an external magnetic field, as compared 

to paramagnets. 

Experimentally, we focus on two types of measurements: temperature 

dependent magnetic moment (m-T) measurement and magnetic field 

dependent magnetic moment (m-H) measurement. We used a Quantum Design 

Superconducting Quantum Interference Device-Vibrating Sample 

Magnetometer (SQUID-VSM) system to do these measurements. It allows us 

to control temperature from 400 to 2 K and magnetic field from -7 to 7 T. In 

addition, its high sensitivity (10
-11

 Am
2
) allows us to measure weak magnetic 

signals, such as that of ultrathin ferromagnetic films. 

Figure 2.18 shows qualitative scheme of the m-H and m-T curves for 

diamagnetism, paramagnetism and ferromagnetism. For diamagnetism, the m-
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H curve is linear with a negative slope and the m-T curve is almost constant 

with a negative magnetic moment.  

 

Figure 2.18 Qualitative scheme of the m-H and m-T curves for diamagnetism 

((a) and (b)), paramagnetism ((b) and (c)) and ferromagnetism ((e) and (f)). 

Adapted from [126]. 

For paramagnetism, both the m-H and m-T curves are non-linear. The m-H 

curve can be fitted with Langevin equation: 

                    𝑀 = 𝑁𝜇𝐿 (
𝜇𝐵

𝑘𝐵𝑇
) = 𝑁𝜇[coth (

𝜇𝐵

𝑘𝐵𝑇
) −

𝑘𝐵𝑇

𝜇𝐵
]                 (eq. 2.23) 

where M is magnetization (magnetic moment per unit volume), N is the 

number of magnetic moment per unit volume, is the magnitude of the 

magnetic moments, 𝐿 (
𝜇𝐵

𝑘𝐵𝑇
) is the Langevin function, B is magnetic field, kB is 

Boltzmann constant and T is temperature. The m-T curve for paramagnetism 

can be fitted with the Curie-Langevin law: 

                                                       𝑀 =
𝐶

𝑇
𝐵                                  (eq. 2.24) 

where C is a constant called Curie constant. M, T and B have been defined. 

During the measurement, B is kept a constant, and thus, M is inversely 

proportional to T. 
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For ferromagnetism, both the m-H and m-T curves are the same as those of 

paramagnetism above Curie temperature Tc. Below Tc, the m-T curve 

gradually increases with decreasing temperature due to spontaneous 

magnetization of a ferromagnet. A more comprehensive picture of the m-H 

curve for a ferromagnet is shown in Fig. 2.19. The m-H (or M-H) hysteresis 

loop is probably the most fundamental experimental proof from 

ferromagnetism. Initially, the ferromagnet is in an non-magnetic, virgin state 

due to domain walls formation. Upon application of external magnetic field, 

domain walls start to align along with the external magnetic field and reveal 

the spontaneous magnetization (Ms). After removing the external magnetic 

field, the magnetization remains and is called remanence (Mr). The coercive 

field or coercivity (Hc) is the reverse field required to reduce the 

magnetization to zero. 

 

Figure 2.19 The hysteretic M-H loop of a ferromagnet.Hc, Ms and Mr 

represent coercive field, spontaneous magnetization and remanence, 

respectively. Adapted from [32]. 

The origin of ferromagnetism in different materials are normally explained by 

different mechanisms or models, for example the mean field theory of 

ferromagnetism for localized electrons, Heisenberg model for localized 

electrons, Stoner’s band model of ferromagnetism for 3d metals, Ruderman-
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Kittel-Kasuya-Yoshida (RKKY) interaction in 4f alloy and double exchange 

interaction in manganese oxides. It is difficult and unrealistic to cover every 

mechanism in this thesis, and thus, I will only discuss the origin of 

ferromagnetism based on specific materials in later chapers. 
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 Chapter 3 Electron-soft phonon scattering in n-type SrTiO3 

Abstract 

SrTiO3 undergoes a cubic-to-tetragonal phase transition at Tc=105-110K, 

which can be described by a Brillouin zone corner Г25 (111) soft phonon. 

Despite the fact that clear anomalies in lattice constant, specific heat, thermal 

expansion coefficient and sound velocity have been observed, the correlation 

between phase transition and electronic transport properties in n-type doped 

SrTiO3 is still controversial. Here, we report phase transition induced 

electronic transport anomaly in temperature dependence of the temperature 

coefficient of resistance (TCR) consistently observed in a wide variety of 

SrTiO3-based systems by detailed transport measurements and first-principles 

calculations. The observed TCR anomaly, which can be well fitted with the 

electron-Г25 soft phonon scattering around Tc, is found to be caused by 

anomalies in both mobility and carrier density, with the former taking the 

dominant role. Moreover, the magnitude of the anomaly is found to decrease 

with increasing carrier density as a result of competing electron-electron and 

electron- Г25 soft phonon scattering. These findings demonstrate the role of the 

electron-Г25 soft phonon scattering in the conducting and possibly the 

superconducting mechanism in SrTiO3-based systems.  

3.1 Motivation 

As introduced in section 1.2.1, due to its excellent physical properties and 

suitability as a substrate or buffer layer for oxide heterostructures, SrTiO3 

(STO) can be considered as the “silicon” for oxide electronics. As a prototype 

perovskite oxide, STO serves as a versatile playground for studying various 

strongly correlated effects, such as electron-electron coupling [19, 20, 23, 25, 
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26, 28, 101], electron-phonon scattering [19, 20, 23-26, 28, 101], metal-

insulator transition [127], superconductivity [22, 128], ferroelectricity [53, 54] 

and ferromagnetism [66].  

In its stoichiometric form, STO is a non-polar band insulator with an indirect 

bandgap ~ 3.27eV [15]. Itinerant electrons can be introduced into bulk STO 

(3D) by chemical doping (Nb, Zr, La or Ta), high-vacuum annealing and 

argon milling [19-21]. Alternatively, two-dimensional (2D) electron liquid can 

be induced at the interface of a polar oxide and STO by polar discontinuity [57] 

(such as LaAlO3/SrTiO3) or at the surface of STO by electrostatic doping with 

ionic liquid gating [129]. At low temperatures (<100 K), the conduction 

mechanism for both the 3D and 2D electrons can be well explained by the 

Baber electron-electron scattering, which considers both Coulomb and 

phonon-mediated electron-electron scatterings [20, 25, 26, 28, 30]. However, 

above 100 K, the resistivity deviates from Baber T
2
 dependence [27]. In 

addition, the monotonic increase of electron mobility with decreasing 

temperature is either explained by the monotonic increase of dielectric 

constant and thus the TO zone centre phonon scattering [23] or the LO phonon 

scattering [29]. Furthermore, it was recently found by Lin et al. that the 

resistivity T
2
 dependence for the single-band dilute SrTiO3-δ could not be 

explained by the two known mechanisms for T
2
 behavior-Baber scattering and 

Umklapp process, indicating the absence of a microscopic theory for 

momentum decay through electron-electron scattering in STO [27]. 

It is well known that STO undergoes an antiferrodisplacive soft-mode phase 

transition from cubic to tetragonal structure at Tc=105-110 K [16]. This second 

order phase transition is attributed to the softening of the zone corner phonon 
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Г25 (111) at Tc [16]. Over the past decades, anomalies in physical properties 

associated with this phase transition at Tc, such as lattice constant [130], 

specific heat [131], thermal expansion coefficient [132] and sound velocity 

[133], have been observed experimentally. However, since the 1960s, the 

correlation between the phase transition and electronic transport properties in 

n-type STO remains controversial and unclear, although there have been 

theoretical predictions in 1972 [17]. Understanding the correlation between the 

phase transition and electronic transport properties is critical to improve our 

understanding of the second order phase transition and the electronic transport 

properties in STO as it lies at the boundary of the high and low temperature 

region. 

With this long-standing problem in mind, we report, in this chapter, for the 

first time the phase transition induced electronic transport anomaly at Tc in n-

type STO by detailed transport measurements and first-principles calculations. 

Unlike n-type BaTiO3 (e.g. BaTiO3-), which shows resistivity discontinuity at 

its first-order phase transition temperatures [45], the resistivity of STO-based 

systems at its Tc is continuous and smooth. However, the temperature 

coefficient of resistance (TCR) shows a small but non-trivial peak at Tc for all 

the studied STO-based systems, regardless of the origin of the conductivity 

(defects, chemical doping or polar-discontinuity), dimension of the electron 

gas (3D or 2D) and crystalline direction, as long as the conducting channel lies 

in free-standing STO. Here, TCR is defined as TCR= (1/R)(dR/dT). Due to the 

second order nature of the phase transition, the anomaly of TCR at Tc was 

found to be very small, on the order of 0.1%. We found that the anomaly in 

TCR is caused by anomalies in both carrier density and mobility, with the 
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latter dominating the change. Furthermore, it was found that the magnitude of 

the anomaly increases as carrier density decreases. 

3.2 Experimental methods 

To obtain a comprehensive picture of the correlation between phase transition 

and electronic transport properties in n-type STO, we prepared seven sets (A-

G) of samples. SrTi1-xNbxO3 (NST) (001) single crystals (set A), oxygen 

deficient SrTiO3- (001) single crystals (set B), LaAlO3/SrTiO3 (LAO/STO) 

(001) heterostructures (set C), LaAlO3)0.3-(Sr2AlTaO6)0.7/STO (LSAT/STO) 

(001) heterostuctures (set D), LaAlO3/SrTiO3 (LAO/STO) (110) 

heterostructures (set E), LaAlO3/SrTiO3/NdGaO3 (LAO/STO/NGO) (110) 

heterostrctures (set F) and LaAlO3/SrTiO3/LaAlO3)0.3-(Sr2AlTaO6)0.7 

(LAO/STO/LSAT) (001) heterostructures (set G). 

Set A and B samples are three-dimensional conducting samples. NST samples 

(set A) with different Nb concentrations, i.e., 0.01, 0.05, 0.1 and 0.5 wt% were 

commercially obtained from CrysTec GmbH, Germany. STO single crystals 

were annealed at 800℃, 10
-6

 torr for different durations to obtain oxygen 

deficient SrTiO3-δ (set B). 

Set C to G samples are two-dimensional conducting samples, which were 

prepared by pulsed laser deposition (PLD) equipped with in-situ reflection 

high-energy electron diffraction (RHEED). All the samples were prepared at 

760℃ and an oxygen partial pressure of 10
-3

 torr with the fluence of laser 

energy of 1.5 J/cm
2
 and laser repetition rate of 1 Hz. For set C and D, LAO or 

LSAT were deposited on atomically flat TiO2-terminated STO (001) 

substrates from single crystalline LAO and LSAT target, respectively. The 
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STO (001) substrates were treated prior to the deposition with the standard 

method discussed in section 2.1.1. For set E samples, the deposition process 

were the same as that of set C and D, the only difference is the substrate 

treatment process. The STO (110) substrates were annealed in air at 1050 ℃ 

for 3 hours without HF treatment [134]. After the deposition, set C and E 

samples were post-annealed in air at 600 ℃ for 1 hour to compensate oxygen 

vacancies. For set F and G samples, STO and LAO were deposited 

successively on NGO (110) and LSAT (001) substrates, respectively. The 

NGO (110) and LSAT (001) substrates were annealed in air for 2 hours at 

1050 ℃ and 1300 ℃ to obtain B-site terminated surfaces, respectively [62]. 

All the samples have a dimension of 5×5×0.5 mm
3
. Electrical contacts were 

formed on the corners of the samples by an aluminum wire bonder and all the 

electronic transport properties were measured in a Quantum Design physical 

property measurement system (PPMS) in the Van der Pauw geometry. 

3.3 Electronic transport properties 

3.3.1 Three-dimensional electron liquid 

We first investigated the electronic transport properties of the three-

dimensional conducting samples, i.e. NST and SrTiO3-which can be viewed 

as three-dimensional electron liquids (3DEL).  

Figure 3.1 shows electronic transport properties of a NST (0.01wt% Nb doped) 

and a SrTiO3-sample. Both samples show fully metallic behavior from 300 to 

2 K, no anomaly in temperature dependent resistance (R-T) curves can be 

observed in the whole temperature range as shown in Fig. 3.1 (a)-(b) (left 

scale). The resistance of the NST sample decreases monotonically from 2.94 
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 at 300 K to 4.83×10
-4

 at 2 K. Similarly, the resistance of the SrTiO3-

sample also decreases monotonically from 6.23  at 300 K to 1.99×10
-3

 at 

2 K. However, as shown by the right scale of (a)-(b), two peaks are visible for 

temperature dependent TCR for both samples. The main peak located at 10-30 

K is a natural consequence of the Fermi liquid nature in STO-based systems at 

low temperature (2-100K). For a fermi liquid, whose resistance can be 

expressed as R=AT
2
+R0, where A is a constant and R0 is residual resistance, a 

peak is expected at (R0/A)
1/2

 for TCR. A detailed discussed of the Fermi liquid 

behavior can be found in Section 3.3.3. Besides this main peak, a small peak 

can be observed around 108K, which coincides with the phase transition 

temperature Tc (105-110 K) of STO. Figures 1 (c)-(d) emphasize this peak by 

showing TCR over the temperature range 95-115 K. 

To gain further insights into this TCR anomaly at 108 K, we performed 

detailed Hall measurements over the temperature range 95-115 K for every 0.5 

K. The magnetic field was scanned from -2 to 2 T during the Hall 

measurements. Figures 3.1(c)-(d) show carrier density dependence on 

temperature (n-T) for each sample. Here, n is divided by n115K for better 

visibility. The slope of each n/n115K-T curve shows a sudden change around 

108 K. The carrier density for each sample increases as temperature decreases 

from 115 to 95 K. As explained in one of our previous works, this increase is 

caused by the increase of the dielectric constant of STO as temperature is 

lowered [135]. It should be noted that the absolute change of carrier density 

over the temperature range 95-115 K is quite small (only a few percent). For 

the NST sample, n is 1.441×10
18

 and 1.405×10
18

 cm
-3

 at 95 and 115 K, 

respectively. For the SrTiO3-sample, n is 8.658×10
17

 and 8.508×10
17

 cm
-3

 at 
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95 and 115 K, respectively. Figures 1(g)-(h) (left scale) show mobility 

dependence on temperature (μ-T) extracted from the Hall measurements. Both 

μ-T curves are smooth without any anomaly from 95 to 115 K. However, if we 

define temperature coefficient of mobility (TCμ) similar to TCR as 

TCμ=(1/μ)(dμ/dT), a clear step of TCμ can be observed at 108K. 

 

Figure 3.1 Electronic transport anomaly of 3DEL at Tc. (a)-(b): (left scale) 

Temperature dependence of resistance for 0.01 wt% Nb:STO and high 

vacuum, 1h annealed STO single crystal, respectively. The resistance in (a) 

and (b) is multiplied by a factor of 10
4
. (right scale) Temperature dependence 

of TCR, which is normalized by its main peak for each sample for better 

visibility. (c)-(d): Temperature dependence of TCR over the temperature range 

95-115 K for the same samples in (a)-(b). (e)-(f): Temperature dependence of 

n/n115K over the temperature range 95-115K, n is divided by n115K for each 

sample for better comparison. The straight lines in (c)-(f) are guides for the 

eyes. (g)-(h): Temperature dependence of carrier mobility  (left scale) and 

TCμ (right scale). 
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3.3.2 Two-dimensional electron liquid 

Since the discovery of a high-mobility two dimensional electron liquid (2DEL) 

at LAO/STO interface by Ohtomo and Hwang in 2004, this interface has 

attracted a lot of attentions [57]. Over the past decade, 2DEL has been 

observed in a wide variety of oxide heterostructures, such as LSAT/STO [136], 

Al2O3/STO [137] and LaTiO3/STO [138]. In all these heterostructures, STO is 

almost exclusively selected as the substrate. The 2DEL in these 

heterostructures lies in STO within a few nanometers from the interface [139-

141]. With this background in mind, one would thus expect similar electronic 

transport anomaly in STO-based 2DEL if the anomaly is originated from the 

phase transition of STO.  

To check the electronic transport anomaly in 2DEL, we studied two 

heterostructures, i.e. LAO/STO and LSAT/STO. Figure 3.2 shows electronic 

transport properties of a 10 uc LAO/STO and a 10 uc LSAT/STO sample. One 

can see that the transport properties of the 2DEL shown in Fig. 3.2 closely 

resemble those of the 3DEL shown in Fig. 3.1. The same TCR peak, carrier 

density anomaly and TC anomaly at 108 K in Fig. 3.1 can be observed in Fig. 

3.2. Although the quantities may differ from sample to sample, the behavior is 

qualitatively the same for all the samples, regardless of the origin of the carrier 

or the dimension of the electron liquid. We note that, similar to the 3DEL, the 

absolute change of the two-dimensional carrier density over the temperature 

range 95-115 K is also quite small. For the 10 uc LAO/STO sample, n is 

3.010×10
13

 and 2.910×10
13

 cm
-2

 at 95 and 115 K, respectively. For the 10 uc 

LSAT/STO sample, n is 2.064×10
13

 and 2.018×10
13

 cm
-3

 at 95 and 115 K, 

respectively. 
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Figure 3.2 Electronic transport anomaly of 2DEL at Tc. (a)-(b): (left scale) 

Temperature dependence of resistance for 10uc LAO/STO and 10uc 

LSAT/STO, respectively. (right scale) Temperature dependence of TCR, 

which is normalized by its main peak for each sample for better visibility. (c)-

(d): Temperature dependence of TCR over the temperature range 95-115K for 

the same samples in (a)-(b). (e)-(f): Temperature dependence of n/n115K over 

the temperature range 95-115K, n is divided by n115K for each sample for 

better comparison. The straight lines in (c)-(f) are guides for the eyes. (g)-(h): 

Temperature dependence of carrier mobility  (left scale) and TCμ (right 

scale). 

As discussed in section 3.2, the LAO/STO (001) and LSAT/STO (001) 

samples shown in Fig. 3.2 were post-annealed in air after the deposition to 

compensate the oxygen vacancies. We further found that the electronic 

transport anomaly is also present in as-grown samples, i.e. it is independent of 

this post-annealing process. Generally, the 2DEL in post-annealed LAO/STO 

(001) heterostructure is believed to come from polar discontinuity solely, 

while the 2DEL in as-grown LAO/STO (001) heterostructure originates from 
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both polar discontinuity and oxygen vacancies [30]. Figure 3.3 shows the 

electronic transport properties of an as-grown 10 uc LAO/STO (001) sample. 

Similar TCR and TC behaviour to that of post-annealed LAO/STO sample 

can be observed. However, by comparing Fig. 3.2(e) and Fig. 3.3(b), one can 

see that the n-T curves show different behaviour for the two samples. The 

carrier density of the post-annealed sample increases with decreasing 

temperature, which is attributed to the enhancement of dielectric constant of 

STO with lower temperature [135]. The carrier density of the as-grown sample, 

on the contrary, decreases with decreasing temperature, which is attributed to 

the freeze-out of oxygen-vacancy-induced carriers with lower temperature 

[127]. Nevertheless, if one defines temperature coefficient of carrier density as 

TCn= TCR= (1/n)(dn/dT), a clear step can be observed at 108 K, as shown in 

Fig. 3.3 (b) (right scale). These results indicate that the anomaly at 108 K is 

independent of the origin of the 2DEL. 

 

Figure 3.3 Electronic transport anomaly of an as-grown 10 uc LAO/STO 

sample. (left scale) Temperature dependent resistance (a), carrier density (b) 

and mobility (c). (right scale) Temperature dependent TCR (a), TCn (b) and 

TC. 

Apart from LAO/STO (001) heterostructure, we note that the 2DEL in 

LAO/STO (110) also shows anomaly at 108 K, as shown in Fig. 3.4. The sheet 

resistance of the LAO/STO (110) sample is anisotropic along the two in-plane 
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directions , which can be explained by a buckling model in Ref. [142]. Both 

the TCR along (11̅0) and (001) directions show an anomaly at 108 K, as 

shown in Fig. 3.4 (b). These results indicate that the anomaly at 108 K is 

independent of crystalline direction of the STO substrate. 

 

Figure 3.4 Temperature dependence of sheet resistance (a) and TCR (b) for a 

10uc LAO/STO(110) sample along two different measurement directions: (1-

10) and (001).  The inset in (b) shows an enlarged view for TCR over the 

range 80-130K. 

3.3.3 Fermi liquid behaviour of n-type SrTiO3 at low temperature 

In the low temperature region (<100 K), the conduction mechanism in n-type 

STO can be well described by the Fermi liquid theory [27]. As mentioned in 

Section 3.3.1, the resistance of a Fermi liquid can be expressed as R=AT
2
+R0, 

where A is a constant and R0 is residual resistance. By applying the Fermi 

liquid theory, the main peak in all the temperature dependent TCR curves can 

be well fitted. In Fig. 3.5 (a)-(b), we show the fitting of a 0.05wt% NST 

sample and a 10uc LAO/STO sample as an example for 3D and 2D electron 

liquid, respectively. The fitting curves are obtained by fitting the resistivity at 

low temperature (2-100 K) with =AT
2
+, then the red solid lines are 

obtained by calculating the fitted data with (TCR)fitting =(1/)(d/dT). One can 
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see that the fitting curves match well with the experimental data at low 

temperature. 

Furthermore, as shown in Table 1,  and A are obtained for NST samples 

with different doping concentrations to calculate the position of the first peak 

with T1=(/A)
1/2

. The fitted peak position T1 is in good agreement with the 

experimental peak position T1
’
. In addition, The extracted  and A values are 

in good agreement with that reported by Lin et al.[27]. 

 

Figure 3.5 (a) and (b) Fitting of the first TCR peak for 0.05wt% NST and 

10uc LAO/STO, respectively.  

 

Nb (wt.%) 0 (•cm) A•cm•K
-2

) T1=( 0 / A)
1/2

 

(K) 

T1
’ (K) 

0.01 79.3 2.02 6.3 9.2 

0.05 75.3 0.31 15.5 15.7 

0.1 54.6 0.18 17.6 18.7 

0.5 48.6 0.03 43.0 39.2 

Table 1 Extracted 0, A and T1 from the fitted data for NST samples with 

different doping concentration. T1
’
 is the experimental position of the first 

peak. One can see that T1 and T1
’
 agree well with each other. 

3.3.4 Electron-soft phonon scattering at Tc 

As explained in Section 1.2.1, the phase transition of STO can be described by 

the zone corner Г25 (111) soft phonon. We attribute the observed transport 
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anomaly at 108 K to electron scattering by this soft phonon in STO around its 

phase transition temperature. This electron-soft phonon scattering has been 

used to explain the superconductivity in STO by J. Appel [143]. 

We fit the temperature dependent resistivity (T) curve of a 0.01wt% NST 

sample above and below 108 K separately as indicated by the red solid line in 

Fig. 3.6 (a) due to the discontinuity of d/dT at 108 K (inset). This is also 

supported by the results in Fig. 3.1. The low temperature (2-90 K) is fitted 

with =A1T
2
+01, while the high temperature (120-300 K) is fitted with 


m
+02, where A1, A2 and m are constants, 01and 02 are high and low 

temperature residual resistivity, respectively. A peak at Tc in  can be 

observed after subtracting the fitted background from the experimental T 

curve (Fig. 3.6 (c)).  

Figure 3.6 (b) shows the zone corner Г25 (111) soft phonon energy dependence 

on temperature as reprinted from Ref. [16]. It softens from high temperature to 

Tc and splits into two branches (Eg and A1g) below Tc as the symmetry is 

lowered from cubic to tetragonal phase. This symmetry breaking doubles the 

unit cell from cubic to tetragonal phase and consequently the Brillouin zone 

corner Г25 (111) phonon is folded onto the zone center of the tetragonal phase 

[16, 17]. The softening of the Г25 phonon leads to a divergence in mode 

occupation as phonons obey Bose-Einstein distribution [144]. The red dashed 

line in Fig. 3.6 (c) (upper panel) is the fitting of  with the electron-soft 

phonon interaction by using the method in Ref. [144]. The fitting function is 

=c×N, where N is the Г25 phonon’s Bose-Einstein occupation number 

evaluated using the phonon energies in Fig. 3.6 (b), c is a conversion factor 
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from N to resistivity. We note that c could be different for high and low 

temperature region as the wave-vector of the soft phonon changes from 

q=√3/a to q=0 at Tc. The TCR anomaly can also be fitted satisfactorily as 

shown in the lower panel of Fig. 3.6 (c). Apart from NST, the transport 

anomaly in SrTiO3- , LAO/STO (001), LSAT/STO (001), LAO/STO (110) 

can also be fitted by using the same method. We show the experimental and 

fitted data of LAO/STO in Fig. 3.6 (d) as an example for 2DEL.  

It should be noted that |dn/dT| shows a sudden increase at Tc from high to low 

temperature, while |d/dT| shows a decrease at Tc (Fig. 3.1). As =1/=ne, 

where is conductivity and e is the elementary charge, the anomaly of |dn/dT| 

and |d/dT| thus contribute oppositely to the anomaly of d/dT. As d/dT 

shows a decrease at Tc (Fig. 3.6), the anomaly in d/dT and thus in TCR is 

dominated by |d/dT| over |dn/dT|. 
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Figure 3.6 Electron-soft phonon scattering at Tc. (a) Temperature dependence 

of resistivity for a 0.01wt% Nb:STO sample. Solid red line is the background 

fitted in the low (2-90 K) and high temperature (120-300 K) region. Inset 

shows temperature dependence of d/dT, a drop at 108 K can be seen, as 

magnified in the red dashed circle. This drop in d/dT at Tc separates the 

conducting mechanism of STO-based systems into two regimes. (b) Energy 

dependence on temperature for the Г25 (111) soft phonon, which softens at Tc 

and splits into two phonon modes below Tc (after Ref. [20]) . (c)–(d) Electron-

soft phonon scattering fitting for 0.01wt% Nb:STO and 10uc LAO/STO, 

respectively. (upper panel) Fitting of Rs), which is extracted by 

subtracting the background from the experimental (Rs) as shown in (a). 

(lower panel) Fitting of TCR, which is calculated from (Rs 

3.4 First-principles calculations 

To gain further insights into the relation between the phase transition and 

transport anomaly in STO-based systems, we perform first-principles band 

structure calculations for both bulk STO and LAO/STO heterostructure (Fig. 

3.7 (a) and (b)) using density-functional theory based Vienna ab initio 

Simulation Package (VASP) [145, 146].  The Perdew-Burke-Ernzerhof (PBE) 

approximation for the exchange-correlation functional and the frozen-core all-

electron projector-augmented wave (PAW) method are applied here [147, 148]. 

 For bulk STO calculations, the cutoff energy for the plane wave expansion is 

set to 500 eV. To allow the rotation of the TiO6 octahedron in tetragonal STO, 

a minimum supercell containing 20 atoms is required. A similar supercell is 

used for STO in cubic phase to make a direct comparison. Monkhorst-Pack k-

point grids for Brillouin zone sampling are set to 6×6×6 for bulk STO within 

both cubic and tetragonal phase. The structures are fully relaxed until the 

forces are smaller than 0.001 eV/Å. The calculated tetragonal STO has an 

equilibrium structure with a = b = 3.936 Å, c/a =1.005, and a rotational angle 

of 5.09
o
 for the TiO6 octahedron along the z axis, while a = b = c = 3.948 Å 

for cubic STO. These parameters are in good agreement with previous reports 
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[17, 149]. For the LAO/STO heterostructure calculations, LAO is grown on 

both cubic and tetragonal STO. Superlattice structures with fixed in-plane 

lattice constant of SrTiO3 are used, the k-meshes are set to 6×6×1, and the 

forces are considered as convergent if smaller than 0.01 eV/Å.   

Figures 3.6 (c)-(d) show top and side view of the LAO/STO supercell in the 

tetragonal phase used in the calculations. The “antiferrodisplacive” phase 

transition is introduced by the opposite rotations of the nearest oxygen 

octahedrons around c axis.  

In the case of bulk STO, the conduction band minimum lies at point of the 

Brillouin zone and is consisted of triply degenerate t2g bands in the cubic 

phase. Upon phase transition at Tc, the tetragonal crystal field splits the t2g 

bands into a lower dyz and dzx doublet and a higher dxy band with E≈13 meV. 

It should be noted that besides the band splitting, the curvature of each band is 

also changed, which leads to a change in effective mass. All the bands in 

tetragonal phase have larger effective mass than that in the cubic phase. For 

the lowest dyz band, in the cubic phase, mx
*
=6.22me, my

*
=0.41me, while in the 

tetragonal phase, mx
*
=11.49me, my

*
=0.70me, thus m

*
=2 mx

*
my

*
/(mx

*
+my

*
) 

increases from 0.77me to 1.32me.  

For LAO/STO heterostructure, the conduction band minimum also lies at 

point. However, compared to bulk STO, in the cubic phase, the triply 

degenerate t2g bands are split into a lower dxy band and an upper dyz, dzx 

doublet by the interface crystal field [139]. Two features can be observed in 

the tetragonal phase of LAO/STO heterostructure as compared to its cubic 

phase. First, the curvature of each band is changed as also observed in bulk 
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STO, and m
*
 increases from 0.48me to 0.53me for the lowest dxy band. Second, 

the bandwidth is decreased, the energy difference between the lowest two dxy 

bands decreases from 0.15 to 0.12 eV. These results indicate that the 

conduction electrons in the tetragonal phase have a smaller mobility than in 

the cubic phase, as  is inversely proportional to m
*
. However, experimentally, 

the mobility of the electrons increases monotonically from 300 to 2K without 

any observable anomaly. As discussed earlier, the electron mobility in STO is 

either explained by TO zone centre phonon scattering [23] or LO phonon 

scattering [29], and the exact origin is still in debate. However, no matter what 

the underlying scattering mechanism is, it serves as a large background for -T 

for the weak electron-soft phonon scattering. This explains why the -T curve 

is smooth, while a clear anomaly is observed in TC. 

 

Figure 3.7 Band structure calculations. (a)-(b) Conduction band of cubic (blue 

solid line) and tetragonal (red dashed line) phase for STO and LAO/STO, 

respectively. We note that the band structures shown here are zoomed in for 

clarity. The M and X points denote the directions along which the K points are 

scattered. (c)-(d) Top and side view of the LAO/STO supercell used in the 

calculations, respectively. The dashed lines in (c) and (d) are guides to the 

eyes, showing opposite rotation directions for the nearest oxygen octahedrons 

around z axis. 
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In summary, our calculations indicate that both the 3DEL and 2DEL in STO 

show a small decrease in carrier mobility from cubic to tetragonal phase, due 

to enhancement of effective mass of the electrons. This band structure change 

is responsible for the TC anomaly at 108 K. 

3.5 Carrier density dependence of the magnitude of the anomaly 

Measurements on a series of NST samples with different doping 

concentrations show that the magnitude of the anomaly decreases with 

increasing carrier density as shown in Fig. 3.8. We define the magnitude of the 

anomaly as |TCR|=|(TCR)108K
+
-(TCR)108K

-
|. |TCR| decreases approximately 

three times from around 0.3% to 0.1% as carrier density increases from 10
18 

to 

2×10
20 

cm
-3

 (Fig. 3.8 (d)). |TC| and |TCn| also decrease with increasing 

carrier density. Here, TCn is defined as TCn=(1/n)(dn/dT). |TC| and |TCn| 

are defined similarly to |TCR|, i.e. |TC|=|(TC)108K
+
-(TC)108K

-
| and 

|TCn|=|(TCn)108K
+
-(TCn)108K

-
|.  

In Fig. 3.9, we show details of the extraction of |TCR|, |TC| and |TCn| of 

a 0.01 wt% NST sample. The high temperature region (108-120 K) and low 

temperature region (95-108 K) experimental values were fitted separately with 

linear functions. The magnitude of the anomaly is then defined as the absolute 

difference of the two linear functions at 108 K. 

It should be noted that the TCn anomaly can also be clearly seen in Fig. 3.8 (b). 

For the most doped sample, the carrier density shows a linear dependence on 

temperature. As carrier density decreases, the slope change at Tc increases. 
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The total resistance of STO-based systems is consisted of different scattering 

mechanisms including Baber scattering, direct electron-phonon scattering, 

umklapp electron-electron scattering and impurity scattering [25]. To fully 

account for the small magnitude of the anomaly at Tc would require careful 

theoretical treatments of all the phonon branches and electrons from different 

bands, which is beyond the scope of this work. We simplify this problem by 

considering the bulk STO case in the tetragonal phase, where only Baber 

electron-electron scattering (Re-e) and electron-soft phonon (Re-sp) scattering 

are active and the total resistance can be expressed as Rtot= Re-e+ Re-sp. |TCR| 

is then proportional to Re-sp/Re-e. We compare the two extreme cases of small 

carrier density (only the lowest dyz and dxz doublet is occupied) and large 

carrier density (all the t2g bands are occupied) states, hereafter noted as ns and 

nl state, respectively. In the tetragonal phase, for the dxy bands, m1
*
 =0.41me, 

for dyz and dxz bands m2
*
=1.32me.  In a simplified two-band structure, the 

strength of the Baber scattering is proportional to (m2
*
/m1

*
)
2
, where m1

*
 and 

m2
*
 is effective mass of the light and heavy band, respectively [28]. The 

strength of the Baber scattering of nl state is then (1.32/0.41)
2
 ≈10 times 

larger than that of the ns state. If we assume that the electron-soft phonon 

scattering does not depend on the details of the energy bands, then Re-sp/Re-e of 

the nl state is 10 times smaller than that of the ns state. According to quantum 

oscillation measurements in STO, for n < 10
18 

cm
-3

, the ground state is single 

band; for n > 2×10
19 

cm
-3

 three bands are occupied [27].  The 0.01wt% (n≈

10
18 

cm
-3

) and 0.5wt% NST (n≈2×10
20 

cm
-3

) then correspond to a single-band 

ns state and a three-band nl state, respectively. The corresponding Re-sp/Re-e is 

thus expected to decrease by 10 times from 0.01wt% to 0.05wt% NST. 



84 
 

Experimentally, |TCR| decreases by ~3 times from 0.01wt% to 0.5wt% NST. 

Thus both Re-sp/Re-e and |TCR| decrease with increasing carrier density. 

Similarly, in the case of LAO/STO, as reported by Delugas et al., m1
*
=0.7 me, 

m2
*
=1.3me, so the strength of the Baber scattering in the nl state is 3.4 times 

larger than that of the ns state [139].  

Apart from NST, we also found that, in SrTiO3-, the magnitude of the 

anomaly also decreases with increasing carrier density. In Fig. 3.10, we show 

the carrier density dependence on temperature for a series of SrTiO3-samples, 

which were annealed at 800 ℃   in 10
-7

 torr vacuum for 1, 2 and 4 h, 

respectively. The carrier density of these samples at 100 K are 6.2×10
16

, 

8.6×10
17

 and 1.2×10
18

 cm
-3

, respectively. One can clearly see that the carrier 

density anomaly increases with decreasing carrier density. 

In summary,  the decreasing TCR magnitude with increasing carrier density 

can be qualitatively explained as follows: when carrier density of the electron 

liquid increases, more conduction bands will be occupied, the scattering 

mechanism is then dominated by the Baber electron-electron scattering 

between different conduction bands and the proportion of the electron-soft 

phonon scattering in the total resistance decreases, the conduction electrons 

tends to follow the T
2
 Fermi liquid behaviour better.  
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Figure 3.8 Carrier density dependence of the magnitude of the anomaly for 

NST. (a)-(c) Temperature dependence of TCR, (n-n115K)/(n95K-n115K) and 

mobility for 0.01, 0.05, 0.1 and 0.5 wt.% NST, respectively. Here, n is 

normalized by (n-n115K)/(n95K-n115K) to simplify comparison.  The inset in (b) 

shows carrier density for the four SrTi1-xNbxO3 samples. (d) Carrier density 

dependence of the magnitude of the anomaly for |TCR|, |TC| and |TCn|. 

Here, |TCR| is defined as |TCR|=|(TCR)108K
+
-(TCR)108K

-
|, |TC| and 

|TCn| are defined similarly. 

 

Figure 3.9 Temperature dependence of TCR (a), TC(b) and TCn (c) for a 

0.01wt% NST sample. Blue dashed lines are linear fittings of the experimental 

data in high temperature (108-120 K) and low temperature (95-108 K) regions. 
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Figure 3.10 Temperature dependence of carrier density for a series of SrTiO3- 

samples. The black square, red circle and blue triangle stand for samples 

annealed at 800 ℃  in 10
-7

 torr vacuum for 1, 2 and 4 h, respectively. The 

carrier density of each sample at 100 K (n100K) is used to represent the sample. 

The longer is the annealing time, the larger is the carrier density. Carrier 

densities for these samples are normalized by n/n90K to simplify comparison.  

3.6 Suppression of TCR anomaly 

As discussed above, the TCR anomaly in STO-based systems is attributed to 

the cubic-to-tetragonal phase transition of STO at Tc. One question one may 

ask is that: can the TCR anomaly be suppressed if the phase transition of STO 

is suppressed? 

With this question in mind, we prepared epitaxial LAO/STO heterostructure 

on LSAT (001) and NGO (110) substrates. As compared to conventional 

LAO/STO heterostructure, which ultilizes STO as the substrate, epitaxial 

LAO/STO heterostructure may find its applications in high frequency devices 

[62]. The epitaxial strain exposed on LAO/STO by the substrate was utilized 

to control the carrier density and mobility of the 2DEL [97]. In addition, the 

epitaxial strain also suppresses the phase transition of LAO and STO due to 

substrate clamping effect [150]. 
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Figure 3.11 shows temperature dependent TCR for a 15 uc LAO/10 uc 

STO/LSAT (001) sample and a 15 uc LAO/10 uc STO/NGO (110) sample. 

The inset shows temperature dependence of sheet resistance (Rs-T) for the two 

samples. Both Rs-T curves show metallic behavior from 300 K to around 100 

K and an weak localization upturn below 100 K. The upturn in Rs-T curve 

around 100 K is attributed to weak localization due to disorder, misfit strain 

and point defects [62, 151]. From the fact that STO directly grown on LSAT 

and NGO is insulating, it can be concluded that the observed 2DEL resides at 

LAO/STO interface. Unlike the results shown in Fig. 3.1, the temperature 

dependent TCR curves for both samples are smooth without any observable 

anomaly over the whole temperature range. We believe that this is caused by 

the substrate clamping effect [150], which suppresses the phase transition of 

STO thin film when grown on other substrates. The absence of TCR anomaly 

at 108 K in epitaxial LAO/STO heterostructure further suggests that the TCR 

anomaly is caused by the phase transition of STO. 

 

Figure 3.11 Temperature dependence of TCR for a 15 uc LAO/10 uc 

STO/LSAT (001) sample and a 15 uc LAO/10 uc STO/NGO (110) sample. 

The inset shows temperature dependence of sheet resistance for the two 

samples. 
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3.7 Summary 

In conclusion, by using detailed electronic transport measurements, we have 

revealed the long-sought phase transition induced anomaly in resistivity, 

carrier density and mobility at Tc in a wide variety of STO-based systems. 

From the fact that the anomaly is independent of the dimension of the electron 

liquid (3D or 2D), the origin of the electron liquid (chemical doping or polar 

catastrophe), the over-layer of the 2DEL (LAO or LSAT) and the crystalline 

orientation of STO ((11̅0) or (001)), we believe that the anomaly is intrinsic to 

STO-based systems. The suppression of TCR anomaly in epitaxial LAO/STO 

heterostructures deposited on LSAT and NGO substrates gives further 

evidence of the correlation between the transport anomaly and the phase 

transition of STO. 

The TCR anomaly around Tc can be well fitted with the electron-Г25 soft 

phonon scattering. In addition, the TCR anomaly is caused by anomalies in 

both carrier density and mobility with the latter taking the dominant role. 

First-principles calculations for both STO bulk and LAO/STO heterostructure 

show that the mobility anomaly is caused by the electron effective mass 

enhancement from cubic to tetragonal phase transition. Furthermore, the 

magnitude of the anomaly decreases with increasing carrier density as a result 

of competing electron-electron scattering and electron-soft phonon scattering. 

Although the Г25 soft phonon has been rendered to have no contribution to 

electron-phonon scattering due to its long wave vector, here we have shown 

that the electron- Г25 soft phonon scattering has a small but non-trivial effect 

on the electronic transport properties.  
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These results may provide new insights about the electronic transport 

properties, electron-electron scattering, electron-phonon scattering and 

superconductivity in STO. In addition, as STO is a prototype of the so-called 

strongly correlated system, the methods reported here may be applied to other 

strongly correlated materials as well. 
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Chapter 4 Coexistence of ferroelectricity and two-dimensional 

electron gas in LaAlO3/BaxSr1-xTiO3 heterostructures 

Abstract 

Ferroelectricity is determined by the delicate balance between long-range 

Coulomb forces favoring the ferroelectric state and short-range repulsions 

favoring the paraelectric state. It disappears when the long-range Coulomb 

forces are suppressed in reduced dimension or screened by itinerant electrons. 

Here, we explore the possible persistence of ferroelectricity in reduced 

dimension with itinerant electrons. Our piezoresponse force microscopy, 

electrical and optical measurements, as well as first-principles calculations, 

demonstrate the coexistence of ferroelectricity and two-dimensional electron 

gas in BaxSr1-xTiO3 thin film of 4 nm thick. 

4.1 Motivation 

The strong correlation and delicate balance between spin, orbit, charge and 

lattice in complex oxides serves as a fertile ground to search for multi-

functionality, i.e., the coexistence of distinct physical properties, especially the 

seemingly incompatible ones [8, 45]. One example is the coexistence of 

ferromagnetism and superconductivity at LaAlO3/SrTiO3 (LAO/STO) 

interface [57, 67]. Another example is the coexistence of ferromagnetism and 

ferroelectricity in FeTiO3 [152]. Recently, the coexistence of ferroelectricity 

and conductivity has attracted considerable attentions [43, 45, 153-155].  

As introduced in section 1.2.2, in ferroelectrics, the long-range Coulomb 

forces (which favor the ferroelectric state) compete with the short-range 

repulsions (which favor the paraelectric state) [41-43]. When the former 

prevails over the latter, the ferroelectric state is stable, leading to a 
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spontaneous polarization. The spontaneous polarization is associated with a 

small displacement between the anions and cations. However, when the latter 

dominates, the system becomes paraelectric [42]. In this scenario, one 

question one can ask is that: how long is the corresponding range, in which the 

ferroelectric state is more stable than the paraelectric state [43, 156] ? In the 

scientific society, the answer to this question has been changing over time. 

Generally, ferroelectricity is considered as a collective phenomenon. It is 

expected to diminish with reduced dimension. Finally, when the film thickness 

is below a “critical thickness” ( tc ), ferroelectricity disappears [156, 157]. In 

the 1990s, this tc has been estimated to be approximately 10 nm [156]. Later, 

ferroelectricity was found in 4 nm thin films [158]. Most recently, stable 

ferroelectric state has even been observed in films as thin as 0.8-1.2 nm [159, 

160]. 

In addition to reduced dimension, ferroelectricity can also be eliminated by 

itinerant electrons. This is realized by screening the long-rang Coulomb forces 

with itinerant electrons [43, 45]. However, several ferroelectric metals have 

recently been realized experimentally, for example, Cd2Re2O7, LiOsO3 and 

BaTiO3-[43, 45, 153-155]. Theoretically, first-principles calculations 

have pointed out that the “long-range” Coulomb forces only require a range as 

short as ~ 0.5 nm to preserve stable ferroelectricity. 

The above conclusions have significantly deepened our understanding of the 

range of the Coulomb forces. This in turn enables us to stabilize 

ferroelectricity under previously inaccessible conditions, and thus, providing 

more opportunities to the research society as well as industry.  
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In this chapter, we try to combine the two effects mentioned above, i.e. 

reduced dimension and itinerant electrons. We thus push the range of the 

Coulomb forces in ferroelectrics to the extreme by studying the possible 

coexistence of ferroelectricity and two-dimensional electron gas (2DEG). 

With this goal in mind, we first investigated the structure discussed in Fig. 

1.20, i.e. LaAlO3/BaTiO3 (LAO/BTO) (001) heterostructure. As discussed in 

section 1.4.2, a 2DEG has been theoretically predicted in BTO, and thus, the 

LAO/BTO heterostructure may be utilized to study the coexistence of 

ferroelectricity and 2DEG in BTO. Figure 4.1 (a) shows an atomic force 

microscopy (AFM) image of a BTO (001) substrate, the surface is smooth 

with a root-mean-square roughness of 0.11 nm. However, BTO substrate 

intrinsically has a- and c-domains. This is evidenced by the piezoresponse 

force microscopy (PFM) amplitude image of the BTO (001) substrate, as 

shown in Fig. 4.1 (b). The stripes represent the domains. These domains 

deteriorate the formation of 2DEG. As discussed earlier in LAO/STO 

heterostructure, the substrate quality is crucial for the formation of 2DEG. 

Experimentally, we did not observe 2DEG at LAO/BTO interface. 

 

Figure 4.1 AFM (a) and PFM amplitude (b) image of a BTO substrate over 

the size 4×4 m
2
. The stripes in (b) are a- and c-domains of BTO. 



93 
 

We next turned our attention to a LaAlO3/BaTiO3/SrTiO3 (LAO/BTO/STO) 

(001) heterostrucure, where the STO substrate can be controlled to have 

atomically smooth surface. However, from our first-principles calculations, we 

found that the charges are transferred from LAO top surface into STO 

substrate, as shown in Fig. 4.2. In this scenario, the 2DEG (which resides in 

STO) and ferroelectricity (which comes from BTO) are spatially separated, 

and thus, this heterostructure is unsuitable for studying the coexistence of 

ferroelectricity and 2DEG. In addition, experimentally, we did not observe 

2DEG in this heterostructure. This is probably because that the ferroelectricity 

is too strong for the 2DEG to form, as ferroelectricity and 2DEG are two 

competing properties. 

 

Figure 4.2 First-principles calculations of a LAO/BTO/STO heterostructure. 

(top panel) Layer-resolved charge density per unit cell. (bottom panel) The 

supercell used in the calculations. 

It is well known that doping Sr in BTO can reduce its ferroelectricity, for 

example, the magnitude of spontaneous polarization and the Curie temperature 

[161]. With this in mind, we modified the structure in Fig. 4.2 into 

LaAlO3/BaxSr1-xTiO3/STO (LAO/BST/STO) (001), as shown in Fig. 4.3. In 

this structure, we found proof for the coexistence of ferroelectricity and 2DEG 

in ultrathin ferroelectric Ba0.2Sr0.8TiO3 (BST) films. In Ref. [45], the itinerant 
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electrons are doped into ferroelectric BTO by oxygen vacancies. Here, we 

propose a new mechanism to dope electrons in ferroelectrics, i.e. via electronic 

reconstruction. Similar to the LAO/STO interface, the LAO/BST interface 

also has a polar discontinuity. BST has alternating charge-neutral Sr
2+

O
2-

 (or 

Ba
2+

O
2-

) and Ti
4+

O2
2-

 sublayers, while LAO has alternating charge positive 

(LaO)
+
 and negative (AlO2)

-
 sublayers [57, 74]. A 2DEG is expected to form 

in BST to overcome the polar catastrophe at LAO/BST interface, similar to 

that of LAO/STO interface.  

 

Figure 4.3 Schematic diagram of the LAO/BST/STO (001) heterostructure. 

4.2 Experimental methods 

All the LAO/BST/STO (001) heterostructures in this chapter were grown by 

pulsed laser deposition (PLD) equipped with in-situ reflection high-energy 

electron diffraction (RHEED). Prior to the deposition, STO (001) substrates 

were treated with the method in Section 2.1.1 to obtain atomically sharp 

surfaces. During the deposition, the temperature and oxygen partial pressure 

were kept at 760 ℃ and 10
-4

  torr, respectively. BST layer with different 

thicknesses (0-25 uc) was first deposited on STO substrate. Then, LAO layer 

with different thicknesses (0-25 uc) was deposited on BST to form the 

LAO/BST/STO heterostructure. Figures 4.4 (a)-(c) show RHEED patterns for 
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STO (001) substrate, after BST deposition and after LAO deposition, 

respectively. The clear Laue circles and Kikuchi lines indicate two-

dimensional growth of both BST and LAO. The RHEED oscillations for a 15 

uc LAO/25 uc BST/STO sample indicates layer-by-layer growth of both BST 

and LAO, as shown in Fig. 4.4 (d). 

 

Figure 4.4 (a)-(c) RHEED patterns for STO (001) substrate, after BST 

deposition and after LAO deposition, respectively. (d) RHEED oscillations for 

a 15 uc LAO/25 uc BST/STO sample. 

A sample with 10 unit cells (uc) of BST on Nb:SrTiO3 (NST)  (001) (0.1 wt% 

Nb doped) substrate was prepared for ferroelectric measurements of the BST 

thin film. Here, NST was used as a bottom electrode. Ferroelectric properties 

were measured using piezoresponse force microscope (PFM) and 

piezoresponse force spectroscopy (PFS) techniques. In this study, a 

commercial SPM system (MFP-3D, Asylum Research 13.03.70, USA) was 

used, which was controlled by a commercial software (IGOR PRO 6.34A). In 

the PFM measurements, amplitude (A) and phase (ϕ) images can be obtained 

simultaneously by applying an AC bias to the tip. The amplitude image refers 
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to piezoresponse of the material, whereas the phase image refers to the 

polarization direction of the material. In the Piezoresponse Force Spectroscopy 

(PFS) measurement, i.e., the PFM was operated in the spectroscopy mode, the 

tip with a triangle-square waveform was fixed at a certain location. The 

frequency of the used waveform was 200 mHz, i.e., the bias-on and bias-off 

time was 25 ms. To exclude the electrostatic effect, the used phase hysteresis 

loops, ϕ(E) and amplitude loops A(E) here were obtained at bias-off state. In 

all the measurements, the scan rate was 1 Hz and the bottom electrode of the 

sample was grounded. A commercial Pt-coated Si tip (AC240TM, Olympus, 

Japan) with a radius of 15 nm was used in these measurements.  The average 

spring constant is about 2 N/m, and the average resonance frequency is about 

65 kHz. 

All the electrical transport properties were measured in a Van der Pauw 

geometry with a Quantum Design Physical Property Measurement System 

(PPMS), as introduced in Section 2.3.  

4.3 Structural characterizations 

As discussed earlier, a sample with a smooth surface and sharp interfaces are 

crucial for the study of coexistence of ferroelectricity and 2DEG. Figure 4.5 

shows an AFM image of a 15 uc LAO/10 uc BST/STO (001) sample. Clear 

steps with a step height of ~ 0.4 nm similar to that of STO substrate (Fig. 2.1) 

can be observed, indicating smooth surface of the sample.  
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Figure 4.5 Surface characterization. AFM image of a 15 uc LAO/10 uc 

BST/STO (001) sample. 

To check the interface quality of our samples, we performed transmission 

electron microscopy (TEM) measurements for a 15 uc LAO/10 uc BST/STO 

sample, as shown in Fig. 4.6. Figure 4.6 (a) shows a bright-field transmission 

electron microscopy (TEM) image of the sample. LAO/BST interface can be 

clearly identified from the brightness contrast. Due to the low Ba doping 

concentration (20%) in BST, the BST/STO interface can not be identified 

clearly. Nevertheless, one can see that the BST layer has the same quality as 

that of STO substrate. From the high-resolution TEM image in Fig. 4.6 (b), we 

can clearly see atomically sharp LAO/BST and BST/STO interfaces. 

In summary, from our AFM and TEM measurements, we confirmed that our 

samples have smooth surface and atomically sharp interfaces. 



98 
 

 

Figure 4.6 Interface characterization. (a) Cross-sectional bright field TEM 

image of a 15 uc LAO/10 uc BST/STO sample. Here, the Pt layer is a 

protective layer in TEM measurement. (b) A high-resolution TEM (HRTEM) 

image of the same sample in (a).  Atomically sharp LAO/BST and BST/STO 

interfaces can be seen. For better visibility, the image is artificially coloured. 

4.4 Characterizations of ferroelectricity 

4.4.1 PFM characterization 

To check the ferroelectricity of our BST thin films, we performed PFM 

measurements for a 10 uc BST/NST sample, where NST has the same lattice 

parameter as that of STO and was used as a bottom electrode. 

Figure 4.7 shows the hysteresis loops, domain writing and reading 

experiments on the 10 uc BST/NST sample. Figure 4.7 (a) is a schematic 

illustration of the PFM setup used in the measurements. The NST substrate 

was grounded, while a voltage was applied between the tip and the NST 

substrate. Figure 4.7 (b) shows local PFM phase loops (top panel) and 

butterfly-like amplitude loops (bottom panel) of the sample measured at room 

temperature. One can see that the phase change between 4 and -7 V is 

approximately 180, which indicates good ferroelectric switching. It should be 

noted that the loops are shifted to the negative bias side,  indicating a built-in 

electric field of about -2.5×10
6
 V/cm, which favors the spontaneous 

polarization in the (001̅) orientation, i.e., downward or pointing from BST to 
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NST. Here, the magnitude of the built-in electric field is estimated by dividing 

the bias shift with the thickness of BST layer. 

As an important tool to determine the ferroelectricity of a material, domain 

writing and reading were also performed by PFM.  Figures 4.7 (c) and (d) 

show amplitude and phase images of the piezoelectric domains formed during 

the domain writing and reading experiments, respectively. Firstly, a 3×3 µm
2 

square region (purple region) was written with a dc tip bias of -8 V. Then, a 

1×1 µm
2 

square region (orange region) was written with a dc tip bias of +8 V 

in the centre. Finally, amplitude and phase images were obtained 

simultaneously by applying a small ac bias (0.2 V) to the tip over a 5×5 µm
2
 

region. One can see that the central 1×1 µm
2
 square shows the same colour 

(yellow) as that of the as-grown region (the outer 5×5 µm
2
 region). This 

indicates that the as-grown polarization direction is downward (i.e. from BST 

to NST). The purple region represents switched upward polarization. These 

results are in accordance with the measurement shown in Fig. 4.7 (b). It should 

be noted that some partial relaxation was observed in Fig. 4.7 (d). This is 

probably due to polarization relaxation effect, which is caused by the 

depolarization field. Polarization relaxation has also been observed in other 

ferroelectric ultrathin films, such as BaTiO3 [162] and PbTiO3 [163]. 
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Figure 4.7 PFM characterization of the ferroelectricity of a 10 uc BST/NST 

sample. (a) Schematic diagram of the PFM setup used in the measurements. (b) 

Local phase loops (top panel) and amplitude loops (bottom panel) of the 

sample. (c)-(d) PFM amplitude and phase image of the sample, respectively. 

The image size is 5×5 µm
2
. The purple and orange squares are 3×3 and 1×1 

µm
2
, and were written with tip voltages of -8 and 8 V, respectively. Orange 

region corresponds to downward polarization, while purple region represents 

upward polarization. 

4.4.2 XRD characterization 

It should be noted that the the Curie temperature (Tc) of bulk Ba0.2Sr0.8TiO3 is 

around 105 K [161]. However, from our PFM measurements, room 

temperature ferroelectricity of a 10 uc Ba0.2Sr0.8TiO3/NST was observed. The 

large shift of Tc could be induced by the compressive strain imposed by the 

substrate, which is known to enhance ferroelectricity in epitaxial thin films [53, 

159]. Ba0.2Sr0.8TiO3 and STO have lattice constants of 3.920 Å and 3.905 Å, 

respectively [164]. The compressive strain on BST exposed by STO is thus 

0.4%. 

To find out the strain state of the BST thin film, we performed X-ray 

diffraction (XRD) reciprocal space mapping (RSM) for a 10 nm BST/STO 
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sample. Figure 4.8 shows the RSM around (002) ((a)-(b)), (-103) (c) and (0-13) 

(d). One can see that BST is coherently grown on STO substrate without 

relaxation, i.e. the in-plane lattice constant of BST is fully constrained to that 

of STO substrate. From these results we calculated the lattice parameters of 

BST thin film as shown in Table 2. 10 nm BST grown on BST shows a 

tetragonal structure with a=b=3.9051 Å, c=3.9713, α= β= γ=90°. So that c/a 

ratio is 1.017, which is larger than the c/a ratio of bulk BaTiO3 (1.011). This 

large c/a ratio may be the reason for room-temperature ferroelectricity in our 

BST thin films. Another possible mechanism for the observed room 

temperature ferroelectricity is the reduced dimension effect, which was 

proposed to explain the room temperature ferroelectricity of strain-free STO 

thin films [52]. 

In summary, we have observed room temperature ferroelectricity in BST film 

as thin as 4 nm. The underlying mechanism may be either strain effect or 

reduced dimension effect. 
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Figure 4.8 XRD reciprocal space mapping around (002) ((a)-(b), (-103) (c) 

and (0-13) (d) of a 10nm BST/STO sample. The red spots in the figures 

represent the substrate peak, while the film peak with a much lower intensity 

lies below the substrate peak. 

     a (Å) b (Å)  c(Å) α (°) β (°) γ (°) 

 

Value 

 
3.9051±0.001 

 
3.9051±0.001 

 
3.9713±0.001 

 
90.0000±0.1714 

 
90.0000±0.1038 

 
90.0000±0.1377 

Table 2 Calculated lattice parameters and angels of 10 nm BST grown on 

STO (001) substrate. 

4.5 Electronic and optical properties 

Having observed room temperature ferroelectricity of the BST thin films, we 

grow LAO on BST to form a LAO/BST/STO heterostructure, where a 2DEG 

was observed at LAO/BST interface. The search for the coexistence of 

ferroelectricity and 2DEG is to find evidence for the persistence of 

ferroelectricity of BST with LAO overlayer. However, the LAO overlayer 
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makes it difficult to characterize the ferroelectricity of the underlying BST 

layer by PFM. Since it has been reported that switchable and hysteretic PFM 

response can be observed in LAO/STO heterostucture due to oxygen vacancy 

migration through the LAO overlayer [165]. It is also impossible to show the 

low-symmetry phases of BST as in Ref. [45] due to the substrate clamping 

effect [150]. Fortunately, as ferroelectric BST has a depolarization field, we 

can explore this problem by focusing on the interaction of the built-in electric 

field of LAO and the depolarization field of BST. 

To study the interaction of the built-in electric field of LAO and the 

depolarization field of BST, two sets of samples were prepared. Set A is 

LAO/BST/STO samples with 15 uc LAO and different BST thicknesses, set B 

is LAO/BST/STO samples with 10 uc BST and different LAO thicknesses. 

4.5.1 LaAlO3/BaxSr1-xTiO3/SrTiO3 samples with 15 uc LaAlO3 and 

different BaxSr1-xTiO3 thicknesses 

Figure 4.9 shows electronic transport properties of set A samples, i.e. 

LAO/BST/STO samples with 15 uc LAO and different BST thicknesses. 

Figure 4.9 (a) shows sheet resistance dependence on temperature (Rs-T) for 

these samples.  It should be noted that a single layer of BST deposited on STO 

substrate is insulating, indicating that a LAO layer is required to show 

conductivity in LAO/BST/STO heterostructure. In high temperature regime 

(100-300 K), sheet resistance gradually increases as BST thickness increases. 

However, in low temperature regime (2-20 K), sheet resistance gradually 

decreases as BST thickness increases. Figures 3(b) and (c) show temperature 

dependent carrier density (n-T) and mobility (-T), respectively. One can see 

two features in Fig. 4.9 (b): (i) Carrier density gradually decreases with 
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increasing BST thickness and (ii) n-T curves become less temperature 

dependent with increasing BST thickness and finally turns into temperature 

independent when BST exceeds 8 uc. As shown in Fig. 4.9 (c), the carrier 

mobility of these samples increases monotonically with increasing BST 

thickness and reaches around 3700 cm
2
V

-1
s

-1 
in the sample with 12 uc BST. 

This carrier mobility is at least three times larger than that of LAO/STO 

samples (500-1000 cm
2
V

-1
s

-1
) [30]. We summarize carrier density and 

mobility dependence on BST thickness in Fig. 4.9 (d). Interestingly, the results 

in Fig. 3(a)-(d) are strikingly similar to the electric field gating experiments of 

LAO/STO interface [79, 85], although there is no external electric field 

applied in our experiments.  

We attribute the results in Fig. 4.9 (a)-(d) to the competition between the built-

in electric field of LAO and the depolarization field of BST. As shown in Fig. 

4.7, the as-grown BST layer has a downward polarization, and thus, a negative 

bound charge layer is present in BST at the LAO/BST interface.  This negative 

bound charge creates a downward electric field in LAO, which obstructs the 

charge transfer from LAO surface to LAO/BST interface due to the polar 

discontinuity. With increasing BST thickness, the magnitude of the 

polarization increases [162]. Consequently, the electric field created by the 

negative bound charge increases and less electrons (smaller carrier density) 

will be transferred to LAO/BST interface. Figure 4.10 shows a schematic 

illustration of this model. 

Next, we focus on feature (ii) of Fig. 4.9 (b), i.e. temperature independent 

carrier density. The decreasing carrier density with decreasing temperature is 

generally attributed to freeze-out of oxygen-vacancy-induced carriers [30]. To 
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detect the oxygen vacancy concentration, we carried out photoluminescence 

(PL) measurements on our samples. The PL intensity is proportional to oxygen 

vacancy concentration in STO [21, 31]. As shown in Fig. 4.11, the peak 

position (490 nm) agrees well with the wavelength reported in Ref. [21]. In 

addition, the PL intensity gradually decreases with increasing BST thickness, 

indicating less oxygen vacancies. When BST exceeds 8 uc, the samples show 

comparable intensity as that of an as-received STO substrate, indicating that 

they are (nearly) free of oxygen vacancies. Theoretical calculations show that 

under reducing conditions, oxygen vacancy formation energy in ferroelectrics 

(such as BTO) is higher than that in STO [166]. We thus believe that oxygen 

vacancy formation energy in ferroelectric BST is higher than that in 

paraelectric STO. Thus it’s reasonable that oxygen vacancy content decreases 

as BST thickness increases. When BST thickness is below 8 uc (~3.2nm), 

2DEG resides both in STO and BST. Thus a large number of oxygen-vacancy-

induced carriers are present in STO. When BST thickness exceeds 8 uc, 2DEG 

reside mainly in BST. Thus few oxygen-vacancy-induced carriers are present 

and the carriers mainly come from the polar discontinuity mechansim, leading 

to observation of temperature-independent carrier density. These results are in 

good agreement with previous observations, which showed that the thickness 

of the 2DEG at LAO/STO interface is around 2-4 nm [139-141]. This kind of 

temperature-independent carrier density has also been observed in 

polarization-induced 2DEG at AlGaN/GaN interface [167] and 

CaZrO3/SrTiO3 interface [168]. 
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As to the mobility enhancement, it is attributed to less electron scattering and 

less defect scattering as less oxygen vacancies are formed when BST thickness 

increases. 

 

Figure 4.9 Electronic transport characterization of the 2DEG in 

LAO/BST/STO heterostructure (set A samples). (a) Sheet resistance, (b) 

carrier density, and (c) mobility dependence on temperature for samples with 

fixed LAO thickness (15 uc) and different BST thicknesses on STO substrate. 

Different colors represent samples with different BST thicknesses. Red arrows 

in (a)-(c) indicate increasing BST thickness. (d) Carrier density (left scale) 

dependence on BST thickness at 300 K (olive star) and 2 K (olive ball). 

Electron mobility (right scale) dependence on BST thickness at 2 K (orange 

ball). 
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Figure 4.10 Schematic illustration of the bound charge distribution in BST 

layer and its influence on the 2DEG at LAO/BST interface. 

 

Figure 4.11 Photoluminescence measurement of oxygen vacancy 

concentration. Room-temperature PL spectra of the same samples in Fig. 4.9 

and an as-received STO substrate. Here, STO substrate is used as a reference 

sample, which is (nearly) free of oxygen vacancy. Different colors indicate 

different thicknesses of BST, while LAO is fixed to 15 uc. 

4.5.2 LaAlO3/BaxSr1-xTiO3/SrTiO3 samples with 10 uc BaxSr1-xTiO3 and 

different LaAlO3 thicknesses 

To verify the competition between the built-in electric field of LAO and the 

depolarization field of BST, another set of sample (set B) with fixed BST 

thickness (10 uc) and different LAO thicknesses (0-25 uc) was prepared. 

Figure 4.12 (a) shows temperature dependent sheet resistance (Rs-T) for these 

samples. When LAO thickness n is below 8 uc, the samples show bad 
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conductivity and the data are not shown here. For 8 uc ≤ n <20 uc, Rs-T curves 

show fully metallic behavior from 300 to 2 K. The upturn at around 40 K is 

observed for samples with n ≥ 20 uc, which is probably due to Kondo effect as 

also observed in LAO/STO when LAO thickness is larger than 26 uc [65]. 

Due to the electric field produced by BST, the critical thickness (tc) of LAO 

for insulator-metal transition should be larger than that of LAO/STO 

heterostructure. Experimentally, the tc was found to be 5-8 uc, which is larger 

than the tc of LAO/STO (4 uc). As shown in Fig. 4.12 (b), the conductance of 

the 2DEG increases by five orders from 5 to 8 uc of LAO. Here, conductance 

is defined as Rs.  

In addition, the tc for LAO/ 10 uc BST/STO heterostructure can also be 

estimated from built-in electric field in 10 uc BST as deduced from our 

previous PFM measurement. The electric field in LAO is estimated to be 3.2 

eV/4×4 Å=2×10
7
 eV/cm. The built-in electric field in 10 uc BST is 2.5×10

6
 

V/cm. From a simple electrostatic picture, tc is estimated to be 

tc=
3.2 eV

(2−0.25)×107eV cm⁄
≈ 4.6 uc. This estimation is in good agreement with our 

experimental observation. 

Fig. 4.12 (c) and (d) show temperature dependent carrier density (n-T) and 

mobility (-T) for set B samples, respectively. Carrier density and mobility of 

LAO/STO samples are also shown for comparison. As can be seen in Fig. 4.12 

(a), all the LAO/BST/STO samples show smaller carrier density than that of 

LAO/STO samples. In addition, all the LAO/BST/STO samples show 

temperature independent carrier density, as opposed to LAO/STO samples, 

whose carrier density decreases with temperature. These features indicate 
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ferroelectric depletion of carriers and suppression of oxygen vacancy 

formation in LAO/BST/STO samples as explained in Section 4.5.1. As shown 

in Fig. 4.12 (d), all the LAO/BST/STO samples show higher mobility (1500-

2000 cm
2
V

-1
s

-1
) than that of LAO/STO samples (500-1000 cm

2
V

-1
s

-1
). This is 

due to less electron scattering and defect scattering as explained in Section 

4.5.1. 

 

Figure 4.12 Electronic transport characterization of the 2DEG in 

LAO/BST/STO heterostructure (set B samples). (a) Temperature dependent 

sheet resistance for these samples. (b) Conductance dependence on LAO 

thickness. (c) Carrier density and (d) mobility for LAO/STO and 

LAO/BST/STO samples with different LAO thickness. Here, BST is fixed to 

10 uc and different colors represent different LAO thicknesses. The filled 

circles and rectangles in (c) and (d) indicate LAO/STO and LAO/BST/STO 

samples, respectively. 

In summary of Section 4.5.1 and 4.5.2, we have shown the interaction 

between the built-in electric field of LAO and the depolarization field of BST 

through detailed transport measurements. As a result of this interaction, the 

carrier density and mobility of the 2DEG in BST can be modulated. 
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Meanwhile, the oxygen vacancies can be suppressed by the ferroelectric BST 

layer. 

4.6 First-principles calculations 

In order to investigate the relation between charge density and ferroelectricity 

in LAO/BST/STO heterostrcutre, we performed density-functional theory 

(DFT) based calculations on the partial charge of conducting electrons and the 

displacements between anions and cations in BST, as shown in Fig. 4.13. For 

simplicity of our calculations, instead of using LaAlO3/Ba0.2Sr0.8TiO3/SrTiO3 

heterostructure, we used LaAlO3/ Ba0.5Sr0.5TiO3/SrTiO3 heterostructure.  

Our first-principles calculations were performed using density-functional 

theory based Vienna ab initio Simulation Package (VASP) [145, 146] with the 

local density approximation (LDA) for the exchange-correlation functional 

[169] and the frozen-core all-electron projector-augmented wave (PAW) 

method [147, 148]. The cutoff energy for the plane wave expansion is set to 

400 eV. Monkhorst-Pack k-point grids for Brillouin zone sampling are set to 

6×6×6 for bulk SrTiO3, 6×6×6 for bulk LaAlO3, 5×5×6 for bulk Ba0.5Sr0.5TiO3, 

and 5×5×1 (10×10×1) for LaAlO3/Ba0.5Sr0.5TiO3/SrTiO3 superlattice structure 

relaxation (static calculations), respectively. The structures are fully relaxed 

until the forces are smaller than 0.01 eVÅ
-1

 for the bulk LaAlO3, 

Ba0.5Sr0.5TiO3, SrTiO3, and 0.02 eVÅ
-1

 for LaAlO3/Ba0.5Sr0.5TiO3/SrTiO3 

superlattice structure. The equilibrium lattice constant for SrTiO3 is 3.865 Å. 

We fix the in-plane lattice constant of LaAlO3 and Ba0.5Sr0.5TiO3 to this 

number and optimize their c axis into 3.66 and 3.96 Å, respectively. For 

Ba0.5Sr0.5TiO3, the ratio of Ba and Sr is set to 1:1. We use √2 × √2 × 1 
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supercell for LaAlO3/Ba0.5Sr0.5TiO3/SrTiO3 superlattice, which is a symmetric 

structure with 4.5 uc SrTiO3 in the middle, 5 uc Ba0.5Sr0.5TiO3 on each of its 

two TiO2 terminals, and then 3.5 LaAlO3 on top of Ba0.5Sr0.5TiO3 (Fig. 4.13 (c) 

shows half of this structure).  

Figure 4.13 (a) shows layer-resolved charge density distribution in 

LaAlO3/Ba0.2Sr0.8TiO3/SrTiO3 heterostructure, which is calculated by 

performing a partial charge calculation of the conduction bands below Fermi 

level. One can see that the electrons mainly locate at Ti atoms in both 

Ba0.5Sr0.5TiO3 and SrTiO3. In addition, the charge density has the maximum 

value at LaAlO3/Ba0.5Sr0.5TiO3 interface (0.21 e/uc), and decays gradually 

from this interface into SrTiO3. 

Figure 4.13 (b) shows layer-resolved displacements between anions and 

cations in Ba0.5Sr0.5TiO3. All the displacements (Ti-O, Ba-O and Sr-O) 

gradually decrease from LaAlO3/Ba0.5Sr0.5TiO3 interface to 

Ba0.5Sr0.5TiO3/SrTiO3 interface. In addition, we found that the spontaneous 

polarization direction of Ba0.5Sr0.5TiO3 on SrTiO3 is pointing-down, which is 

the same as the case for BST/NST, as confirmed by PFM measurements in Fig. 

4.7. Figures 4.14 (a) and (c) show side and top view of the simulation cell of 

the LaAlO3/5 uc Ba0.5Sr0.5TiO3/SrTiO3 heterostructure. Figure 4.14 (b) shows 

that Ti
4+ 

and Sr
2+

 (or Ba
2+

) ions are displaced downward relative to O
2-

, which 

creates a downward polarization in BST. 

Several mechanisms may contribute to behaviour of the layer-dependent 

displacement. (i) A depolarizing buckling (or polar distortion) could occur in 

Ba0.5Sr0.5TiO3 to compensate the built-in electric field in LAO. This buckling 
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has been widely reported in LAO/STO heterostructure and could lead to the 

layer-dependent displacement behaviour [170-172]. (ii) Screening of the 

depolarization field of Ba0.5Sr0.5TiO3 by the insulating SrTiO3 substrate. In an 

earlier report, Chisholm et al. reported that the depolarization field of 

PbZr0.2Ti0.8O3 in PbZr0.2Ti0.8O3/SrTiO3 heterostructure could be screened by 

oxygen vacancies in SrTiO3 [173]. This screening could lead to diminishing 

displacement in Ba0.5Sr0.5TiO3 in the first few layers away from 

Ba0.5Sr0.5TiO3/SrTiO3 interface. (iii) Screening of ferroelectricity by itinerant 

electrons. As proposed by Wang et al., the critical electron density for stable 

ferroelectric displacement in BaTiO3 is 0.11 e/uc [43]. Here, we observed 

large Ti-O displacement (0.17 Å) at the LaAlO3/ Ba0.5Sr0.5TiO3 interface with 

an electron density ~0.21 e/uc. This result indicates that several of the above 

mentioned mechanisms are present in the LAO/BST/STO heterostructure. 

Nevertheless, the overall effect that one can clearly observe in Fig. 4.13 is the 

coexistence of 2DEG and ferroelectricity (or the anion-cation displacement). 
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Figure 4.13 First-principles calculations of LaAlO3/Ba0.5Sr0.5TiO3/SrTiO3 

heterostructure. (a) Layer-resolved in-plane average charge density along the 

<001> direction (b) Layer-resolved displacement between the anions and 

cations in BST and (c) structural guide for the supercell used in the 

calculations. The red, blue and green balls in (b) indicate the Ti-O, Ba-O and 

Sr-O displacements, respectively. The corresponding displacements of Ti-O, 

Ba-O and Sr-O in bulk BST are shown by red, blue and green dashed lines, 

respectively. 
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Figure 4.14 (a) Side view of LaAlO3/Ba0.5Sr0.5TiO3/SrTiO3 heterostructure. (b) 

Zoom-in of Ba0.5Sr0.5TiO3 layer showing spatial displacement of Ti-O and Sr –

O (Ba-O). This displacement creates a downward polarization in 

Ba0.5Sr0.5TiO3. (c) Top view of the Ba0.5Sr0.5TiO3 layer. 

4.7 Summary 

In conclusion, by a combination of PFM, electronic transport and optical 

measurements, we observed systematic change of the transport properties of 

the 2DEG in LAO/BST/STO heterostructure with increasing BST thickness. 

This systematic change is attributed to the interaction between the built-in 

electric field of LAO and the depolarization field of BST, and thus, it signifies 

the coexistence of ferroelectricity and 2DEG in this heterostructure. 

Furthermore, through first-principles calculations, we showed layer-resolved 

carrier density and ferroelectricity in BST.  
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Chapter 5 Ferroelectricity induced ferromagnetism in 

paramagnetic Pt thin films 

Abstract 

Electric and ferroelectric control of magnetic properties is crucial for 

applications in the field of spintronics and magnetoelectronics. Here, we report 

ferroelectricity induced room-temperature ferromagnetism in paramagnetic Pt 

thin films in a Pt/BaTiO3/SrTiO3 (001) heterostructure at the Pt/BaTiO3 

interface. The average magnetic of a 2 nm Pt thin film on 20 unit cells of 

BaTiO3 at 300 K is ~0.03 /Pt. Our first-principles calculations indicate that 

the depolarization field of BaTiO3 and the substitution of Ti with Pt at the 

Pt/BaTiO3 interface are responsible for the unusual ferromagnetism in Pt. Our 

findings provide a routine to induce ferromagnetism in an otherwise 

nonmagnetic material. 

5.1 Motivation 

Electric-field control of ferromagnetism (FM) has been investigated 

extensively over the past decades due to its fundamental and technological 

importance, especially in view of recent developments in magnetoelectronics 

and spintronics [100-107]. Up to now, electric-field control of ferromagnetic 

properties has been demonstrated in magnetic semiconductors [100] [103], 

metals [104, 105] and complex oxides [106, 107]. Some prominent examples 

are the electric-field control of Curie temperature of (In,Mn)As [100], Co [104] 

and manganites thin films [107], electric-field control of magnetic anisotropy 

of (Ga,Mn)As [103], FePt and FePd  thin films [105]. 

A non-volatile control of ferromagnetism can be realized by integrating 

ferroelectricity (FE) into the system. Ideally, one would expect to find a 
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material with both ferromagnetic and ferroelectric order, i.e. a single-phase 

multiferroic material. However, this kind of material is scarce as 

ferromagnetism normally requires partially filled d
n
 orbitals, while 

ferroelectricity prefers empty d
0
 orbitals [174]. One important approach to 

solve or circumvent this problem is epitaxial heterostrucutures, which contain 

alternating conventional ferromagnetic and ferroelectric thin films, i.e. in a 

FM/FE configuration. In this configuration, ferroelectric control of 

ferromagnetism can be realized through interfacial converse magnetoelectric 

effect or piezostrain effect. For example, ferroelectric control of magnetization 

of La0.67Sr0.33MnO3 [109] and FeRh [108] in La0.67Sr0.33MnO3/ BaTiO3 and 

FeRh/BaTiO3 heterostructures by switching the polarization direction of 

BaTiO3, respectively. One important application of ferroelectric control of 

ferromagnetism is the so-called multiferroic tunnel junction (MFTJ), which 

has a FM/FE/FM structure. In a MFTJ, non-volatile ferroelectric control of 

spin polarization can be realized, for example, in a 

Fe/BaTiO3/La0.67Sr0.33MnO3 [102] or a Co/PbZr0.2Ti0.8O3/La0.7Sr0.3MnO3 [114] 

heterostructure. The above researches have greatly improved our ability to 

control ferromagnetism, however, most of the researches were focused on 

electric-field or ferroelectric-field modulation between two ferromagnetic 

states. One reasonable question one can ask is: Is it possible to drive a non-

magnetic material into ferromagnetic with ferroelectricity? 

To investigate the above question, it’s important to choose an appropriate non-

magnetic material. Pt (or Pd), a non-magnetic metal with large spin-orbit 

coupling, is an excellent candidate for exploiting this problem. Pt (or Pd) 

nearly satisfies the Stoner criterion for ferromagnetism, i.e. it lies at the 
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boundary of ferromagnetism and paramagnetism, and thus a moderate 

perturbation could be expected to induce ferromagnetism in Pt (or Pd). 

Ferromagnetism has been widely reported in Pt (or Pd) nanoparticles due to 

electronic structure modification induced by reduced dimension [175, 176]. 

Recently, induced ferromagnetism has been reported in Pt thin films deposited 

on a ferromagnetic Y3Fe5O12 substrate due to magnetic proximity effect [177, 

178]. In addition, by using ionic liquid gating, Shimizu et al. have reported 

electrically induced ferromagnetism in Pt thin films [179].  

In this chapter, we report ferroelectricity induced ferromagnetism in 

paramagnetic Pt thin films in a Pt/BaTiO3/SrTiO3 (Pt/BTO/STO) (001) 

heterostructure. We observed anomalous Hall effect (AHE) in the 

Pt/BTO/STO heterostructure. The AHE was attributed to ferromagnetism of Pt. 

The magnetic moment of Pt is ~ 0.03 and 0.11 /Pt at 300 and 2 K, 

respectively. Our first-principles calculations indicate that the depolarization 

field of BTO and Ti substitution with Pt at the Pt/BTO interface is essential for 

the observed ferromagnetism in Pt. 

5.2 Experimental methods 

5.2.1 Sample growth 

The Pt/BTO/STO samples were prepared by a combination of pulsed laser 

deposition (PLD) and magnetron sputtering process. Prior to the deposition, 

STO (001) substrates were treated with the method in Section 2.1.1 to obtain 

atomically sharp surfaces. The STO substrates were then loaded into a PLD 

chamber, which is equipped with in-situ reflection high-energy electron 

diffraction (RHEED), to deposit BTO. During the deposition, the temperature 
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and oxygen partial pressure were kept at 800 ℃ and 10
-3

 torr, respectively. Fig. 

5.1 (a)-(b) show RHEED patterns for STO (001) substrate and after BTO 

deposition at 800 ℃, respectively. The clear Laue circles and Kikuchi lines 

indicate two-dimensional epitaxial growth of BTO on STO. The RHEED 

oscillations for a 20uc BTO/STO sample indicate layer-by-layer growth, as 

shown in Fig. 5.1 (c). After BTO deposition, the samples were in-situ annealed 

at 800 ℃ with an oxygen pressure of 1 torr for 1 hour to compensate oxygen 

vacancies. Subsequently, the samples were cooled down to room temperature 

at a rate of 10 ℃/min. After the cooling-down process, the samples were in-

situ transferred into a magnetron sputtering chamber through a transfer 

chamber without breaking the vacuum. Pt thin films on BTO/STO were 

deposited at room temperature with magnetron sputtering.  

 

Figure 5.1 RHEED pattern of a STO (001) substrate (a) and after BTO 

deposition (b) at 800 ℃. (c) RHEED oscillation of 20 uc BTO on STO (001) 

substrate. 

 

5.2.2 Hall bar fabrication 

To facilitate electronic transport measurements, Hall bars were fabricated on a 

standard 5×5 mm
2
 Pt/BTO/STO sample. Firstly, the as-grown Pt/BTO/STO 
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samples were patterned with photoresist, which covered the Hall bar regions. 

Subsequently, the regions without photoresist were removed with argon 

milling. This process was in-situ monitored with secondary ion mass 

spectrometry (SIMS) to make sure that the Pt was fully removed outside the 

Hall bar regions. Finally, the photoresist was removed by standard lift-off 

techniques. Figure 5.2 shows optical microscope image of a 5×5 mm
2
 2nm 

Pt/20 uc BTO/STO sample with four Hall bars. The channel dimension of 

each hall bar is 50×160 m
2
. The Hall bar region has a Pt/BTO/STO 

heterostructure (which is conducting), while the other region is BTO/STO 

heterostructure (which is insulating).  

 

Figure 5.2 Optical microscope image of the Hall bars patterned on a 5×5 mm
2
 

Pt/BTO/STO sample. Four Hall bars were fabricated on the 5×5 mm
2
 sample. 

5.2.3 Electric and magnetic measurements 

The electronic transport properties were measured with a Quantum Design 

Physical Properties Measurement System (PPMS). The magnetic properties 

were measured with a Quantum Design Superconducting Quantum 

Interference Device-Vibrating Sample Magnetometer (SQUID-VSM) system. 
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5.3 Structural characterizations 

5.3.1 Surface characterization 

As introduced in previous chapters, a sample with a smooth surface and sharp 

interfaces are crucial for the physical properties of a heterostructure. Figure 

5.3 shows AFM image of a 2 nm Pt/20 uc BTO/STO sample. Clear steps with 

a step height of ~ 0.4 nm similar to that of STO substrate (Fig. 2.1) can be 

observed. The root-mean-square (RMS) roughness is ~ 0.2 nm, indicating 

atomically smooth surface of the sample. 

 

Figure 5.3 AFM image of a 2 nm Pt/20 uc BTO/STO sample over a 4×4 m
2
 

region. 

5.3.2 XRD  

As introduced in Section 4.1, BTO normally has two types of domains, i.e. a- 

and c-domain. To check the crystallinity of our BTO thin films, we performed 

X-ray diffraction (XRD) measurement on a 50 uc BTO/STO (001) sample, as 

shown in Fig. 5.4. One can see that BTO is epitaxially grown on STO (001) 

substrate along (001) direction. This indicates that our BTO thin films grown 

on STO is single crystalline. The out-of-plane constant of BTO thin film is 
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4.134 Å, which is larger than that of BTO (4.032 Å) [180]. This elongation of 

out-of-plane lattice constant is caused by the in-plane compressive strain on 

BTO imposed by STO substrate.  

 

Figure 5.4 XRD measurement of a 50 uc BTO/STO (001) sample. The 

diffraction peaks for STO and BTO are labeled in the figure. 

5.4 Characterizations of ferroelectricity 

To characterize the ferroelectricity of the BTO thin films, we prepared a 

sample with 20 uc BTO deposited on Nb:SrTiO3 (NST) (0.1 wt% Nb doped) 

(001) substrate, where NST serves as the conducting bottom electrode. The 

preparation process of the BTO/NST sample was the same as that for 

BTO/STO samples introduced in Section 5.2.1.  

Domain writing and reading experiments were carried out on the 20 uc 

BTO/NST sample with a piezoresponse force microscope (PFM). The details 

of the PFM setup and experimental procedures have been introduced in 

Section 4.2 and 4.4.1. Figure 5.5 shows phase image of the piezoelectric 

domains formed during the domain writing and reading experiments. Here, the 
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phase image refers to the polarization direction of the material. Firstly, a 2×2 

µm
2 
square region (purple region) was written with a dc tip bias of -5 V. Then, 

the phase image was obtained by applying a small ac bias (0.2 V) to the tip 

over a 4×4 µm
2
 region. One can see that the phase contrast between the purple 

and yellow region is ~180, indicating good switching of the polarization with 

the external dc bias. From these experiments, we can determine that the as-

grown polarization of BTO on NST is downward, i.e. pointing from BTO to 

NST. The purple region represents switched upward polarization, whereas the 

yellow region indicates downward spontaneous polarization. These results are 

very similar to those of BST/NST samples introduced in Section 4.4.1. 

 

Figure 5.5 PFM phase image of a 20 uc BTO/NST sample. The image size is 

4×4 µm
2
. The purple square (2×2 µm

2
) in the center was written with a dc tip 

voltage of -5 V. Yellow region corresponds to downward polarization, while 

purple region represents upward polarization. 

5.5 Electronic transport properties 

In order to investigate the possible influence of ferroelectricity (or BTO) on 

magnetic properties of Pt thin films, we prepared two samples: 2 nm Pt/20 uc 

BTO/STO (001) and 2 nm Pt/STO (001), where the latter serves as a reference 

sample. 
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5.5.1 Temperature dependent resistance 

Figure 5.6 shows temperature dependent sheet resistance (Rs-T) for the two 

samples. From the Rs-T curves, one can see that both samples show metallic 

behavior as Pt is a metal. The small upturn at ~15 K is probably caused by 

weak localization of electrons due to dimensional effect, as explained by Y. M. 

Lu et al.[178]. The sheet resistance of the reference sample, i.e. 2 nm Pt/STO, 

is in good agreement with previous reports [178, 179]. 

Interestingly, the 2 nm Pt/20 uc BTO/STO shows significantly smaller sheet 

resistance than that of the 2 nm Pt/STO sample, although the Pt thickness is 

the same. The relative resistance change is as large as 40% at room 

temperature. Here, the relative resistance change is defined as  

(𝑅𝑟𝑒𝑓 − 𝑅𝐵𝑇𝑂) 𝑅𝑟𝑒𝑓⁄ , where Rref and RBTO are sheet resistances of 2 nm 

Pt/STO and 2 nm Pt/20 uc BTO/STO, respectively. We also investigated 

samples with different Pt thicknesses, and similar resistance change was 

observed when Pt thickness is smaller than 4 nm. The sheet resistance for a 4 

nm Pt/20 uc BTO/STO sample is almost the same as that of a 4 nm Pt/STO 

sample. 

 

Figure 5.6 Temperature dependent sheet resistance for a 2 nm Pt/20 uc 

BTO/STO and a 2 nm Pt/STO sample. 
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5.5.2 Anomalous Hall effect 

As Pt is a paramagnetic metal, it should display normal Hall effect if no 

external stimulus is applied. Figure 5.7 (a) shows Hall resistance dependence 

on magnetic field (RH-H) for the 2 nm Pt/STO sample. As can be seen, RH is 

linearly dependent on magnetic field, indicating normal Hall effect. In addition, 

the Hall effect is almost temperature independent. These results are expected 

as STO is non-magnetic (or diamagnetic) and paraelectric, which does not 

impose any external stimulus to Pt.  

Strikingly, the 2 nm Pt/20 uc BTO/STO sample shows anomalous Hall effect 

(AHE), as shown in Fig. 5.7 (b). Two main features can be observed in Fig. 

5.7 (b). First, RH is non-linearly dependent on H. Second, the RH-H curves are 

strongly temperature dependent and a sign reversal can be observed at ~10 K. 

Generally, AHE are observed in two types of systems, i.e. multicarrier system 

and ferromagnetic system. For a system with multiple carriers, for example, 

LaAlO3/SrTiO3 superlattices [124] and LaTiO3/SrTiO3 superlattices [181], the 

RH-H curves can be well explained with multiple carriers with different carrier 

densities and carrier mobilities. We note that Fredrickson et al. theoretically 

predicted a two-dimensional electron gas (2DEG) at BaTiO3/SrTiO3 

(BTO/STO) interface due to the polar discontinuity at this interface similar to 

that of LaAlO3/SrTiO3 interface [93]. If there is a 2DEG at the BaTiO3/SrTiO3 

interface, the AHE observed here could be attributed to a multicarrier model. 

However, experimentally, we found that 20 uc BTO deposited on STO (001) 

substrate is insulating, with a room-temperature resistance larger than 10
8
  

(measurement limit). In addition, we performed resistance measurement on a 2 

nm Pt/20 uc BTO/STO sample by only contacting Pt without penetrating into 
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BTO/STO interface. The resistance is the same as that measured with the 

wire-bonding technique, which penetrates into BTO/STO interface and 

contacts both Pt and the 2DEG (if any). This indicates that no 2DEG is formed 

at BTO/STO interface. Moreover, attempts to fit the AHE in Fig. 5.7 (b) with 

the multicarrier model were unsuccessful, especially at low temperature (e.g. 

2.5 K) with the sign reversal. We believe the absence of 2DEG at BTO/STO 

interface under our preparation conditions is probably because that the polar 

discontinuity at BTO/STO is compensated by other compensation mechanisms 

(other than electronic reconstruction), such as atomic reconstruction, domain 

formation or oxygen vacancy compensation [173]. 

Due to the similarity of our results with those reported in ionic gating 

experiment of Pt/Al2O3 in Ref. [179] and the proximity effect induced 

ferromagnetism in Pt/Y3Fe5O12 in Ref. [177], we attribute the AHE to induced 

ferromagnetism in Pt thin films. 

 

Figure 5.7 Hall effect measurement. Hall resistance (RH) dependence on 

magnetic field (H) from -9 to 9 T at different temperatures for 2 nm Pt/STO (a) 

and 2 nm Pt/20 uc BTO/STO (b), respectively. The 2 nm Pt/STO sample 
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shows normal Hall effect, while the 2 nm Pt/20 uc BTO/STO sample shows 

anomalous Hall effect. 

5.6 Magnetic properties 

In order to check the magnetic properties of our Pt/BTO/STO samples, we 

performed magnetic measurements with a Quantum Design Superconducting 

Quantum Interference Device-Vibrating Sample Magnetometer (SQUID-VSM) 

system. 

Figure 5.8 shows in-plane magnetic moment dependence on magnetic field 

(m-H) for a 2 nm Pt/20 uc BTO/STO sample. Narrow hysteresis loops can be 

observed from 300 to 2 K, indicating ferromagnetism of the sample even at 

room temperature. The saturation magnetic moment (ms) increases with 

decreasing temperature and is ~1×10
-6

 and 3.5×10
-6

 emu at 300 and 2 K, 

respectively. The average saturation magnetic moment per Pt atom is thus 0.03 

/Pt at 300 K and 0.11 /Pt at 2 K. The coercive field (Hc) is found to be 

temperature independent, which is ~300 Oe, as shown in the inset of Fig. 5.8. 



128 
 

 

Figure 5.8 In-plane magnetic moment dependence on magnetic field for 2 nm 

Pt/20 uc BTO/STO from -2 to 2 T at different temperatures. The inset shows 

magnetic moment dependence on magnetic field from -0.1 to 0.1 T. 

5.7 First-principles calculations 

To elucidate the mechanism for this unusual ferromagnetism in Pt, first-

principles calculations were performed. For the appearance of ferromagnetism 

of Pt, two conditions must be satisfied: (i) depolarization field of BTO (ii) 

substitution of Ti by Pt at the Pt/BTO interface. 

The simulation cell consists of Pt/BTO superlatice of TiO2-terminated 

symmetric BTO and Pt with the interfacial Ti atom replaced by the Pt atom as 

shown in Fig. 5.9 (a). We use five layers of Pt and ten and half unit cells of 

BTO. The Pt atoms reside on the top of oxygen. When Pt completely covered 

BTO, i.e. a perfect Pt/BTO interface without any defect or the Ti substitution, 

the superlattice is nonmagnetic. Only after interfacial Ti is replaced by Pt, 

magnetization appears at the Pt/BTO interface. BTO remains polarized even 

after the Pt substitution of Ti at the interface. We define the lower and upper 

Pt/BTO interfaces as I1 and I2, respectively, as shown in Fig. 5.9 (a). Figure 
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5.9 (b) shows Ti-O and Ba-O displacement plotted as function of distance 

from interface I1 to I2.  At both interfaces, the displacements are positive, 

suggesting a polarization pointing to I2. The resulting depolarizing field leads 

to electron accumulation at 𝐼2  and depletion at 𝐼1 . The resulting electron 

redistribution leads to increase in density of states at Fermi level at the I1 

interface. 

Substitutional Pt on the interfacial Ti site leads to itinerant magnetism in 

Pt/BTO heterostructure. The non-spin polarized density of state of Pt at 

interface I1 (Fig. 5.9 (c) top panel) have a peak at the Fermi energy, resulting 

large electronic interaction energy.  According to Stoner model, the large 

electronic interaction energy is reduced by spin splitting of bands. Even 

though such splitting leads to increase in band energy, the gain by exchange 

energy leads to stabilization of the magnetic system.  The well-known Stoner 

criterion for ferromagnetism I𝜌(𝐸𝐹)>1, is satisfied for such enhanced density 

of states at interface I1 as we find I𝜌(𝐸𝐹)  =1.02 >1, here I is the stoner 

exchange parameter and 𝜌(𝐸𝐹) is the density of states at the Fermi level. We 

use I=0.37 calculated for the bulk Pt.  This suggests the existence of itinerant 

ferromagnetism at Pt/BTO interface.  

In Fig. 5.9 (c) (middle and bottom panel), we show the calculated density of 

states taking into account the full spin polarization. The bands are indeed 

exchange split with the splitting of Δ ~0.03 eV. Such splitting makes the 

system magnetic.  By using the calculated Stoner exchange parameter for bulk 

Pt, we expect magnetic moment of 𝑚 =
Δ

𝐼
 ~ 0.07 𝜇𝐵  in the Pt/BTO 

heterostructure.  In our full spin polarized calculation we find the overall 
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magnetic moment of ~0.13 𝜇𝐵  with the moment of ~0.05 𝜇𝐵  located at the 

substituted Pt site at the interface consistent with the Stoner model for itinerant 

magnets. The in-plane oxygen bonded with the Pt also gets magnetized with 

moment ~0.03 𝜇𝐵 , while the other ions/atoms in the heterostructure are 

nonmagnetic. It should be noted that the calculated overall magnetic moment 

(~ 0.13 𝜇𝐵) is in good agreement with our magnetic measurements shown in 

Fig. 5.8. 

We note that although Pt is a noble metal, and thus, inert to chemical 

environment. We found that there is a sizable bonding between Pt and 

surrounding oxygens, which makes our model plausible. In industry, Pt is 

often used as automobile catalysts to oxidize carbon monoxide. The oxidation 

activity of Pt is attributed to the presence of a superficial platinum oxide layer 

under oxygen-rich conditions [182]. This means that our assumption of a 

sizable bonding between Pt and surrounding oxygens is reasonable. 

The atomic and  electronic structure of the system are obtained using density 

functional theory (DFT) as implemented in Vienna ab initio simulation 

package (VASP) [147, 183].  The projected augmented plane wave (PAW) 

method  is used to approximate the electron-ion potential [148].  The exchange 

and correlation potential is calculated in local density approximation (LDA). 

In the calculation, we use a kinetic cutoff energy of 340 eV for the plane wave 

expansion of the PAWs and 14×14×1 and grid of k points [184] for the 

Brillouin zone integration.  The in-plane lattice constant is fixed to that of 

SrTiO3 substrate. The c/a ratio and the internal atomic coordinates are relaxed 

until the Hellman-Feynman force on each atom is less then | 0.01| eV/Å. 
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Figure 5.9 Structure and interfacial electronic structure of Pt/BTO superlatice.  

(a) The computational cell contains symmetric BTO cell with Pt covered on 

both sides.  (b) Cation-anion displacement ( 𝛥𝑍)  and out of plane lattice 

constant of BTO plotted as a function of distance from I1 to I2 showing 

polarization pointing to I2. (c) The non-magnetic density of states of interfacial 

substitutional Pt compared to that of bulk Pt (top panel), the majority and 

minority density of states of interfacial substitutional Pt at interface I1 (middle 

panel) and I2 (bottom panel). The in plane lattice constant in the calculation 

was fixed to that of substrate STO.    

5.8 Numerical fitting of AHE 

Having explained the origin of the induced ferromagnetism in Pt, we next turn 

to simulate the AHE data in Fig. 5.7 with classic Langevin function. The Hall 

resistance of a ferromagnetic metal is generally composed of two terms, viz. 
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                                              𝑅𝐻 = 𝑅𝐻
0 + 𝑅𝐻

𝐴                               (eq. 5.1) 

where 𝑅𝐻
0  (which scales linearly with external magnetic field) and 𝑅𝐻

𝐴 are the 

ordinary Hall resistance and anomalous Hall resistance, respectively. Figure 

5.10 shows the anomalous Hall resistance dependence on magnetic field for a 

2 nm Pt/20 uc BTO/STO sample at different temperatures. The anomalous 

Hall resistance was obtained by subtracting the ordinary Hall resistance from 

the original data in Fig. 5.7. The ordinary Hall resistance was deduced by 

fitting the original data in Fig. 5.7 at high magnetic field with a linear function. 

One can see that 𝑅𝐻
𝐴 is negative at high temperature (>30 K) and positive at 

low temperature (<10 K). At 10 K, 𝑅𝐻
𝐴  has both negative and positive 

contributions. These results are strikingly similar to those reported in Ref. 

[179]. Here, we analyze our AHE data by using the three-component model 

proposed in Ref. [179]. In this model, 𝑅𝐻
𝐴 is assumed to be composed of two 

components, i.e. a negative component 𝑅𝐻
𝐴−

 and a positive component 𝑅𝐻
𝐴+

. So, 

𝑅𝐻 can be written as: 

                            𝑅𝐻 = 𝑅𝐻
0 + 𝑅𝐻

𝐴 = 𝑅𝐻
0 + 𝑅𝐻

𝐴−
+ 𝑅𝐻

𝐴+
                         (eq. 5.2) 

In this model, it’s assumed that 𝑅𝐻
𝐴−

 is temperature independent, while 𝑅𝐻
𝐴+

 is 

temperature dependent and plays a major role in determining 𝑅𝐻
𝐴. The relation 

between the anomalous Hall resistance 𝑅𝐻
𝐴  and magnetization M can be 

written as: 

        𝑅𝐻
𝐴 = 𝛼𝑀 = 𝛼𝑁

𝑘𝐵𝑇

𝑘𝐵𝑇𝐹
𝜇𝐿(

𝜇𝐻

𝑘𝐵𝑇
) = 𝛼𝑁

𝑘𝐵𝑇

𝑘𝐵𝑇𝐹
𝜇[coth (

𝜇𝐻

𝑘𝐵𝑇
) −

𝑘𝐵𝑇

𝜇𝐻
]    (eq.5.3) 

            where is the extraordinary Hall coefficient, N is the number of magnetic 

moments per unit volume, kB is Boltzmann constant, T is temperature, TF is 
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Fermi temperature, is the magnitude of the magnetic moments, L(x) is 

Langevin function and H is magnetic field. We note here that the term 
𝑘𝐵𝑇

𝑘𝐵𝑇𝐹
 

appears because that, in itinerant electron systems, only the electrons on the 

Fermi surface within energy range ~kBT will respond to the magnetic field. 

Hence the total number of electrons contributing to M is reduced by the factor 

𝑘𝐵𝑇

𝑘𝐵𝑇𝐹
. To fit the anomalous Hall resistance 𝑅𝐻

𝐴 at different temperatures, for 

example at 2.5 K, we define ∆𝑅𝐻 as: 

              ∆𝑅𝐻 = 𝑅𝐻
𝐴(2.5 K) − 𝑅𝐻

𝐴(150 K)~𝑅𝐻
𝐴+

(2.5 K) − 𝑅𝐻
𝐴+

(150 K) =

                            𝛼[𝑀(2.5 K) − 𝑀(150 K)] = 𝛼∆𝑀                      (eq. 5.4) 

where M is the difference between the magnetizations at 2.5 and 150 K, 

respectively. 

Figure 5.11 shows ∆𝑅𝐻  dependence on magnetic field for a 2 nm Pt/20 uc 

BTO/STO sample at different temperatures. One can see that the experimental 

data can be well fitted with eq. 5.4, except at the lowest temperature 2.5 K. 

This deviation might be caused by the exchange interaction between induced 

magnetic moments at low temperature. The exchange interaction was 

neglected in eq. 5.4. During the fitting, we fixed the magnitude of the 

magnetic moments  to 8 /Pt, set the number of magnetic moments per unit 

volume N to a fix value and allowed the extraordinary Hall coefficient  to 

change. We note that at 2.5 K, the estimated from the fitting (8 /Pt) seems 

significantly larger than the average magnetic moment deduced from SQUID 

measurements (0.11 /Pt). However, this is reasonable as we have explained 
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that only the Pt atoms which replaced Ti at the Pt/BTO interface are 

magnetized.  

 

Figure 5.10 Anomalous Hall resistance dependence on magnetic field for a 2 

nm Pt/20 uc BTO/STO sample at different temperatures. 

 

Figure 5.11 Numerical fitting of the anomalous Hal resistance with the 

Langevin function at different temperatures for a 2 nm Pt/20 uc BTO/STO 

sample. The hollow symbols represent experimental data, while the solid lines 

represent fitting data with eq. 5.4. Different colors stand for different 

temperatures. 
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5.9 Pt thickness dependence of AHE 

Next, we study the AHE with different Pt thickness, while keeping BTO at 20 

uc. Figure 5.12 (a) and (c) show AHE for 3 nm Pt/20 uc BTO/STO and 4 nm 

Pt/20 uc BTO/STO, respectively. As can be seen, the magnitude of AHE is 

much smaller in 3 nm Pt/20 uc BTO/STO and 4 nm Pt/20 uc BTO/STO, as 

compared to that of 2 nm Pt/20 uc BTO/STO shown in Fig. 5.7 (b). 

Nevertheless, the sign reversal of AHE can still be observed at low 

temperature (for example, 2.5 K). The 3 nm Pt/STO and 4 nm Pt/STO samples 

show normal Hall effect, as shown in Fig. 5.12 (b) and (d). 

In Fig. 5.13, we show the anomalous Hall resistance (𝑅𝐻
𝐴) dependence on 

temperature (𝑅𝐻
𝐴 − 𝑇)for the Pt/20 uc BTO/STO samples with 2, 3 and 4 nm 

Pt. As can be seen, 𝑅𝐻
𝐴 is negative at high temperature and becomes positive at 

low temperature for all the samples. Moreover, the magnitude of 𝑅𝐻
𝐴 decreases 

quickly with increasing Pt thickness, indicating that the effect is an interface 

effect. These results are very similar to those reported in Ref. [178] and [179]. 

In addition, the 𝑅𝐻
𝐴 − 𝑇 curves recalls the Curie-like temperature dependence 

of magnetization, providing further evidence for ferromagnetism in Pt. 

Here, we comment on the negative anomalous Hall resistance 𝑅𝐻
𝐴−

. As pointed 

out in Ref. [179] and also in our data, 𝑅𝐻
𝐴−

 seems fairly temperature 

independent, at least above 100 K (Fig. 5.13). However, the origin of 𝑅𝐻
𝐴−

can 

not be determined by our work here and we leave it as an open question. 
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Figure 5.12 Hall resistance dependence on magnetic field for 3 nm Pt/20 uc 

BTO/STO (a), 3 nm Pt/STO (b), 4 nm Pt/20 uc BTO/STO (c) and 4nm Pt/STO 

(d), respectively. Different colors represent different temperatures. 

 

Figure 5.13 Extracted anomalous Hall resistance dependence on temperature 

for Pt/20 uc BTO/STO samples with 2 nm, 3 nm and 4 nm Pt, respectively. 

5.10 Summary 

In conclusion, we have observed AHE in a Pt/BTO/STO heterostructure. The 

AHE is attributed to the ferromagnetism of Pt. From the SQUID measurement, 

the average magnetic moment of Pt at 300 K is determined to be ~0.03 /Pt. 
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Both the depolarization of BTO and the interfacial substitution of Ti by Pt are 

essential for the appearance of ferromagnetism in Pt. 

Our work provides a routine to induce ferromagnetism in an otherwise 

paramagnetic material. This shall, in principle, add a new member to the 

multiferroic material family, as both ferroelectricity and ferromagnetism exist 

in the heterostructure. By switching the polarization direction of the BaTiO3 

layer, the magnetic properties of the Pt overlayer could be expected to be 

modulated. In addition, due to the nature of ferroelectricity, the modulation 

should be non-volatile. We also note that Pt is often used in ferroelectric 

tunneling junctions (FTJ) as a top electrode, for example 

Pt/BaTiO3/Nb:SrTiO3 [185]. Our finding could thus pave the way for possible 

multiferroic tunneling junctions (MFTJ) with Pt. 

Author contributions: 

W. X. Zhou, H. Wang and Ariando designed the experiment. W. X. Zhou and 

H. Wang prepared the samples. W. X. Zhou conducted the electronic and 

magnetic transport measurements, XRD and PFM measurements. W. X. Zhou, 

N. Bao and C. J. Li conducted the SQUID measurements. T. Paudel and 

Evgeny Y. Tsymbal conducted the DFT calculations. W. X. Zhou, C. J. Li and 

Ariando analyzed the data. S. W. Zeng, J. Zhou, Z. Huang, K. Han, T. 

Venkatesan, J. S. Chen joined the discussion. 
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Chapter 6 Summary and future work 

6.1 Summary 

In this section, I summarize the main results and their implications of the three 

projects, which were introduced in Chapter 3-5. 

6.1.1 Electron-soft phonon scattering in n-type SrTiO3 

In this project, we studied the electronic transport properties in n-type SrTiO3 

(STO), which is the “silicon” of oxide electronics.  

In both the three-dimensional electron liquid (3DEL) and two-dimensional 

electron liquid (2DEL) hosted by STO, electronic transport anomalies were 

observed at the cubic-to-tetragonal phase transition temperature (Tc) of STO. 

A small peak of the temperature dependent temperature coefficient of 

resistance (TCR) can be observed at Tc, regardless of the origin of the charge 

carriers, the dimension of the electron liquid and the crystalline direction. This 

TCR peak, which can be well fitted with the electron- Г25 (111) soft phonon 

scattering, is caused by anomalies in both carrier density and carrier mobility, 

with the latter taking the dominant role. Our first-principles calculations show 

that the mobility anomaly is caused by effective mass enhancement of the 

electrons from cubic to tetragonal phase. Furthermore, we found that the 

magnitude of the anomaly decreases with increasing carrier density as a result 

of competing electron-electron and electron-soft phonon scattering. 

Although there have been reports showing the electron-soft phonon scattering 

in La1-xSrxMnO3/SrTiO3 heterostructure through interfacial coupling between 

the charge carriers in La1-xSrxMnO3 and the Г25 (111) soft phonon STO [144]. 

As far as we know, our results explicitly show, for the first time, the electron 
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scattering by the Brillouin zone corner Г25 (111) soft phonon in STO itself. 

Our results, which should improve our understanding of the electron-electron 

scattering and electron-phonon scattering in STO, highlight the importance of 

the electron-soft phonon scattering in STO. In addition, as the electron-soft 

phonon scattering has been applied to explain the mechanism of the 

superconductivity in STO, our work may also provide some insights into the 

superconductivity in STO [143].  

6.1.2 Coexistence of ferroelectricity and two-dimensional electron gas 

In this project, we studied the coexistence of ferroelectricity and two-

dimensional electron gas (2DEG) in BaxSr1-xTiO3 thin films in a LaAlO3/ 

BaxSr1-xTiO3/SrTiO3 (LAO/BST/STO) heterostructure. 

By using piezoresponse force microscopy (PFM), electronic and optical 

measurements, we observed systematic change of the transport properties of 

the 2DEG in LAO/BST/STO heterostructure. This systematic change is 

attributed to the competition between the built-in electric field of LAO and the 

depolarization field of BST. This competition signifies the coexistence of 

ferroelectricity and 2DEG in this heterostructure. Furthermore, through first-

principles calculations, we showed layer-resolved carrier density and 

ferroelectricity in BST.  

On the other hand, the LAO/BST/STO heterostructure can be used to tune the 

electronic transport properties of the 2DEG by changing the BST thickness. 

As shown in Chapter 4, clear electric field effect has been observed in 

LAO/BST/STO heterostructure with different BST thicknesses. These results 
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suggest that, by inserting a ferroelectric BST layer between LAO and STO, the 

electronic transport properties of the 2DEG can be systematically tuned. 

6.1.3 Ferroelectricity induced ferromagnetism in paramagnetic Pt thin 

films 

In this project, we found unusual room-temperature ferromagnetism in Pt thin 

films in a Pt/BaTiO3/SrTiO3 (Pt/BTO/STO) heterostructure. The 

ferromagnetism was evidenced by anomalous Hall effect (AHE), magnetic 

measurements and first-principles calculations. The average magnetic moment 

was found to be ~0.03 /Pt at 300 K. The origin of the ferromagnetism is the 

depolarization field of BTO and the interfacial substitution of Ti with Pt. 

Our work provides a routine to induce ferromagnetism in an otherwise 

paramagnetic material. This routine can be used to induce ferromagnetism in 

other paramagnetic materials as well, such as Pd. We also note that Pt is often 

used in ferroelectric tunneling junctions (FTJ) as a top electrode, for example 

Pt/BaTiO3/Nb:SrTiO3 [185], our finding could thus pave the way for possible 

multiferroic tunneling junctions (MFTJ) with Pt. 

6.2 Future work 

6.2.1 Electron-soft phonon scattering in n-type SrTiO3 

In the future, it would be interesting if we could do first-principles calculations 

on the electron-soft phonon scattering in n-type STO by considering all the 

electrons from different conduction bands and phonons from different 

branches. This shall give us a comprehensive picture of the conduction 

mechanism of n-type STO and the role of the electron-soft phonon scattering 

in the overall electron-electron and electron-phonon scattering in STO. 
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6.2.2 Coexistence of ferroelectricity and two-dimensional electron gas 

In the future, we plan to switch the polarization direction of the BST layer in 

LAO/BST/STO heterostructure. This switching may significantly influence 

the conductivity of the 2DEG, leading to a high-resistance state and a low-

resistance state depending on the different polarization direction of the BST 

layer. Furthermore, this switching should be non-volatile due to the nature of 

ferroelectricity. This switching experiment may be realized by using Nb:STO 

as the substrate instead of STO. Nb:STO has the same lattice constant as that 

of STO and can be used as the bottom electrode in the switching experiment. 

Thus, in this LAO/BST/Nb:STO heterostruture, we may construct a 

ferroelectric field effect transistor, which might be useful for future 

applications. 

6.2.3 Ferroelectricity induced ferromagnetism in paramagnetic Pt thin 

films 

To further expand our approach to induce ferromagnetism in non-magnetic 

materials with ferroelectricity, we would like to study the magnetic proeperties 

of Pd thin films in a Pd/BaTiO3/SrTiO3 heterostructure. As Pd and Pt have 

very similar magnetic properties, the approach proposed in Chapter 5 might 

also induce ferromagnetism in Pd in a Pd/BaTiO3/SrTiO3 heterostructure.  

On the other hand, we can do ionic liquid gating experiment in Pt/BTO/STO 

heterostructure. In this way, the magnetic properties of Pt can be modulated 

with two electric fields (one electric field comes from BTO, while the other 

electric field comes from the ionic liquid gating). Ionic liquid gating provides 

an additional electric field to the system. This electric field can be used to 

enhance or weaken the induced ferromagnetism in Pt. 
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In addition, it would be of great interest if one can construct a MFTJ with a 

Pt/BaTiO3/Nb:SrTiO3 heterostructure. This can be realized by switching the 

spin polarization with external magnetic field and switching the ferroelectric 

polarization with external electric field while measuring the tunneling 

resistance. However, this might be very challenging as the small magnetic 

moment (~ 0.05 B/Pt) may not give any measurable TMR change. 
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