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I 

 

Abstract   

 

 In this thesis, we investigated control the interactions of complex oxide interfaces. 

Hetero-interfaces between complex oxides have sparked considerable interest due to 

their fascinating physical properties and offer new possibilities for next-generation 

electronic devices. While most studies are aiming at exploring new interfaces by 

combining different materials, another key to realizing the practical applications is the 

control through external stimulus. As the first subject, we propose a generic approach 

to use an additional layer, e.g. ferroelectric Pb(Zr0.2Ti0.8)O3, on LaAlO3 (LAO)/SrTiO3 

(STO) interface as a nonvolatile modulation of the conduction behaviors at this 

interface. In order to reveal the insight, the change of the interface band structure was 

comprehensively investigated by a combination of the ferroelectric pattern assisted 

x-ray photoelectron spectroscopy and scanning tunneling spectroscopy. This study 

opens an avenue to the nonvolatile control of complex oxide interfaces. 

Moreover, in strongly correlated oxides, heterointerfaces provide a powerful route to 

manipulate the charge, spin, orbital, and lattice degrees of freedom to create new 

functionalities. As the second part of study, the ferromagnetic (F) 

La2/3Ca1/3MnO3(LCMO)/superconducting (S) YBa2Cu3O7-x (YBCO) heterostructures 

of two distinct interfaces with atomically precise interface control have been 

fabricated to explore the interactions between these two functional layers. A new 

mechanism of charge transfer in these heterostructures was identified. This charge 

transfer, in addition to the previously considered F/S proximate effect, is critical to the 

superconductivity, magnetism, and x-ray absorption spectroscopy observed in these 

heterostructures. 
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(2nm)/LCMO (10nm) bilayer with different interfacial terminations taken 

with circularly polarized x-rays at T=30K. The photon spin was aligned 

parallel (μ
+
, green) or antiparallel (μ

-
, orange) to the 1 T magnetic field. 

The field was applied along the surface normally; Mn-L2,3 XMCD signal 

with the La0.7Ca0.3O-terminated interface (red line) and the 

MnO2-terminated interface (black line) for LCMO/YBCOd are shown in 

lower panel  110 

Figure 5.6 (color online) a) Mn K -edge XAS spectra LCMO/YBCOd  with different 

interfaces at thickness of YBCO is d =10nm and plot together with the 

Mn2O3 (Mn3+) and MnO2 (Mn4+) standard samples spectra , taken in 

fluorescence yield mode . b) Mn valence states vs absorption edge energy 

(eV) of the MnO2-terminated (black symbols) and La0.7Ca0.3O-terminated 

(red symbols) samples; La1-xCaxMnO3 (where x =0, 0.3, 0.6, and 1) was used 

as the reference data, combined with the Mn2O3 (Mn3+) and MnO2 (Mn4+) 
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standard samples to determine the Mn valence state. c) Mn valence states as a 

function of YBCO thickness on the different interfaces  112 

Figure 5.7 (color online) a) - c) O K -edge XAS spectra LCMO/YBCOd with different 

interfaces vary thickness of YBCO is d =6nm, 13nm, and 50nm. d) 

Comparison of O K- edges XAS spectra LCMO/YBCOd with different 

interfaces with YBCO thicknesses of 13nm, 20nm and 50nm, taken in 

sample current mode  113 

Figure 5.8 (color online) Comparison of O K- edges XAS spectra LCMO/YBCOd 

with different interfaces with YBCO thicknesses of 13nm, 20nm and 

50nm, taken in Fluorescence yield mode  114 

Figure 5.9 The O K –edge XAS spectra illustrate the contribution of oxygen in 

different layers of structures: Enlarged peaks of oxygen in STO, LCMO 

and YBCO located at 531eV, 529.3eV and 527.8 eV, respectively  115 

Figure 5.10 The procedure to normalize the O K –edge XAS spectra: a) The structures 

with two different interfaces of LCMO/YBCO indicating the thickness 

and number of oxygen in one unit cell of each layer, in subscript and 

parenthesis, respectively for sample current mode. b) and c) the spectra 

after normalization and showing that the contribution of oxygen in our 

samples is very clear and can be separated from LCMO and STO  116 

Table 5.2 Total number of oxygen with different thicknesses of YBCO of two 

different terminated interfaces  117 

Figure 5.11 Mn K -edge XAS spectra for LCMO/YBCOd with different interfaces at 

thickness of YBCO being 6nm, 10nm, 13nm, 20nm and are plotted 

together with spectra for the Mn2O3 (Mn
3+

) and MnO2 (Mn
4+

) standard 

samples and reference samples , taken in fluorescence yield mode to 

demonstrate how to determine the valence state of Mn  119 

Figure 5.12 a)-c) Mn-L2,3 edge XAS spectra for LCMO/YBCOd with different 

interfaces with YBCO thicknesses of 2nm, 6nm and 8nm; d) Comparison 

of Mn L- edges XAS spectra LCMO/YBCOd with different interfaces 

with YBCO thicknesses of 2nm, 6nm and 8nm, and showing clearly the 

energy shifts after putting the YBCO thicker, taken in total electron yield 

mode  120 
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Appendix B. Electric field in LAO calculations 

Figure B1. X-profile of PZT spontaneous polarization in the stripe 180-degree domain 

structure (a, b), stray depolarizing field ),(3 zxE  existing in LAO layer 

(c, d) and “sheet” charge )(xS  located in the vicinity of STO surface 

(e,f). PZT thickness L=50 l.c., LAO thickness H1=4, H2=5, H3=6 l.c., 

depth z1=0, z2=0.5H, z3=H, domain structure period a=100 l.c. (a, c, e) 

and a=10 l.c. (b,d, f). Abbreviation l.c. stands for lattice constant units. 

Appendix C. Phase-Field Modeling of Ferroelectric Modulation at LAO/STO 

Interface 

Figure C1. (a) Schematic band diagram of STO/LAO/PZT heterojunction; (b) the 

electric potential distribution in the absence of polarization; (c) the 

electron concentration in the absence of polarization (z denotes the 

position in the STO layer, H is half of the layer thickness, so that z/H from 

-1 to +1 represents the entire layer) 

Figure C2. Schematic band diagrams of a PZT/LAO/STO heterojunction in the 

presence of upward polarization Pup (a) and downward polarization Pdown 

(b) in PZT layer. The polarization bound charge and electric potential 

distribution in PZT layer with upward polarization (c) and (d), and with 

downward polarization (e) and (f) 

Figure C3. Comparison of electric potential, electron concentration and local 

electronic conductivity in STO layer in the presence of upward 

polarization, no polarization and downward polarization in PZT layer (z 

denotes the position in the STO layer, H is half of the layer thickness, so 

that z/H from -1 to +1 represents the entire layer). 
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Chapter 1: Introduction 

 

 As we have known that heterointerfaces based on perovskite oxidies have heralded the 

possibility of creating new multifunctional properties which would not have been possible to 

be found by using single-phase bulk materials. The discovery of electronic reconstruction 

caused the conducting at oxide interfaces has attracted a lot of interest and attention. In 

addition, heterointerfaces based on oxide thin films show a broad spectrum of generating 

richer functionality than available with the present conventional semiconductors [1-3]. Since 

atomic-layer control of the growth is possible in the oxide heterostructures family, the planes 

along the c axis in the ABO3 perovskite structures can be grown by two alternating layers of 

AO and BO2 planes at the interface. When interface effects dominate, different atomic layer 

stacking sequence at the interfaces presents a variety of opportunities to couple different 

physical properties at these heterostructures in small length scales. Several studies have 

successfully demonstrated the unusual atomic and electronic structure at the solid-solid 

interface of heterostructures [3-7].  

 A particularly interesting example seems to be presence of a conducting quasi-two 

electron gas at the interface between the two insulators LaAlO3 (LAO) and SrTiO3 (STO), 

depending on the terminating layer of the interface. Recently, Ohtomo and Hwang [7] found 

different electronic behaviour for thin LaAlO3 films on either SrO- or TiO2 -terminated 

SrTiO3 substrates, the former interface being insulating and the later interface being n-type 

conductor. Similar behaviour was found for the LaTiO3 – SrTiO3 interface [8]. So controlling 

the terminations at the interfaces would be also a key point to study the oxide interfaces. 

Therefore I have decided to study “Controlling the interaction in complex oxide interfaces” as 

my doctoral thesis. In the push for practical applications, it is desirable to have the ability to 

modulate the interface functionalities by external stimulus. So, in the first part of my thesis, 

“Ferroelectric control of the conduction at the LAO/STO hetero-interface”, we propose a 

generic approach by inserting a functional layer to the heterostructure to acquire the 

non-volatile control of the intriguing properties at oxide interfaces. The LAO/STO interface is 

served as a model system in which a highly mobile quasi-two dimensional electron gas 

(2DEG) forms between two band insulators [7, 9], exhibiting 2D superconductivity [10] and 

unusual magnetotransport properties [11]. In this study, we bring in a ferroelectric 

Pb(Zr0.2Ti0.8)O3(PZT) layer nearby the LAO/STO interface. The ferroelectric polarization of 

PZT layer serves as a control parameter to modulate the 2DEG conducting behaviors. The 

as-grown polarization leads to charge depletion and consequently a low conduction. 
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Switching the polarization direction results in a charge accumulation and enhances the 

conduction at the interface of LAO/STO. 

 The second part of my thesis, with the title “Termination control of the charge transfer 

in YBCO/LCMO hetero-structures” is presented in chapter 5. In this part, we study coupling 

between ferromagnetic (F) and superconductors (S) with two distinct interfaces. It would be 

one of the topical interests because they offer the appropriate scenario to study competing 

effects of superconductivity and ferromagnetism on the scale of their characteristics lengths. 

In addition, coupling between F and S may be understood in two different scenarios: firstly, 

Cooper pairs of the superconductor may enter the ferromagnet (proximity effect). Second, 

spins of ferromagnet may enter the superconductor, therefore the proximity effects in F/S 

interfaces are related to new physical phenomena arising from the interaction between two 

order parameters that may find potential applications in development of superconductivity and 

magnetoresistance memory devices. Recent studies the advanced synthesis of epitaxial 

heterostructures of transition metal oxides, offer intriguing perspectives for the practical 

realization of such oxide hetero-interfaces. In this regard, Ferromagnetic LCMO and high - 

temperature superconductor YBCO have been investigated with a variety of experimental 

methods [2, 12, 13, 14, 15]. However, we are the first ones to examine the coupling between 

ferromagnetism and superconductivity in La2/3Ca1/3MnO3 / YBa2Cu3O7-x heterostructure with 

different interfaces by Epitaxial design of heterointerfaces. Since both YBCO and LCMO 

have the ABO3 perovskite structure, two possible atomic stacking sequences can be formed in 

(001) – oriented heterostuctures, La0.7Ca0.3O –MnO2 – BaO – CuO2 (MnO2 – terminated 

interface) and MnO2 –La0.7Ca0.3O – CuO2 – BaO (La0.7Ca0.3O – terminated interface). In order 

to realize this interfacial design, atomically precise interface control is needed and can be 

achieved by designing LCMO layers with well defined atomic terminations using RHEED 

controlled PLD growth clearly showing the intensity of oscillation of the specular reflection 

spot, that indicates a layer –by – layer growth mode with one unit cell precision.  

The main focus of this thesis is, controlling the conduction of 2DEG at LAO/STO 

interface using the ferroelectricity of PZT and study of coupling between the ferromagnetism 

and superconducting in YBCO/LCMO with different interfaces to understand the physics and 

explore their applicability in new devices. Therefore, outline of my thesis will include the 

following parts. 

 Chapter 2 and chapter 3 of my thesis will give basic background to the rest of this 

booklet. Chapter two provides an overview of correlated-electron physics, 2DEG and 

background to the materials such as PZT, LCMO and YBCO, covering basic ideas as well as 
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a literature review of relevant work. Chapter three discusses the various techniques to 

fabricate and analyze these structures. This also covers sample preparation and fabrication, as 

well as in situ and ex situ analysis methods.  

 The two most important chapters of the thesis, chapter 4 and 5, collate data from some of  

the experiments during my Ph.D. research. The growth of PZT/LAO/STO and LCMO/YBCO 

with different interfaces and he properties of these structures as a function of growth 

parameters such as the functional thickness of each layer during deposition, deposition 

duration or heterostructure design are discussed. To be more precise, chapter four discusses 

the structural characterization, electrical transport, X-ray spectroscopy (XPS) and 

Cross –sectional  scanning tunneling microscopy in detail and spectroscopy measurements 

provide collaborating results.  Besides, the theoretical calculations and discussions are also 

presented. Chapter 5 focuses on the “termination control of the charge transfer in 

LCMO/YBCO heterostructures. The principles of experiments are similar to those in chapter 

four, however, here we focus more on how to fabricate with two distinct interfaces to study 

the coupling between the ferromagnetism and superconducting. Then we also provide the 

results of the transport measurements and magnetic properties to show quantitatively, how the 

interface control can manipulate the physical properties in both YBCO and LCMO functional 

layers. Moreover, the results from XAS provide evidences for the charge transfer at different 

interfaces which illustrate that only atomically precise control of this interface enabled us to 

identify a new mechanism of charge transfer in the YBa2Cu3O7-x/La0.7Ca0.3MnO3 

hetrostructures. 

 Finally, my thesis closes with a brief summary and supporting materials based on 

theoretical calculations for the experimental results presented in chapter 5.  
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Chapter 2: Background 

 
Recently, heterointerfaces between the complex oxides materials have been an 

interesting class encompassing the full spepiezoelectric in electronic field, ferromagnetic, 

multiferroic in magnetic field of physical properties, such as insulating, semiconducting, 

metallic, superconducting, ferroelectric, and ear optical effects in optics field. These vast 

physical properties also have a strong correlation to structural variation that can be induced by 

ambient condition like temperature, pressure, magnetic field, electric field, etc., and offer new 

opportunities for electronic applications. This chapter will give an basic introduction to the 

key concepts of  two dimensional electron gas (2DEG) LAO/STO interface, ferroelectricity 

of PZT, ferromagnetism of LCMO and superconducting of YBCO and describe the detailed 

information of corresponding materials in this work. 

 

2.1. Some concepts about 2DEG in correlated-electron oxides and semiconductors 

2.1.1 Introduction 

 

One of the fastest and most pervasive technologies of the last decades was 

semiconductor physics. In a fascinating interplay between theoretical understanding, 

experimental acumen and technological applications the field was developed rapidly and 

extensively due to fascinating physical properties and also offering more possibilities for the 

next generation of electronic devices. Therefore, most of studies are arming at exploring the 

new interfaces to create the new functionalities. Moreover, in strongly correlated oxide 

interfaces, heterointerfaces provide a powerful round to manipulate the physical properties 

(charge, spin, orbital and lattice degree of freedom) and also understand the physics behind 

which are not able to be found in the single bulk materials. Moore's law [1] would not have 

been possible without this development. Two-dimensional electron gases (2DEG) probably 

are one of the prime examples of this innovation. It can be understood the fundamental and 

principles of 2DEG from quantum mechanics (it can be found in any quantum mechanics 

books like Sakurai [2] or David Grifiths [3]), and their realization was only made possible 

once the experimental fabrication techniques were well developed ; there was a gap of about 

50 years between concept and device. Once available though, the 2DEG provided a path way 

and new opportunities for research and development to our future devices. Now we can 

strongly confirm that 2DEG of LAO/STO is device. In recent years the growth of transition 
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metal oxides have been studied by different methods, especially by Pulsed laser deposition 

(PLD) or laser Molecular beam epitaxial (MBE), and has risen to similar levels of control and 

in situ monitoring [4, 5] resulting in the fabrication of high-quality films and heterostructures 

of these oxides [6–9 ]. This small part of the chapter gives an overview of theory of quantum 

wells and correlated electron materials as well as previous work on the systems under 

investigation here: LAO/STO interfaces. This lays the physics foundation in the later 

chapters. 

 

2.1.2 The physics background of 2DEG 

 

In Quantum Mechanics, the based and also the fundamental problem is considered the 

particle-in-a-box example in which a single particle is confined to a certain area by an 

external potential and described by the time – independent Schrodinger's equation as follows 

(one-dimensional):  

2 2

22

d
V E

m dx


                 (2.1) 

where (ħ) is the reduced Planck's constant, m is the mass of particle,   is the total wave 

function of electrons, x is the position, V is the (in) finite external potential and E the (eigen) 

energy of the system. For an in finite external potential, the particle is truly confined, in this 

case the energies are quantized as  

2 2

28
n

n h
E

mL
                (2.2)                                                                                                                                        

where n is the quantum number and L is the size of the potential well. Or if we set k=n/2L and 

as the wave number and h= ħ/2, we obtained: 

2 2

2
n

k
E

m
               (2.3) 

For the realistic case, the potential is finite and the wave function is not completely 

contained within the potential well. This is shown schematically in Figure 2.1. This simple 

one-dimensional picture can be extended to three dimensions, but in my thesis, we just focus 

on two-dimensional layers which electrons are confined in only one direction in between the 

interface of LAO and STO layers of n-type interface. In such of that the particles are confined 

perpendicular to the layer, but are free to move within the layer (in plane). In that case, any 

additional quantum properties are well described by the one-dimensional case. 
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Figure 2.1 The energy levels of electrons in quantum well: an infinite (left) and a finite 

(right), taken from Ref. [10]. 

 

2.1.2.1 Potential wells in semiconductors 

 

So far quantum theory has shown that a single particle in a potential well has distinct, 

numbered energy levels. To realize such a 2DEG system in an experimental device, three 

conditions need to be met: 

1. There has to be a potential well; 

2. There have to be particles, here electrons, within the potential well; 

3. The electrons within the well should not interact significantly. 

 

 

Figure 2.2 The band structures of simple single materials: a) insulators, b) semiconductors 

and c) conductors, figure was taken from Ref. [11]. 
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Again, the interplay between theory and experiments should be the pathway to such 

future devices. The application of quantum mechanics to solid state science gave rise to band 

structure theory. There, the (electrical) properties of materials are defined by the appearance 

of collections of electron levels named bands which we would like to introduce in Figure 2.2.  

If the Fermi level is within a gap between two bands and thermal fluctuations do not 

excite some electrons to the upper, conducting band, the material is an insulator (see Figure 

2.2a)). However, if some electrons are excited to the conduction band, it is a semiconductor 

(Figure 2.2b)). If the Fermi level, the maximum energy level electrons can reach if the 

system is in its ground state, is within such a band, it is a conductor. See Figure 2.2 c). The 

band gap is unique for each semiconductor material. Table 2.1 shows some band gaps for 

representative semiconductors and oxides. 

 

material band gap 

Eg (eV) 

effective mass 

m
*
 (–) 

electron mobility 

  (cm
2
/Vs) 

electron density 

n (cm
–3

) 

Si 1.12 1.08 1300 2.0 .10
16 

GaAs 1.42 0.067 6000 3.0 .10
15

 

AlAs 2.168 0.146 200 2.0 .10
17

 

Nb:SrTiO3 1.8 6 3.2 1.4 .10
17

 

LaAlO3 5.6 - - - 

 

Table 2.1 Basic parameters for some representative semiconductors and oxides at room 

temperature [12–16]. 

 

From Table 2.1 it can be seen that the band gap varies substantially. By layering different 

semiconductors a potential well can be created. An example of such a potential well is shown 

in Figure 2.3. 
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Figure 2.3 Band diagram of a simple semiconductor potential well, taken from Ref [16]. 

 

The problem is how to get electrons into the potential well. By doping in the 

semiconductor with atoms of an element that having valence electrons is also one of standard 

methods. Silicium is four-valent. Doping with phosphorus, which is five-valent would result 

in an excess of electrons after covalent bonding. These 'excess' electrons are now doped into 

the conduction band and can freely move throughout the potential well. Such doped atoms, 

however, also form scattering centers which inhibit mobility of the electron. As the electrons 

should be disturbed as little as possible within the potential well, the active layer (the central 

GaAs layer in Figure 2.3) should not be doped. Here an additional bonus of the potential well 

appears. If the layers to the side of the actual well are doped, the free electrons will search out 

the energy minimum within the well as their ground states. Therefore, the number of electrons 

within the well can be controlled, without disturbing the crystal perfection of the well itself. 

This control also gives the opportunity to make sure the electrons are independent from one 

another. As long as the mean free path is much smaller than the average distance between 

electrons and the electron-electron interaction will be negligible. Thus, by controlling the 

density of electrons within the potential well the independent electron regime can be 

maintained. 
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2.1.2.2 Independent vs. correlated electrons 

 

With the time - independent electron approximation and the inclusion of electron 

correlation, the Schrodinger equation can be examined as the following form: 

2 2 2
2

, ,

1

2 2
i

i i j i ji j i j

e e
E

m K r r K r R 
      

 
        (2.4) 

Where, the first term is free electron contribution. The other terms described the interactions 

formed by the other electrons and ions in the system. The second term of the Schrodinger 

equation describes the electron-electron interaction, while the third describes the electron-ion 

interaction. In the independent electron approximation the electron correlation is thought to be 

ignored. Also, the ions are much more massive than the electrons, so their movement is also 

negligible. These two assumptions greatly simplify Equation 2.4 and thus successfully lead 

to much of the solid state theory in the beginning of the last century. It made the complex 

Schrodinger equations tractable before the advance of complex numerical calculations like 

density functional theory that are nowadays able to work with the full, correlated Schrodinger 

equations. However, the independent electron approximation is not able to explain several 

important physical properties such as (anti)ferromagnetism, the Mott insulating state and 

superconductivity. The single-band Hubbard model is often used as a starting point of the 

discussion of correlated materials. It simplifies the treatment of the background ions, but 

explicitly includes the electron-electron interaction. The Hamiltonian of the model is given as:  

†

,

ij i j i i
i j i

H t c c U n n 


 
              (2.5) 

where tij is the hopping parameter between nearest-neighbor sites i and j, ( )i ic c 


 is the 

creation (annihilation) operator for an electron on site i with spin  or  , U is the 

Coulumb energy and i i in c c  

   is the electron occupation of site i. The physics of transfer 

integral captures where delocalizing an electron lowers its energy, similar to Bloch waves and 

thus represents the kinetic term from Equation 2.4. The Coulomb energy denotes the energy 

it costs to bring two electrons in close proximity, i.e. on the same site. By varying the total 

number of electrons and the relative energies of tij and U, a large phase space of properties 

opens upon. It is the recent and current interest in these properties then using the 

ferroelectricity to modulate the conductivity and their physical properties. 
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2.1.3 Polar/non-polar interfaces 

 

As we mentioned above, an example of a polar interface was described: the LAO (001) 

surface. There is a charge discontinuity between the LaO//AlO2 stacking and the 'vacuum'. 

The LAO consists in this orientation of alternating layer of 
3 2( )La O  

and 
3 2

2( )Al O  
 

while the vacuum has an effective charge of zero. Such discontinuities are often resolved by a 

surface reconstruction in bulk materials [17, 18]. However, such polar discontinuities can also 

occur inside heterointerfaces; a fact that is very famous from semiconductor physics, where it 

results in an ionic reconstruction at the interface between different semiconductors or in 

between layers of the materials have different band structures [19]. In correlated-electron 

materials, similar the redistribution of electrons to be found in the LTO/STO system. 

Moreover, the electronic reconstruction at domain walls in BiFeO3 is also found [20, 21, 22], 

where the polarization discontinuity induced or enhanced to a conducting interface and the 

destruction of half–metal in Fe3O4/BaTiO3 due to the electron transfer across the interface 

[23]. 

 

2.1.3.1 Charge transfer at LaAlO3/SrTiO3 interfaces 

 

The big discovery in 2004, by Ohtomo and Hwang showed that the interface between 

LAO and STO in the (001) direction can be conducting, depending on the termination at the 

heterointerface. Such an interface exhibits a polar discontinuity, as LAO has alternating 

planes  1, while the
2 2Sr O 

and 
4 2

2( )Ti O 

  planes of STO are neutral [24]. In a purely 

ionic picture, this discontinuity transfers either only half an electron per unit cell area from 

LAO into STO for a n-type interface or half a hole per unit cell area for an p-type interface. 

Figure 2.4 shows how the electrons and holes are distributed in this model. The former 

interface is found to be conducting as shown in Figure 2.4a) with TiO2 termination took a 

place the top of STO (100) substrate, and we know it as n-type LAO/STO interface, while the 

latter, though nominally hole-doped, is insulating with SrO termination as Figure 2.4b) and is 

called as a p-type interface. Therefore, we can conclude that the hole-doping of closed shell 

ions is very difficult and complicated, moreover the compensation of holes by 

oxygen-vacancy would be a key point to be induced electrons results in no net free carriers 

[25, 26]. 
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a) n-type interface      b) p –type interface 

 

Figure 2.4 The model of charge transfer at LAO/STO interfaces. Diagrams taken from 

Ref.[25]. 

 

To understand the mechanism behind that, the purely ionic picture is never complete for 

a correlated-electron material. In other hand, more physical way to explain clearly these 

results is by looking at the internal dipole that develops across the charged in the LAO layers. 

In the electronically unreconstructed case, the transition of neutral to immediately charged 

layers results in a potential build-up due to the electric fields between the oppositely charged 

layers in LAO (see Figure 2.5). This 'polar catastrophe' grows with the LAO thickness and 

has to be compensated when the energy can no longer be accommodated by internal 

deformations [27–29]. In a band diagram, this happens when the potential build-up becomes 

larger in energy than the band gap of STO [29–32]. The valence band of LAO goes higher 

than the Fermi level, allowing for the charges transfer from the top surface to the interface. 

This reduces the potential build-up, as seen on the right panel in Figure 2.5. Recently, an 

argument has been made for the existence of in-gap states to which electrons can tunnel [33]. 

However, their theoretical calculations prove a constant electron density does not depend on 

the LAO layer thickness, contrary to experimental results [34, 35]. 
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Figure 2.5 Illustration of the polar catastrophe in an unreconstructed case (left) and a 

re-constructed case (right), where only half an electron is transferred into the TiO2 layer. 

Diagrams are taken from Ref.[25]. 

 

To examine the n-type LAO/STO interface where the terminations at interface controlled 

by TiO2-LaO, the crossing of the potential build-up and the band gap implies that up to a 

critical thickness of the LAO layer, this dipole can be accommodated by the strain within the 

LAO and no electronic reconstruction (i.e. electron-doping into the TiO2 layer) occurs. That 

critical thickness has been found to be 4uc, below that it was still insulating, however, when 

the LAO thickness reaches 4uc, an abrupt change into conductivity interface [36]. Thicker 

LAO layers show a decreasing mobility, though the mechanism behind that behavior is one of 

the many unsolved mysteries in this system [35]. Theoretical calculations actually show a 

larger critical thickness, but this can have several explanations. One is that the supercell used 

in the calculations is too small, so we did not include all possible reconstructions of electrons 

[28, 37]. Another explanation is that in real samples there are surface defects that form in-gap 

states, so the LAO band needs to shift less before electrons are doped [29, 38]. Finally, 

(Density functional theory) DFT always has a problem calculating the band structure of 

materials, which may make these calculations only qualitative, not quantitative. This 

thickness effect can be used to pattern structures into the conducting layer by selectively 

depositing thick LAO [39]. Only in those areas where the LAO layer is thicker than 4uc the 

built in potential is large enough to trigger the electronic reconstruction at the interface and 

create a conducting interface. Or, by having the dipole develop to just below the threshold 

value for electronic reconstruction, the conducting state can then be induced by introduction 

to the LAO layer an electric field and thus altering the dipole across this layer. This can be 
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done either by a back-gate field-effect transistor configuration [36, 40] or by writing with a 

conducting AFM tip [41, 42]. Interestingly, this minimum thickness of LAO required for a 

conducting interface does not seem to apply when the LAO layer itself is again capped with 

STO. The created two different interfaces of LAO/STO (one is n-type, another is p-type) 

where n-type LAO/STO is conducting down to a single monolayer (unit cell) of LAO 

embedded in STO [34, 43, 44]. There is, however, a clear interaction between the two 

interfaces. Below a LAO thickness of about 6 uc the sheet resistance increases. Hall 

measurements show that this is due to a decrease of the electron density in the 2DEG, while 

the electron mobility is constant (as opposed to single interfaces, where the mobility 

decreasing with increasing thickness [35]). More interestingly, about half a year earlier a jump 

in the optical absorption spectrum of LAO/STO superlattices samples as observed which does 

not appear in alloyed films of the same chemical composition [45]. The LaNiO3/SrMnO3 

system also undergoes an insulator-to-metal transition upon increasing the thickness of 

LaNiO3 layer [46]. Ionically, the system does have a polarization discontinuity (

3 3 2 4

3 3/La Ni O Sr Mn O   
) so electron reconstruction may play a role here. The analysis of the 

transport behaviour points to a more complex conduction mechanism for this system 

compared to the LAO/STO system. 

In general case, the electron gas acts as a Fermi liquid with a 
21/T  behaviour of the 

electron mobility[24, 34, 47–49], varying from ~ 6 cm
2
/Vs at room temperature to ~1000 

cm
2
/Vs at 5 K. This correlated electron liquid model was confirmed by scanning tunneling 

spectroscopy [50]. Though in general the electron-electron interactions are weaker than 

electron-phonon interactions at room temperature, in STO they are typically weak (as seen 

from the poor heat conduction) and would give rise to different temperature dependence [34]. 

The electron density depends on so much of fabrication parameters such as substrate 

termination [47], oxygen pressure during deposition [24, 49, 51, 52] and, laser frequency in 

PLD chamber [53]. There is some argument for intermixing [25, 54, 55], but transmission 

electron microscopy images do not give conclusive evidence. Also, if intermixing would 

occur, the complimentary p-type interface should also become conducting [47]. A 

thermally-activated behavior of the electron density, similar to that in semiconductors, with an 

activated energy of about 6 meV was observed [34]. This point is weakly-bound donors as the 

source of the electrons [42]. In general, electron densities on the order of 
14 210 cm

 at room 

temperature are achieved.  
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Remarkably, at low temperatures almost all data converge to a value around 

13 22 10 cm  [34, 36, 52, 56–58]. These values for the electron density would translate to, 

respectively, about 0.15 and 0.03 electron per unit cell area at room temperature and 5 K. This 

value is far below the nominal half electron per unit cell area transferred in the purely ionic 

model above. One explanation might be that the electrons are distributed over different 

sub-bands, of which only some contribute to the (Hall) free electron density [59]. However, 

XPS detects both free and bound electrons and the densities observed with this technique are 

close to those obtained from Hall measurements [60]. Table 2.2 compares the transport 

properties of semiconductor (Si and GaAs) and correlated-electron (LTO/STO and 

LAO/STO) systems. The electron mobilities in semiconductors are always higher than those 

in correlated-electron materials. This is not surprising, because the mobility is limited by the 

scattering of electrons, either from ions or with other electrons. Thus correlated-electron 

materials, with their higher electron densities, will almost always display lower mobilities 

than semiconductors. 

 

system m
*
 

(–) 

 

(cm
2
/Vs) 

n3D 

(cm
–3 

) 

n2D 

(cm
–2 

) 

Si 1.08 1300 2.0 .10
16

  

GaAs 0.067 6000 3.0 .10
15

  

ZnO / MgxZn1 – x O 0.32 160  2.5 .10
13

 

Nb:STO 1.8 6 1.4 .10
17

  

LTO / STO 1.8 3 8 .10
21

  

LAO /  / STO 1.5 6  1.2 .10
14

 

 

Table 2.2 Comparison of the transport properties at room temperature for semiconductor 

and correlated-electron systems, [12–14, 34, 61]. 

 

To study the possibility of quantum effects in these electron gases, the requirements for 

Shubnikov-de Haas oscillations can be studied. The occurrence of these oscillations is a clear 

sign of the quantum nature of the electron gas (see Table 2.2 and discussion). 
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2.2 Fundamental properties of Ferroelectricity (PZT) 

 

A ferroelectric material is a subset of piezoelectrics which exhibits a spontaneous 

electric-polarization that can be reversed by the application of an external electric field. 

 

2.2.1 Perovskite crystal structure 

 

PZT crystallizes in perovskite structure. The illustration of crystal structure is shown in 

Figure 2.6. Here we have used the ABO3 perovskite structure of Barium titanate (BaTiO3) as 

an example. The corners sharing A site are occupied by Ba
2+

 ions; O
2-

 ions occupy the 

interstices, which share electrons with neighboring cells; and Ti
4+

 ions occupy the central 

position, i.e B-site. In this figure, the central ion is not displaced, thus there is no dipole 

direction in the cubic phase being exhibited in the structure.  

When the temperature is below the Curie temperature, a phase transition from the 

paraelectric phase to the ferroelectric one takes place in the crystal and electric dipoles form 

as the central ions displace with respect to the Ba
2+

 ions. In the tetragonal structure, there are 

6 possible dipole directions which are corresponding to the central ion may shift up, down, 

left, right or in and out of the page. However, for the rhombohedral phase, the central ion is 

took a place along the diagonal towards any of the corner ions, resulting in 8 possible dipole 

directions. Therefore, one the central ions are displaced, that results in deformation of the 

shape of the entire cell. For example, when a tetragonal structure is formed as a result of the 

displacement of central ion in upward direction, the resulting unit cell elongates toward 

up-down directions. As a consequence, dipoles in neighbouring unit cells are displaced in the 

same direction, resulting in a knock on effect forming a region that is similar with dipole 

orientations, knowing as a domain in PZT or perovskite structure [62]. 
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Figure 2.6 ABO3 perovskite crystal structure 

 

2.2.2 Poling 

 

Usually, polarization states of materials form as the natural polarization state of the as 

grown samples which depends on the materials, its natural polarization may have upward 

polarization state, downward polarization sate or even mixed states, and it can be switchable, 

so in order to produce a material with a net polarization and hence piezoelectric properties, 

domains need to be aligned. The switching polarization directions can be achieved by the 

application of an external electric field, resulting in the domains aligning with the field. 

Finally, when the electric field and heat are steadily removed and resulting the polarizations 

of the domains become ‘frozen’ in the new aligned directions. This process is called as 

‘poling’ or “switching”. The polarization of a material after the poling field is removed is 

called the remnant polarization, PR. The maximum polarization achievable during poling is 

restricted by the available domain states in the material, and it is a function of spontaneous 

polarization, Ps. In tetragonal polycrystalline ferroelectrics with 6 domain states, the 

maximum PR can be achieved is about 0.83PS. Whereas, comparing with the Rs, in a 

rhombohedral polycrystalline ferroelectric with 8 domain states, the maximum PR achievable 

is 0.87 Ps [63]. In practice, the achievable remnant polarization is always lower due to 

complex domain boundary and stress states. 
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2.2.3 Ferroelectric hysteresis loops  

All ferroelectric materials exhibit the characteristic of domain polarization reversal under 

the application of an external electric field. And the consequence of the domain switching is a 

non-linear hysteretic loop; In Figure 2.7, at small electric fields (Figure 2.7 A), the 

polarization increases linearly, which occurs because of the fact that the field is not large 

enough to result in the switching of domains with oppositely polarization direction. As the 

electric field increases (Figure 2.7 B) oppositely orientated domains start to switch towards 

the electric field. At larger applied electric fields (Figure 2.7 C), the polarization saturates as 

oppositely polarized domains switch in the direction of the field until a maximum 

polarization, known as the saturation polarization and often called as Ps, is achieved. When 

the electric field is reduced, hysteresis is observed. At zero electric field, there is a non-zero 

polarization, this is known as the remnant polarization, PR. To de-polarize the material a 

negative electric field must be applied, whereby the polarization exhibited can be reversed 

until saturation is reached (Figure 2.7 D). The electric field required to reduce the 

polarization value to zero is known as the coercive field, Ec. The PR, Ps, Ec and shape of the 

hysteresis loop are affected by lattice defects, residual stress, mechanical strains and thickness 

of the material [62]. 

 

Figure 2.7 Hysteresis loop of a ferroelectric material: ferroelectric polarization as a function 

of the applied electric field [62]. 
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2.3 Ferroelectricity of PZT 

2.3.1 Introduction  

 

As we know that the first successful custom man-made piezoelectric material integrated 

into electrical circuits was barium titanate, and was developed in the 1940s. The piezoelectric 

effect of these materials was always found to be higher than that in naturally occurring 

materials, and the properties could be tailored to specific applications. Therefore, the 

development of PZT in the 1950s gave the foundation for the applications in the industry, 

because the ferroelectric polarization was found to have a higher piezoelectric coefficient and 

energy conversions than that of barium titanate. Consequently, PZT (or also BFO) is the most 

famous piezoelectric ceramic used in industry nowadays. PZT ceramics exhibit dielectric, 

piezoelectric and ferroelectric properties. Therefore, the previous discussions are extended to 

explain how PZT ceramics function [62], which has widely been studied recently.  

 

2.3.2 Crystal structure  

 

PZT is the ABO3 perovskite structure. At the A sites, Pb
2+

 ions exist and at the B sites 

Ti
4+

/Zr
4+

 ions exist. The crystal phase of a PZT crystal unit cell is dependent on the ratio of Zr 

to Ti, and the temperature. The phase diagram of PZT is shown in Figure 2.8. At high 

temperatures, a paraelectric cubic phase exists. During cooling below the Curie temperature 

of the material, dipoles develop giving rise to the ferroelectric phase. At Zr-rich compositions 

a rhombohedral crystal structure is exhibited, and at Ti-rich compositions a tetragonal crystal 

structure is exhibited. At room temperature the boundary between phase transitions occurs 

when there is 52:48 ratio of Zr:Ti. This is called the morphotropic phase boundary (MPB), 

and materials of this composition have been shown to exhibit a peak in piezoelectric and 

dielectric properties. One reason for this is that at the MPB 14 polarization directions are 

possible; 8 polarization directions associated with the rhombohedral phase and 6 with the 

tetragonal phase. PZT crystallizes at the MPB therefore may exhibit 14 directions along 

which the domains may be re-orientated during poling, resulting in a large polarization [63]. 
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Figure 2.8 Phase diagram of PZT, taken from Ref.[63] 

 

2.3.3 Domain formation in PZT  

 

In PZT, the domains exist within the grains, and the width of a domain is proportional to 

the square root of the size of the grain [62, 64]. Knowing the parabolic relationship between 

size of a grain and a domain suggests that sub-micrometer grains would accommodate a 

maximum of one domain. However, Randall et al. (1998) suggested that density of a domain 

increases with dimension of grain size is below 1μm in bulk materials [65]. More 

examinations of the formation of domain in PZT thin-films integrated with substrates were 

carried out [66]. It was observed that there were no domain boundaries in grains of sizes 

lower than 0.2μm, indicating that single domains are being accommodated. For grain sizes 

varying from 0.2-1.0 μm, they observed a 90˚ domain wall boundary thus two domains 

existing per grain with a ferroelastic domain boundary. Furthermore, for grain sizes greater 

that 1 μm, increasing in the number of domains was observed. These domain formations are 

illustrated in Figure 2.9. 

 

Figure 2.9 Illustration of possible domain formations within grains [62]. 

Rotational phase 
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The number of domains accommodated in a grain has an effect on the orientation of the 

domains. To minimize electrostatic and elastic energies, the ferroelectric and ferroelastic 

domains boundaries were well developed and discussed. However, this occurs only when 

there are neighboring domains present. So, in small grains where only a single domain may be 

accommodated, these boundary effects are not exhibited. This may result in unrelieved 

domain boundary strains. When two domains exist within a grain, there is a reduction in the 

strain pertaining to domain boundary and as a consequence of a ferroelastic domain one [66]. 

Moreover, there is a reduction in grain-domain wall coupling, resulting in a greater 

probability of re-orientation during poling. When multiple domains exist within a grain, that 

leads to development of more complex ferroelectric and ferroelastic domain boundaries. Due 

to a reduction in inter-domain strains as a consequence of ferroelastic boundaries, and also a 

reduction in coupling of grain-domain wall, the result would be in increasingly effective 

domain re-orientation during poling.  

In order to produce PZT ceramics with high piezoelectric capabilities, domain 

re-orientation during the application of a poling field is essential. The efficiency of this 

observed to be reduced when domains are pinned. It has been explained that this can arise due 

to grain-domain wall coupling. Besides this, ‘pinning’ occurs in PZT films as a consequence 

of an integrated substrate. This is examined more closely in chapter 4. 

2.4  Ferromagnetism and physical properties of LCMO  

 

In this section, the fundamentals of magnetism are briefly explained. An introduction to 

the major classes of magnetic behavior is presented via the concept of long-range magnetic 

order, with a special focus on the phenomenology of ferromagnetic materials. Especially, we 

focus on physical properties of LCMO. 

 

2.4.1 Magnetism and Magnetic Order 

 

Unlike the ferroelectrics, which have time-reversal symmetry and non-spatial-inversion 

symmetry, the magnetic crystals break time-reversal symmetry and keep spatial inversion 

invariant (Figure 2.10) [67, 68].  
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Figure 2.10 Time-reversal and spatial-inversion symmetry in ferroics. a) Ferromagnets: the 

local magnetic moment m may be represented classically by a charge that dynamically traces 

an orbit, as indicated by the arrowheads. A spatial inversion produces no change, but time 

reversal switches the orbit and thus m. b) Ferroelectrics: The local dipole moment p may be 

represented by a positive point charge that lies asymmetrically within a crystallographic unit 

cell and has no net charge. There is no net time dependence, but spatial inversion reverses p. 

c) Multiferroics that are both ferromagnetic and ferroelectric possess neither of the 

symmetries [67]. 

 

This means that the magnetic moments is reversed by time inversion to present pairs of 

time-conjugate orientation states, and any time-conjugate orientation states must be 

anti-parallel with respect to original spontaneous magnetic vector. The symmetry for 

magnetic crystal can be subdivided into 122 kinds of magnetic space groups because the 

typical 32 crystallographic point groups cannot fully describe it. Of these magnetic space 

groups only 31 kinds belong to the ferromagnetic materials. The ferromagnets are the 

materials possessing spontaneous magnetization caused by long range and parallel alignment 

of unpaired spinning and orbiting electrons in the absence of the magnetic field. The similar 

“domain” concept in ferromagnetics also presents a hysteresis loop under the manipulation of 

magnetic field [69].  
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Figure 2.11 Schematic illustration of five basic types of magnetic orders [69]. 

 

Except for the ferromagnetism, there are still four types of magnetic ordering: 

paramagnetism, antiferromagnetism, ferrimagnetism and canted anti-ferromagnetism, as 

shown in Figure 2.11. The paramagnetic materials also have the permanent magnetic 

moments which randomly distribute and bring out the null net magnetization in the absence of 

magnetic field. When a field is applied, these moments will be slightly inclined to the 

direction of the applied field. After releasing the field, these moments will go back to the state 

of randomly distributed as a result of thermal energy. Therefore, the paramagnetic sate can be 

viewed as high temperature phase of the ferromagnets undergoing the phase transition above 

Curie temperature [69]. 
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Figure 2.12 a)-d) are four types of antiferromagnetic order which can occur on simple cubic 

lattices; and e)-f) are those can occur on body-center cubic lattices. The two possible spin 

states are marked + and –[69]. 

 

However, not all paramagnetics are transformed from ferromagnets. Another kind of 

magnetic ordering calls antiferromagnetism would also undergo the phase transition from the 

ordering of anti-parallel magnetic moments to randomly distributed magnetic moments, and 

that phase transition temperature is called Néel temperature. In antiferromagnetic materials 

each unpaired electron spin is aligned anti-parallel with that of neighboring electron to make 

the magnetization inside the bulk neutralize so that the overall magnetization is zero. 

According to the different crystal lattices there are also different possible arrangement 

presented in Figure 2.12. For example, G-type ordering is very common in cubic perovskites 

such as LaFeO3 and LaCrO3 because superexchange interactions through oxygen atoms force 

all nearest-neighbor magnetic moments to be antiferromagnetically aligned. Sometimes, these 

magnetic moments of sublattice are not equal or canted away from anti-parallel alignment in 

antiferromagnetics which is known as ferrimagnetism or canted anti-ferromagnetism (weak 

ferromagnetism) as shown in Figure 2.11, respectively, and hence contribute to net 

magnetization. The moment in antiferromagnetic materials tend to periodically order in such a 

way that there is no overall magnetization of the system. In both ferromagnets and 

antiferromagnets the tendency of the exchange interactions to order the moments is 
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counteracted by thermal fluctuations; in the limit of zero temperature, the thermal agitations 

which destroy the ordering vanish, and the degree of order is limited only by quantum effects. 

In a electronic band structure and sometimes also the ions in the crystalline lattice, carry 

a microscopic magnetic moment. For the electrons case, due to the spin angular momentum, 

there is a very important difference in character between these moment-carriers. The atoms, 

and their moments, are localized at the crystal lattice points. The electronic band structure, 

however, propagate through the crystal as Bloch waves, and are regarded as delocalized. 

Consequently, it is necessary to consider a density of their spins, which is a continuously 

varying function of positions. In a non-magnetic material, no evidence about long-range 

ordering of the microscopic magnetic moments over sufficiently large distances, however, the 

orientation of the localized moments on the atoms varies randomly, and the departures from 

the band-electron’s average spin density of zero are uncorrelated leading the magnetization M 

(the average moment per unit volume) is zero in both cases. When an external magnetic field 

H was applied, there are two effects need to consider: first, slightly rotate the microscopic 

magnetic moments toward the same direction with the field, second one is to induce 

anti-aligned moments due to the orbital response of the electrons. When the microscopic 

magnetic moments are aligned with the magnetic field, the material is paramagnetic; whereas, 

anti-alignment leads to diamagnetism. In both cases, the external field induces a 

magnetization, M = ÂH; where Â is the magnetic susceptibility of the material and is positive 

for paramagnets, negative for diamagnets. In both the above mentioned cases, the 

magnetization becomes zero when the field is turned off, and the system returning to a state, 

where the spin orientation is random. 

There exists a long-range ordering of the microscopic moments in a magnetic material 

resulting from spontaneously polarized moments. This interaction between the moments is 

referred as exchange interactions. The magnetic materials exhibiting spontaneous order, can 

be categorized into ferromagnets and antiferromagnets. 

The exchange interactions are responsible in aligning the moments in one direction, in 

ferromagnetic materials leading to microscopically a non-zero magnetization. The so-called 

easy axis (the preferred direction of alignment of the moments) is determined by coupling 

between the moments and the crystal field (e.g. spin-orbit coupling) [70].  
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2.4.2 Ferromagnetism 

 

In a ferromagnetic material, the exchange interactions produce the spontaneous 

magnetization. This magnetization is not necessarily to be uniform across the specimen. A 

ferromagnet may be divided into macroscopic volumes called domains, that are randomly 

aligned with another but each possessing single oriented magnetic moment, so that the net of 

magnetization in the absence of external magnetic field is zero. When an external magnetic 

field was applied, an expansion of the domains with moments aligning with the field at the 

expense of those oriented in other directions. This maximum magnetization is referred to as 

the saturation magnetization (Ms) of the material. Due to the dominance of thermal 

fluctuations over exchange interaction, the spontaneous magnetization of a ferromagnet 

disappears above a certain critical temperature, the Curie temperature (TCurie). In general, we 

see a phase transition from ferromagnetic phase to paramagnetic phase above the Curie 

temperature (TCurie), but some of the materials, like certain rare-earth elements, exhibit anti 

ferromagnetic ordering at temperatures higher than TCurie [71]. One good example of a second 

order phase transition is the phase change of a ferromagnetic material to a paramagnetic 

material (the normal phase) with increasing temperature, above the TCurie [72]. This has been 

confirmed by theoretical calculations studies which predict the onset of ferromagnetic 

ordering only at extremely low densities, however, much disagreement about the precise 

density range, and the physics of these low density regimes should be regarded with caution 

[73]. More detailed models of itinerant electron systems have been more successful than the 

homogeneous electron gas approximation. These models have demonstrated that a main 

important role to determine the band structure whether or not that itinerant electron 

ferromagnetism will appear in a material. Of particular note is the so-called Slater and Stoner 

models [74, 75], which gives a criterion for the appearance of ferromagnetism in terms of the 

density of states (DOS) at the Fermi level. His model also gives a very basic 

phenomenological detail of an itinerant system, and considerable improvement has been made 

upon it [71, 76]. Nevertheless, it has provided a powerful round to investigate the itinerant 

electron ferromagnetism materials.  

 

2.5 Colossal magnetoresistance 

 

In this section a brief introduction to the history and origin of the colossal 

magnetoresistive (CMR) materials is presented. In the following subsections, the early 
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theoretical models to explain the CMR effect will briefly be presented. Other theoretical 

models are discussed in the later chapters. 

 

2.5.1 The early days of manganites 

 

In the first study, it is widely recognized that results for manganites were presented in 

1950 by Jonker and Van Santen [77]. In that one, La was substituted/doped/replaced either by 

Ca, Sr, or Ba, and results for polycrystalline samples of (La,Ca)MnO3, (La,Sr)MnO3, and 

(La,Ba)MnO3. The important result was the appearance of ferromagnetism in these 

compounds, as described and clarified in their publication that the term “manganites” is not 

rigorous, and mentioned that “For the sake of simplicity the compounds containing trivalent, 

as well as those containing tetravalent, manganese will be designated as manganites”, a 

convention that it is followed till today. In addition, they found that the manganites based on 

their studies about crystallize in ABO3 perovskite structure, as shown in Figure 2.13. 

 

 

Figure 2.13: Schematic view of the cubic perovskite structure 

 

Where A-site of the structure contains a large Rare earth or Alkaline earth ion, such as 

La, Pr, Ca, Sr, etc., with typical ionic sizes, Ca
2+

 = 0.106 nm Sr
2+

 = 0.127 nm, Ba
2+

 = 0.143 

nm, and La
3+

 = 0.122 nm while small ions, such as Mn
3+

, Mn
4+

, (Mn
3+

 = 0.07 nm and Mn
4+

 = 

0.052) [77] are occupied at the B-sites. The oxygens (O
2-

 = 0.132) surrounding the B-site 

form an octahedral cage. Manganese is the smallest of all the ions present in the manganite 

compound. The Curie temperature was obtained by Jonker and Van Santen [77] using 
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magnetization measurements, and the early samples of manganites contained an excess of 

oxygen, and the results they obtained are not accurate compared with the modern versions of 

the (La,Ca)MnO3 phase diagram, as will be shown later. 

In those early studies, the ferromagnetic phase is mostly like a positive indirect-exchange 

interaction. Recently, it should be more likely the double–exchange (DE) picture rather than 

the indirect-exchange, which would be discussed later. In the early studies of manganese 

oxides, it was also noticed that (La,Sr)MnO3 can only admit up to 70% molar ratio of Sr. 

Otherwise, there is a two-phase compound which can be obtained for geometrical reasons 

referred to the tolerance factor, we called as . This factor plays an important role in Mn 

oxides, where 
2( )

A O

B O

r r

r r


 


. The perovskite structure is stable in between 0.89 1.02  

, and 1   corresponding to the perfect cubic close packed structure. Generally, value of   

differs appreciably from 1 and the manganites have at least at low temperature, the structure 

should be a lower rhombohedral symmetry or orthorhombic structure. 

After that, a few months after the original publication, Van Santen and Jonker [78], the 

conductivity of manganites was reported. Anomalies in the conductivity were found at the 

Curie temperatures. The study of the lattice parameters as a function of hole doping was 

reported in those early days by Jonker [79], observing that near the composition of 100% La 

the crystal is distorted, while at higher Sr or Ca densities, it is not. These distortions are 

associated with the Jahn–Teller effect, which is very important in manganites, as will be 

shown later. A few years after the original work of Jonker and Van Santen [79], the 

magnetoresistance data on manganites, the author wrote “Manganites, when in the 

ferromagnetic state, show a notable decrease of resistivity in magnetic fields”[80]. 

It was already noticed in those early studies that standard explanations for the effect did 

not work, and that the effect was likely related to the favoring of the ferromagnetic state by a 

magnetic field. However, one should note that the truly enormous magnetoresistance, the now 

it is well - known as “colossal” effect, was discovered much later, in the 1990s.  

 

2.5.2 Ferromagnetism in La2/3Ca1/3MnO3 

 

In Figure 2.14, the phase diagram of La2/3Ca1/3MnO3, as reported by Cheong and 

Hwang, is shown [81]. LaMnO3 and CaMnO3 are both antiferromagnetic insulators. At a 

mixturing of LaMnO3 and CaMnO3 is expected to show no spectacular effect. But, in their 



 

29 

 

ferromagnetism phase diagram it is found that half metal transition and several regions with 

spin and charge orderings are bound. An important aspect in the unexpectedly rich phase 

diagram of LCMO is the small but relevant distinction in crystal structure, although both 

compounds are perovskites. LaMnO3 consists of deformed MnO6 octahedra, whereas the 

octahedral are perfect in CaMnO3. Above 10% Ca doping results in suppression of the 

antiferromagnetic coupling and a ferromagnetic ground state is obtained. In the region with 

20% to 50% Ca doping concentration is a ferromagnetic metal, dominated by double 

exchange that will be introduced in next section. According to LCMO phase diagram by 

Cheong [81], as shown in Figure 2.14, the ferromagnetic metallic phase emerges instantly 

above a critical concentration, at all temperatures below TCurie. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14: The phase diagram of La1-xCaxMnO3, after Cheong and Hwang [81]. There exist 

well-defind anomalies at 
8

n
x  , (n =1,3,5 and 7). FM : Ferromagnetic Metal, FI: 

Ferromagnetic Insulator, AF: Antiferromagnetism, CAF: Canted Ferromagnetism, and CO: 

Charge/orbital Ordering, re-drawn from Ref.[82]. 

 

2.5.3 The early theoretical models 

 

As we have known that, in the 1950s, the theoretical studies of manganites had widely 

studied on the origin of the ferromagnetic phase. The starting point was that when the colossal 

magnetoresistance effects were found that promised the potential applications for next 

generations of electronic devices. In the following, the basic theoretical description for the 

manganites namely double–exchange and Jahn–Teller effect will be presented. 
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2.5.3.1 Double–exchange (DE) 

 

In 1951, Zener presented the basis for understanding the origin of ferromagnetic phase in 

CMR type materials. After that in a couple of papers [83–84], where mainly qualitative 

statements and analyses of experiments were also presented and Zener’s work has been 

widely regarded as providing a proper explanation for ferromagnetism in manganites. Zener 

predicted ferromagnetism as arising from an indirect coupling between incomplete d-shells, 

via conducting electrons. It is sufficient to consider a qualitative description of the splitting of 

the five d-levels in the presence of a 3d orbital crystal environment, as shown in Figure 

2.15a). The Hund’s rule for each individual ion or atom enforces a ferromagnetic Hund’s 

coupling HJ . This effect was argued by Zener to play an important role in this mechanism, 

enforcing the configuration, where the unpaired spins are aligned to the lowest energy. 

Because the conduction electrons do not change their spin when they move from ion to other 

ion, the electron interaction or coupling will maintain the z-projection of the spin, Zener gave 

a reasonable explaination that those electrons are able to move in the crystal in the optimal 

manner when the net spin of the incomplete d-shells are all parallel. Otherwise, an up electron 

can land on a down spin ion, and spend an energy proportional to the Hund’s coupling. In the 

other hand, the conduction electrons have lower their kinetic energy if the background of 

d-shell spins, or the t2g spins of manganite, is fully polarized. The kinetic energy is regulated 

by a hopping amplitude noted as t factor. The d-shell spins are indirectly coupled via an 

interaction activated by the conduction electrons. Zener clearly remarked in his papers that a 

direct coupling between d-shells (not mediated by conduction electrons, but by the direct 

virtual hopping of d-electrons) is of opposite sign leading to antiferromagnetism, rather than 

to ferromagnetism. The coupling involved in this direct exchange process is called AFJ , and it 

will be shown to be important in the physics of manganites. So, Zener proposed as “double 

exchange”. This mechanism is sketched in Figure 2.15b). It can be explained as a 

simultaneous transfer of an electron from the oxygen to the Mn on right side, and from the 

Mn on left to the oxygen, such that the net transfer is of an electron from Mn on left to Mn on 

right. This regime leading to ferromagnetism that Zener found should not be confused with 

that of the super exchange model, which also uses an oxygen as a bridge between ions. He 

presented that in the super exchange, the interaction leads to an anti-ferromagnetic alignment 

of spins. Using the double-exchange idea not to explain ferromagnetism but as a tool to 
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explain the transfer of electrons that was built in the context of the original idea of 

ferromagnetism mediated by conduction electrons [83]. Zener’s work was continued by 

Anderson (Nobel prize 1977) and Hasegawa [85] and De Gennes (Nobel prize 1991) [86], 

who proposed mechanism in detail. They found out that there is a better way to describe the 

motion of electrons from Mn-to-Mn and electrons transfer is only one-by-one, still using the 

oxygen as a bridge between ions, rather than simultaneously as believed by Zener. Any 

perturbation approach for the hopping amplitude t of electrons will naturally lead to a 

one-by-one transfer. Perhaps the most often-quoted portion of the work of Anderson and 

Hasegawa [85] is the effective hopping term teff of an electron jumping between two 

nearest-neighbor Mn ions. In fact, the calculation shows that cos
2

efft t


 , where   is the 

angle between t2g spins located at the two sites involved in the electron transfer, as shown in 

Figure 2.15c). 

 

 

 

Figure 2.15: a) Schematic representation of the ideas of Zener to explain ferromagnetism. 

Zener envisioned a system with both localized and mobile electrons, which in the manganite 

language are the t2g and eg electrons, as indicated. b) Schematic view of the DE mechanism. 

c) The effective hopping teff mechanism is drawn schematically [82].  
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2.5.3.2 Jahn–Teller effect 

 

For an isolated 3d ion, five degenerated orbital states are available corresponding to the 

3d electrons with l = 2. In a crystal, the degeneracy is partially lifted by the crystal field. The 

five d- orbitals are split by a cubic crystal field into three t2g orbitals and two eg orbitals. For 

the MnO6 octahedron, the splitting between the lowest t2g level and the highest eg level is 

1.5  eV (Figure 2.16). For the ratio of Mn
3+

 and Mn
4+

 ions, the inter atomic correlations 

ensure parallel alignment of the electron spins (first Hund’s rule); the corresponding exchange 

energy (This energy will be called later as Jspin ) is estimated about 3 eV [87]. Although the 

energy of Mn
4+

 remains unchanged by such a distortion, the Mn
3+

 has lowered energy. Thus, 

Mn
3+

 has a marked tendency to distort its octahedral environment in contrast to Mn
4+

. This 

effect is known as Jahn-Teller distortion and it is rather effective in the lightly doped 

manganites, i.e. with a large concentration, (1 - x), of Mn
3+

 ions. This is illustrated by the 

structure of LaMnO3 (Figure 2.16) in which the MnO6 octahedra are strongly elongated 

within the ab-plane in a regular way leading to a doubling of the unit cell. With increasing the 

Mn
3+

 content, the Jahn-Teller distortions are reduced and the stabilization of the (3z
2 

- r
2
) 

eg–orbital becomes less effective. Nevertheless, in a large number of manganites, the 

eg–orbitals of two types,  2 23z r and  2 2x y  are not occupied by the eg electrons of 

Mn
3+

 at random and an orbital order is achieved. 

 

Figure 2.16 Energy level diagram and 3d orbital eigenstates of Mn
3+

 in a crystal field of 

cubic and tetragonal symmetry [82]. 
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2.5.4 Transport and CMR effect 

 

Figure 2.17 shows the typical resistance behavior of Ca-doped CMR material. We 

measured resistance as a function of temperature for a thin film of 1/3 -Ca doped in 

La1-xCaxMnO3 with thickness about 200nm, where the magnetic field was applied in-plane. 

The results show clearly that, the resistance is decreased but the Curie temperature is 

increasing, indicating more of the insulator –like behavior under application of the magnetic 

field. 

 

Figure 2.17 Low temperature resistance for a LCMO thin film with thickness of t = 200 nm 

under different magnetic fields (in – plane)[88].  

 

A defining moment for the field of manganites was the publication by Jin et al. [88]. 

Those authors studied films of LCMO and defined the magnetoresistance (MR) ratio as 

0

0

HR RR

R R


 , where R0 and RH are the resistances without and with external magnetic field, 

respectively. They reported MR ratio values much higher than previously observed by other 

authors [89, 90]. Therefore, the term Colossal Magnetoresistance (CMR) was coined. This 

new term is a superlative of Giant Magnetoresistance, which was observed in ferromagnetic 

and nonmagnetic superlattices by switching an external magnetic field.  
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2.5.5 Others CMR models 

 

After the early studies of manganites described before, Tokura [91] proposed that the 

charge-ordering (CO) states observed by Wollan and Koehler [92], and Jirák et al. [93] are 

very important to explain the CMR effects, see the phase diagram in Figure1.15. They 

presented results that indicating an immediately collapse of the changing from charge-ordered 

state into a ferromagnetic state (FM) in the magnetic field. The competition between CO and 

FM is indeed a key component of the current theories of manganites aiming to explain the 

CMR phenomenon. It is clear from the experiments and the theory that the CO-FM transition 

should be first-order unless disordering effects smear it into a rapid but continuous transition. 

The huge CMR effect in some compounds at very low temperatures, such as that presented in 

Figure1.17, appears to be caused by the CO/FM first-order transition induced by magnetic 

fields. All the early theoretical studies of manganites in the 1950s and 1960s did not explain 

this physics, which were based on the so-called double-exchange effects and one-orbital 

models. Only in the late 1990s and early 2000s Tokura [91] suggested that the CO/FM 

competition model and the phase separated model proposed by Dagotto [94] have been 

identified as the key of the CMR phenomenon. 

 

2.5.6 Spin-polarization 

 

A fundamental interest for both basic physics and potential applications for the next 

generations of electronic devices is the degree of spin-polarization P at the fermi energy. The 

band-structure of ferromagnets is spin dependent and two subbands are found for majority 

(carrier spin directed parallel to the magnetization) and minority (spin antiparallel to the 

magnetization) carriers, respectively [95]. The schematic density of states for a strong and a 

half-metallic ferromagnet (e.g. ferromagnetic manganites) are shown in Figure 2.18 a) and 

(b), respectively. 

For ferromagnetism materials (La2/3Sr1/3MnO3 or La2/3Ca1/3MnO3 as an example), the 

spin-polarization is often defined as the normalized difference of the majority ( )n   and 

minority ( )n   density of states at the Fermi level, given by the following formula: 

n

n n
P

n n

  


  
              (2.6) 
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This definition is absolutely related to the definition of the net magnetization by the 

integrating as the difference between the integrated majority and minority carrier density as a 

function of energy, 

( )BM n n dE                (2.7) 

 

Figure 2.18 The spin polarization: a) Schematic density of states of a strong ferromagnet and 

b) half-metallic ferromagnet, re-drawn from Ref.[82]. 

 

And we can see that ( ) ( )P T M T  is expected. The definition of spin-polarization in 

this way might be probed by spin-polarized photoemission with left handed and right handed 

circular polarization. However, the results were pointed out by Mazin [96], showing that the 

definition of spin-polarization is by no means unique. Often transport properties are very 

interest, especially for the spintronic applications. In a ferromagnet the majority and minority 

carriers can be regarded as two parallel transport channels as proposed theoretically by Mott 

(Nobel prize 1977) [97], Campbell and Fert [98], and experimentally by Meservey and 

Tedrow [99]. The definition of the spin-polarization in terms of the majority ( )J   and 

minority ( )J   current densities seems more appropriate. Within classical Boltzmann 
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transport theory,
( )( )

J n
   
  , where <…> denotes a Fermi surface average and 

( ) 
  

the relaxation times for majority and minority carriers, respectively. Assuming a 

spin-independent relaxation time, one finds 

2 2

2 2J

n nJ J
P

J J n n

 

 

 

 

  
 

   
              (2.8) 

The spin-polarization defined by the majority and minority currents can be simply related to 

the majority ( )   resistivity and minority ( )   resistivity, respectively: 

P
 

 

  


  
             (2.9) 

The majority and minority resistivities can be determined and measured at low temperature 

from deviations of Matthiessen’s rule. These values of resistance depend on the impurities 

present in the metal and consequently the spin-polarization can be tuned by alloying. The 

experiments capable of determining the transport spin-polarization are spin polarized 

tunneling between ferromagnetic contacts and the dynamic conductance of 

superconductor/ferromagnet (SC/FM) contacts. Mazin [96] analyzed the transport through a 

SC/FM contact. In the case of ballistic transport without a barrier, the current through the 

contact is proportional to n  ; thus, the ballistic spin-polarization is given by 

n n
P

n n


 

 
 

 





             (2.10) 

and does not agree with the spin-polarization in Equation 2.8 defined via current densities. If 

a specular barrier is present, the tunneling current depends on the Fermi velocity or even 

barrier transparency or, in a more complex way, it depends on both of them, and the measured 

spin-polarization does not agree with any of the definitions introduced so far. This analysis 

shows that experimental values obtained with different techniques relate to different 

definitions of the spin-polarization that need not necessarily agree. 

 

2.6 Basic Physical Properties of YBa2Cu3Oy 

2.6.1 Crystal structure 

 

In the last twenty years, following the discovery of superconductivity in La2−xBaxCuO4 

by Bednorz and M¨uller [100], a large number of related compounds with high 

superconducting transition temperatures have been found. The basic understanding of these 
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high-temperature superconductors (HTSC’s) is a crystal structure containing CuO2 planes 

separated by block layers. These block CuO2 layers play a role of a charge reservoir. Electrons 

can be withdrawn from the CuO2 planes by replacing or adding ions. In addition, for the 

YBa2Cu3Oy (YBCO) case, doping can be controlled by interexchance oxygen content in the 

CuO chain with the CuO2 planes. Usually the block layers are insulating and have almost no 

contributions to the low energy physics. On the other hand, the CuO2 planes have energy 

states around the Fermi level (EF) and thus dominate the low energy physics. Therefore, the 

CuO2 planes should be essential to HTSC’s and are believed to be the main contribution to the 

superconducting state of YBCO. The crystal structure and the Brillouin zone of YBCO is 

shown in Figure 2.19a). The basic structures can be distinguished between YBCO and other 

high-Tc cuprates is existed in one dimensional CuO chain aligned along b-axis. Therefore, in 

studying the electronic structure of YBCO, one should sort out the features related to the CuO 

chain and the influence of the chains on the electronic structure of the CuO2 planes. Because 

of the presence of CuO chain in the structure, YBCO does not have a square lattice but rather 

an orthorhombic structure. According to the band calculations [101], this orthorhombic 

structure causes a significant anisotropy of the in-plane electronic structure. 

 

 

a) 
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Figure 2.19 a) The crystal structure and the Brillouin zone of YBCO; b) Tetragonal structure 

of YBCO and c) Orthorhombic of YBCO [102] 

 

2.6.2 Phase diagram 

 

In YBCO, as the oxygen content ,y, increases from 6 to 7, the CuO chain oxygen sites 

are occupied and holes are doped into the CuO2 planes in which is the key point to decide the 

structures and physical properties of YBCO as shown in Figure 2.19. As we can see the only 

difference between these two structures of YBCO is only the oxygen contents in the structure, 

especially in the Cu-O chain. In Figure 2.20b), there is no oxygen in the Cu- chain, therefore 

it is tetragonal structure and insulating YBCO. However, when the oxygen is filled in the 

Cu-O chain, the structure is changing from Tetragonal to Orthorhombic structures and YBCO 

becomes superconducting as shown in Figure 2.19c). Here again, Figure 2.20 a)-c) shows the 

phase diagram of YBCO [102,103].  In Figure 2.20b) the actual measured values of critical 

temperature Tc are plotted against the p values obtained by using the equation:           

  
  

     
               where Tcmax is about 93K for YBCO case or we also can 

determine by 
9 611.491 5.17 10p y y    where y =1-c/c0 and c0 =1.18447nm at 22

0
C is the 

b) 
c) 
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c-axis lattice parameter at zero doping region. Figure 2.20c) shows the superconducting 

transition temperature, Tc, of YBCO as a function of oxygen content. This curve, with a 

tendency toward a plateau near x = 0.66 and maximum near x=0.9 is well known. The reason 

for the Tc ~60K quasiplateau between x=0.5 and 0.75 is not yet well understood. Our 

explaination is that when the oxygen content is increased from x=0.5, where YBCO forms the 

orthorhombic phase with alternating full (which means that the chain oxygen site is fully 

occupied) and empty (means the chain oxygen site is empty) chains, additional oxygen ions 

fill the empty chains and make a relatively small contribution to hole doping. For YBCO, how 

the in-plane hole concentration changes with increasing oxygen content y has been 

controversial. Figure 2.20 d) is the relationship between oxygen content y and hole 

concentration. 

  

 

 

Figure 2.20: a) – c): Phase diagram of YBa2Cu3Oy [102, 103]. AF: antiferromagnetic 

insulator. SC: superconductor. d) Relationship between the oxygen content y and the hole 

doping in YBCO [104]. 
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2.6.3 Electronic structure 

 

In the CuO2 plane, the 2 2x y
d


 band originated from Cu has the highest energy among the 

five d bands as shown in Figure 2.21, because the Cu 2 2x y
d


orbital well hybridizes with 

oxygen p orbitals through the in-plane Cu-O bonds which have shorter length than the 

out-of-plane Cu-O bonds (Figure 2.20). Therefore, in the parent insulator with nine d 

electrons (or one d hole), the 2 2x y
d


 band is half-filled and carries 1/2 spin. Since the on-site 

Coulomb repulsion U between 2 2x y
d


electrons is stronger than the band width W (the kinetic 

energy of the electrons) in the cuprates, and the electrons tends to avoid the double occupancy 

of the 2 2x y
d


orbital and, at half-filling, the electrons are localized as a Mott insulator. For the 

CuO2 plane, the minimum charge excitation energy is not the energy U for the electron 

transfer between the half-filled Cu 3 2 2x y
d


orbitals, but the energy ΔCT for the charge transfer 

between the Cu 2 2x y
d


 band and the O 2p bands hybridized with the 2 2x y

d


 band. The three 

bands in the CuO2 plane, 2 2x y
d


, px and py , and their energies relative to the chemical 

potential μ are schematically illustrated in Figure 2.22a) and c), respectively. The Cu 2 2x y
d


 

band is split into the upper and lower Hubbard bands (UHB and LHB) by Coulomb repulsion 

U and the O 2p bands are located between them and separated from UHB by the 

charge-transfer gap ΔCT , whose magnitude is about ΔCT ∼ 1.5 eV for La2CuO4 according to 

the optical conductivity studies [105, 106]. 
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Figure 2.21 Schematic diagram for the energies of Cu 3d and O 2p orbitals in the cuprates. 

In La2CuO4, for example, the Cu atom is surrounded by an oxygen octahedron elongated 

along the z-direction [102]. 

 

 

Figure 2.22 Schematic pictures for the electron orbitals a), and b) the electronic structure c), 

d) of the CuO2 plane. Three bands, Cu 3 2 2x y
d


, O 2px  and 2py, are considered in a) and c). 

Only the 2 2x y
d


 band at the Cu site is considered in b) and d) [102]. 

 

As for the low-energy physics (ΔCT) in the CuO2 plane, the three-band picture Figure 

2.22a) and c) may be further simplified. Hole doping is introduced into the O 2p band in 

addition to the one d hole, a local singlet state called Zhang-Rice singlet (ZRS) has the lowest 

energy for the p hole [107, 108]. As shown in Figure 2.22a), the p hole in the ZRS state 

surrounds the Cu site and carries another 1/2 spin of the direction opposite to the spin of the d 
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hole. Thus one may interpret the UHB and the ZRS band as the effective UHB and LHB split 

from a band of the 2 2x y
d


 symmetry at the Cu site by the effective Coulomb repulsion Ugap = 

ΔCT as illustrated in Figure 2.22b) and d). Therefore, most of discussions will be based on 

the one-band picture  

 

2.6.4 Transport properties 

 

As we know that in high-Tc cuprates, the transport properties are unusual in terms of 

standard Fermi-liquid theory. One of the most unusual properties is the temperature 

dependence of the resistivity. While Fermi-liquid theory predicts the temperature dependence 

of the resistivity ρ given by 0 AT   , a nearly optimally doped y = 6.90 sample shows a 

robust T -linear dependence, 0 AT   , with the large temperature range as shown in 

Figure 2.23. This T -linear behavior is widely observed in other high-Tc cuprates around the 

optimized doping. In the under doped region, ρ at low temperatures eventually shows 

insulating behavior represented as a function of logarithmic T particularly, and the results 

show that the superconductivity is reduced when applying an external magnetic field [109]. 

Recent study of the electrical resistivity in LSCO and YBCO has indicated metallic (dρ/dT > 

0) behaviors at high temperatures even down to the extremely light doping limit (y ∼ 6.23), 

where the electrical resistivity shows localization behavior at low temperatures. [110]. 

 

Figure 2.23 In – plane resistivity as a function of temperature with various doping 

concentrations in YBCO. [110, 111]. 
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In conclusion, the research so far has yielded detailed information on many interesting 

properties, but there are still more interesting phenomena to be discovered. Further 

confinement of the electrons within these materials, the interaction at the different interfaces 

would be examined in our experimental section. The experiment methods will be discussed in 

the chapter 5.  
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Chapter 3:  Experimental Methods 

3.1 Sample fabrication – Pulse laser deposition 

 
Pulse Laser deposition (PLD) has become the most popular thin-film growth process 

over the recent decades because of its fast production of high quality thin films with precise 

composition from target. This technique was first demonstrated by Smith and Turner in 1956, 

and they had successfully grown semiconductors and dielectric thin films using ruby laser 

with a pulsed power of 3J and a rate of 1 pulse/min [1].  However, it did not attract much 

attentions at that time due to the large, unreliable, and expensive laser source. After the 

continuous progress of instruments and basic knowledge of higher energy physics, the 

advantages of this technique was then completely unveiled by the work of Dijkkamp et al. on 

the fabrication of high-temperature superconductors thin film in 1987 [2]. Recently, PLD has 

been applied for making high quality thin film in all kind of materials, including the oxides, 

nitrides, or carbides, metallic systems and even polymers or fullerenes.  

Nowadays, the most common laser source is the excimer laser, which refers to the laser beam 

excited from the class of inert gas halide molecules, e.g. argon fluoride (ArF), krypton fluorde 

(KrF), and xenon fluoride (XeF). The excimer laser generally has higher intensity, and thus it 

is able to break the bonding of substances more efficiently into atoms, ions, or molecules and 

carries those in the same stochiometry with target to the substrate. In this study, the KrF laser 

was used with a wavelength of 248nm and pulse width of 30ns.  

Except for the laser source, a vacuum system is also important for PLD system. The PLD 

system used in this study is a commercial machine, our setup is schematically illustrated in 

Figure 3.1. Inside the vacuum system, a target holder is placed at opposite the sample holder. 

For elongating the lifetime of target, the target holders are designed to automatically rotate 

and swing by computer program during laser irradiation. The sample holder is a nickel base 

alloy with a size of 1cm×1cm, which can be heated by laser diode. The temperature is also 

monitored by infrared radiometer. Comparing to the conventional PLD system, the biggest 

advantage of this machine is that it equips with reflection high-energy electron diffraction 

(RHEED) facility. The incident electrons with a glancing angle on the sample can help us to 

in situ observe the thin-film growth condition by the collected diffraction features from 

sample surface [3]. In a laser ablation process, a pulsed laser beam with a tunable frequency 

of 1-20 Hz is focused onto a target by a lens outside the chamber. Sometimes the process 

takes place in very high vacuum or in working pressure of some gas, which is decided on the 
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nature of deposited films. For example, the oxygen gas usually is used in growing oxide films, 

in order to redeem the presence of possible oxygen vacancies in the films while depositing.   

 

Figure 3.1 a) The molecular beam expitaxy (MBE) laser deposition system used in this study. 

b) The schematic deposition process of MBE-PLD system. 

 

A PLD process involves complicated physical plasma phenomena such as collisional, 

thermal, and electronic excitation, exfoliation and hydrodynamics etc [4]. It generally can be 

divided into the following three parts: 

(1). Dynamics of ablation materials, which is the step of interaction between laser and target. 

(2). The subsequent inertial transport of the ablated species in vacuum or in some working 

pressure. 

(3). Nucleation and growth of a crystalline thin film takes place on the substrate surface. 

    To grow high quality thin films, the deposition environment at these steps is very 

important and can be decided by several parameters: the laser parameters such as laser fluence 

(laser density/energy/cm
2
), pulse duration and repetition rate (Hz); the preparation conditions, 

including target-to-substrate distance, substrate temperature, working gas and pressure. The 

laser fluence will affect the stoichiometry transfer from target and uniformity of films. The 

fast and strong heating of the target surface by the intense laser beam (typically up to 

temperatures of more than 5000 K) ensures that all target components irrespective of their 

partial binding energies evaporate at the same time. And then the ablated products has a 

angular distribution, obeying the cos
n
θ law, in strongly forward direction from target to 

sample substrate, where the θ is the angle between the surface normal and the direction of 

propagation of species within the plasma plume [5]. Sometimes, in addition to the atoms and 

ions, the formation of large droplets or the target exfoliations in the plum, originating from the 

fast heating and cooling processes of the target, is un-avoided due to the extreme energy 
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condition, e.g. over high fluence. The “splashed” droplet associated with laser ablation 

results in the formation of micron to submicron size particles on the film surface and roughens 

the surface.  Besides, the critical factor of film crystallinity is controlled by the substrate 

temperature. The energetic requirement for re-arrangement of the deposited ablation species is 

provided by the thermal exchange from heated substrate. Typically, when the substrate 

temperature is high enough, all ablation species on substrate can start to crystallize to form the 

right compound. In contrast, low substrate temperature will tend to result in the amorphous 

films. The partial pressure of working gas is also a very important parameter in the growth 

films. It is well-known that the ambient pressure decides the number of particulates arriving at 

the substrate, which is expected to follow the Beer’s law [6]: 

( P x)

0I I e                                      (3.1) 

where 0I  is the initial plasma density at the target, I  is the plasma density arriving at the 

substrate surface, P  is the ambient gas pressure,   is the total cross section for 

plasma-to-gas collisions, and x is the target-to-substrate distance. Hence, a ultra-high  

pressure will retard the source elements to adhere to the substrate and worsen the crystalline 

quality of the film. 

After understanding the background of PLD process, the fabrication parameters of the 

samples in this study are all optimized. The experimental details will be presented in the 

results and discussions (Chapter 3)  

3.2 Structural characterization 

3.2.1 X-ray diffraction 

 
After Röntgen discovered X-ray in 1895, people finally obtained a way into the 

un-visible world, which could not be observed before, for instance, the matters in atomic scale. 

X-ray is one kind of electromagnetic radiation with the wavelength in the range of 0.01–100 

Å, and the basic element that can interact with X-ray is electron. When X-ray incidents into a 

matter and meets an atom including Z electrons, the electron will be excited due to the 

resonance with electromagnetic wave, and then irradiate another electromagnetic wave, called 

the exiting wave or scattered wave. The scattering amplitude is highly dependent on the 

electron density of the atom, which call atomic form factor   at kf r . For a crystalline 

material, the atoms are regularly arranged to construct the lattice. These atoms (or other basic 

component, e.g. molecules) are called basis. And then the crystal is in definition the 
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combination of lattice and basis. Therefore, the generation of diffraction peak is decided by 

structure factor rules, which describes the sum of the scattering wave in terms of atoms and 

lattice: 

2
( ) ( ) k

k

basis
i k r

sc at k

r

F k f r e
  

                                  (3.2) 

Where kr  is the primitive unit cell vector in real space and k  is the scattering vector. 

When the scattering vector satisfies the Laue condition ( k g  , g  is the reciprocal lattice 

vector), diffraction will occur, which means that it also has to satisfy the Bragg’s law 

 2 sind    [7]. It is important to understand the meaning of reciprocal lattice because 

each reciprocal space point represents a corresponding diffraction peak that we can observe 

from the experiments. 

The X-ray structural analysis is the most common method to determine the crystallines 

of a material. For a powder sample or polycrystalline films, the typical diffraction feature is a 

ring pattern, which can be viewed as coalition of a huge of diffraction spots from the 

randomly distributed small crystal grain in space. For an epitaxial thin film grown on a single 

substrate, it also shows the diffraction spots feature and has broader width comparing to the 

single crystal, caused by some defects and mosaic structure. To understand the crystalline 

orientation of the thin films and epitaxy between films and substrate, some techniques are 

usually used, such as 2   scans, rocking curves, and   scans. 2   scans, or called 

normal scans, are the scans always satisfy the Bragg’s law, which the angle from incident 

beam to sample surface   always keep half the angle from incident beam to detector  2 . 

And thus, the diffraction signal only provides the information of the diffracted planes parallel 

to the sample surface because there is only variation of out-of-plane components in reciprocal 

lattice vectors, for example such as the (001) oriented films, only the (00l) family planes in 

the sample can be observed in 2  scans. The rocking curve usually means the scans of   

ranging around Bragg angle, which can describe the mosaic degree of the epitaxial films. The 

  scans, or the azimuthal scans, means the rotation of the sample itself. To get the   scans, 

one should first find the so-call asymmetry reflections of substrate and films (the reciprocal 

lattice vector including the in-plane component), and then rotate sample stage. For a good 

expitaxy, the films should present as same numbers of peaks as substrate, which means they 

have the same symmetrical fold. The techniques mentioned above are all the line scans; 

however, sometimes line scans cannot reveal the real shape of the diffraction patterns in 
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reciprocal space, especially those in the crystal with tilted and distorted structure. Therefore, 

the advanced technique called reciprocal space mapping (RSM) needed to resolve these 

non-regular structures. Reciprocal-space mapping measurement requires setting of the 

measuring range of 2 /   scans, and setting of the measuring range of off-set angle  , 

shown in Figure 3.2. For a double-axis diffractometer, the off-set angle   is the difference 

of the θ from out-of-plane direction, and for a triple-axis,   can be the varied by one 

additional freedom of degree, defined by  , where   is an angular circle perpendicular to 

incident beam. And then the RSM is constructed by a lot of 2 /   scans with different offset 

angles.  

 

Figure 3.2 a) The typical scheme of double-axis diffractometer (left), and the corresponding 

motion for each angular motor in real space (right). (Figure courtesy of Panalytical B.V) b) 

The high-resolution triple-axis diffractometer (Huber 8 circle diffractometer) at NSRRC 

Beamline 17B1 (left), and the scheme of the corresponding motion of each angular motor in 
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real space (right) [15]. 

 

X-ray diffraction characterization of the films in this dissertation was conducted in two 

kinds of instruments. One is the commercial machine, which is the PANalytical X’Pert Pro 

4-circle x-ray diffractometer with Cu Kα1 radiation ( 1.54  Å). The other is the Huber high 

resolution four-circle diffractometer using a synchrotron as source, where the energy is set as 

10KeV (1.24Å); these RSM experiments were mostly performed at wiggler beamline BL13A, 

BL17A or BL17B1 at the National Synchrotron Radiation Research Center (NSRRC), Taiwan. 

The incident X-rays were made monochromatic with a Si (111) double-crystal 

monochromator. With four pairs of slits between sample and detector, the typical scattering 

vector resolution in the vertical and horizontal scattering planes was set to ~10
-
4 nm

-1
 to 

dramatically decrease the noise single and raise the resolution during experiments. 

 

3.2.2 Transmission electron microscopy 

 
Transmission electron microscopy (TEM) was performed to characterize the 

microstructures of the films, such as morphological and crystallographic features. The 

operation of TEM is similar to the way of optical microscope, which also obeys the lens 

formula. The detailed setup of TEM instrument is shown in Figure 3.3 a). The electron beam 

is emitted from the filament accelerated by a high voltage (100kV - 1000kV) and then focused 

on the sample by electromagnetic lenses (condenser lenses). When the beams pass through the 

specimen, two kinds of modes can be observed. One is “image mode”, where all the 

transmitted and diffracted beams are focused by object lens to form the first magnified image; 

the image can be viewed as “virtual object” and focused by the intermediate lens to magnify 

again. The final image is presented at the fluorescent viewing screen (Figure 3.3 b)). Because 

the electron beams behave similarly as light, it also produces diffraction patterns while 

interacting with specimen. Therefore, the second mode is “diffraction mode”. The change 

from image mode to diffraction mode can be performed by decreasing the electrical current in 

intermediate lens, and thus the focal length of intermediate lens will extend backward to the 

“back focal plane”. At this time, the diffraction patterns become the virtual object and follow 

the artificial dashed line to form the magnified diffraction image on the screen. Based on 

these two modes, more advanced imaging and diffraction techniques are developed to get the 

detailed structural information, including the bright-field and dark-field image, selected area 
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electron diffraction (SAD); convergent-beam electron diffraction (CBED), phase-contrast 

imaging (high-resolution TEM, HRTEM); and Z-contrast imaging [8]. 

 

Figure 3.3 a) The detailed setup of a common TEM instrument. b) the concept of the image 

mode in TEM observation. c) The concept of the diffraction mode in TEM observation [8]. 

 

Since electrons scattering is strongly dependent on the atomic electronic potential of the 

sample, samples should be prepared in very thin region, which less than 1 μm for TEM 

characterization. In this dissertation, the focused ion beam (FIB, SII Nanotechnology SMI 

3050SE) was used to fabricate the specimen for TEM cross-section observation. Before 

cutting the sample, SiO2 thin film of 100 nm had been deposited by E-gun system as a 

passivation layer, preventing the damage from the bombardment of Ar ion beam. Then Pt thin 

film around 20 nm capped onto the SiO2 layer for first observation by scanning electron 

microscopy (SEM). First, the Ar beam with the energy of 30 keV bombarded the surface of 

sample to localize the chosen area, and then the beam was tuned to lower energy of 5 keV to 

thin the chosen area finely until the thickness achieved around 50nm. Finally, the specimen 

was picked up to a Cu grid for following TEM observation. The microscopy that was used is 

the JEOL JEM-2010F operated at 200 V. 
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3.3  Techniques for measuring physical properties 

3.3.1 Atomic Force microscopy  

 
Atomic landscapes of material surfaces could be imaged in real space after the invention 

of Scanning Probe Microscope (SPM) in 1980s. SPM as well known includes two types: one 

is the Scanning Tunneling Microscope (STM), which helped the inventors, Binnig and Rohrer, 

to win the Nobel Prize in 1980s. Although the STM can image the surface near atomic scale, 

it is still limited in conducting materials. Several years later (1985), the atomic force 

microscope (AFM) was then invented, also by Binnig et al, to overcome this disadvantage. 

The introduction of the atomic force microscope (AFM) in 1986 opened the SPM field to 

insulating and semiconducting materials as well [9].  

 

Figure 3.4 a) The instrumental depiction for AFM operation. (copyright © nanodic.com) b) 

The correspondingly operative region of three typical modes of AFM in Lennard-Jones pair 

potential energy [16]. 

 

The principle for operating AFM is to use the interactions between tip and sample 
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surface. The AFM instrument is composed of a cantilever with a very sharp tip, a laser diode, 

a photo-sensor, a piezoelectric scanner, and controller electronics as shown in Figure 3.4 a). 

The AFM tip is usually made of micromachined silicon or silicon nitride. A laser emitted from 

the laser diode is bounced off the back of the cantilever onto a position sensitive photodiode 

detector. This detector records the deflections from the bending of cantilever during the tip is 

scanned over the sample. In order to prevent the surface damage while the tip scans, the 

piezoelectric scanner can control the distance between the sample stage and tip by the 

feedback mechanism manipulated by a computer.  

According to the Lennard-Jones pair potential energy function described below 

(Equation 3.2 and Figure 3.4 b)), when the tip continuously close to the sample surface, the 

interaction will first be attractive (Van der Waals force) and then become repulsive forces 

(Coulomb repulsive force) [16]. 

12 6

13 7
( ) 24 [2( ) ( )]
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                                   (3.3) 

Attractive or repulsive forces resulting from interactions between the tip and the surface 

will cause a positive or negative bending of the cantilever. Therefore, three basic operation 

modes were developed to observe different types of surface. The first is contact mode: the 

direct contact has high atomic resolution by use the repulsive force; nevertheless, it also might 

cause the damage on surface. The force between the tip and the surface is kept constant during 

scanning by maintaining a constant deflection, and the distance is about 3Å. This kind of 

mode is not suitable for soft matters. The second is non-contact mode: this mode is measured 

by attractive force and non-destruction to surface. The cantilever is oscillated at a frequency 

slightly above its resonant frequency where the amplitude of oscillation is typically a few 

nanometers (<10 nm). The resonance frequency will be varied if the distance between sample 

and tip is changed. Hence, to maintain the oscillation amplitude or frequency, the 

tip-to-sample distance needs to be adjusted by feedback loop system. Measuring the variation 

of tip-to-sample distance at each (x,y) data point allows the scanning software to construct a 

topographic image of the sample surface. The advantage of this mode is that the tip never 

makes contact with the sample and therefore cannot disturb or destroy the sample, which is 

particularly important in biological applications. However, it also has poorer atomic 

resolution due to the perturbation in air. The last mode is the tapping mode: it is the most 

widely used mode recently and works similar to non-contact mode. The tapping mode is 

operated in the region of the competition between attractive and repulsive forces. The 

cantilever is oscillating close to its resonance frequency. A feedback loop system ensures that 
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the oscillation amplitude remains constant, such that a constant tip-sample interaction is 

maintained during scanning. Therefore, it has the largest oscillation amplitude (typically 

>20nm) to allow tip to "tap" on the sample surface. The advantages of the tapping mode are 

the elimination of a large part of permanent shearing forces and the causing of less damage to 

the sample surface, even with stiffer probes.  

   In this dissertation, the topography of the resulting films were studied by the commercial 

AFM instruments (Bruker Escope and Bruker Multimode). Tips used for imaging were Si 

cantilevers with an elastic constant of 2-4.4 N/m and a resonance frequency of 60~100 kHz. 

 

3.3.2 Piezoresponse Force Microscopy 

 
Piezoresponse force microscopy (PFM) is one variant of atomic force microscopy (AFM) 

that can image and manipulate the ferroelectric domains. The basic idea of Piezoresponse 

Force Microscopy (PFM) is based on the “converse piezoelectric effect”, which is a linear 

coupling between the electrical and mechanical properties of a material. The converse 

piezoelectric effect (CPE) means that a resultant strain due to the piezoelectric tensor will be 

induced in piezoelectric or ferroelectric material when an electric field is applied, which in 

turn leads to a physical deformation. This effect can be described by following equation: 

[10-11] 

                    , , 1,2,3jk ijk id E i j k                                  (3.4) 

Where jk  is the strain tensor, ijkd  is the piezoelectric tensor, and iE  is the electric field. 

In PFM, the electric source is AC voltage because a static or DC voltage cannot produce a 

obvious displacement, which beyond the detector limitation. Therefore, in order to separate 

this low level signal from random noise, a modulated voltage reference signal with a lock-in 

technique is needed. In this case, under the applied AC modulation voltage  0 cosV V t , it 

results in sample surface vibration with the form  0 cosZ Z t     , where 0Z  is the 

vibration amplitude 0 33 0Z d V  , and   is phase (“
00  ” means the sample domain 

polarization is oriented parallel to the applied electric field, and “
0180  ” oriented 

anti-parallel to the applied electric field). Such oscillation from the contact of tip and surface 

would be directly reflected in the amplitude and phase signal, and read out using a lock-in 

amplifier.  

    There are two typical PFM imaging modes for detecting ferroelectric domain, which is 
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described below. 

3.3.2.1  Vertical PFM 

 

In vertical PFM imaging, out-of-plane polarization is measured by recording the 

tip-deflection signal at the frequency of modulation. Figure 3.5 a) shows a schematically 

illustration of vertical PFM manipulation. If the polarization is parallel and aligned with the 

applied electric field, the piezo effect will be positive, and the sample will locally expand. If 

the local sample polarization is anti-parallel with the applied electric field, the sample will 

locally shrink. The similar behaviors can be observed if the applied electric field is reversed. 

This sign-dependent behavior means that the phase of the cantilever provides an indication of 

the polarization orientation of the sample when an oscillating voltage is applied to the sample. 

 

Figure 3.5 a) Structural variations depend on the polarization sign in vertical PFM 

manipulations, which cause the deflection of laser signal in photodetector. (Figure courtesy of 

S. Jesse, ORNL.) b) Two types of distortion of cantilever in in-plane PFM manipulations: 

torsion and buckling. The torsion makes the laser signal a horizontal shift in photodiode, 

whereas the buckling will make a similar feature to deflection [16].  
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3.3.2.2 Lateral PFM 

 

In most of the real cases, the studied sample often contains non-zero lateral components 

in its piezoelectric tensor. In this case, the in-plane component of polarization is detected by 

lateral motion of the cantilever due to bias-induced surface shearing. For example, if the local 

polarization is oriented in the in-plane direction and perpendicular to the scan direction of tip 

(Figure 3.5 b)), the force will make torsion on the cantilever and thus lead to a transverse 

shift of deflection on the detector. Besides, the in-plane components still have another choice, 

which is along the scan direction of tip. This kind of in-plane components make the cantilever 

buckle along the scan direction, and the readout of buckling is very sensitive to the position of 

the laser beam on the back side of the cantilever: displacing the laser beam from the very end 

on top of the tip towards the middle of the cantilever results in an inversion of the readout 

signal. Thus, the buckling in lateral PFM is difficult to detect because the motion of signal is 

mainly along the longitudinal direction, which is easily confused with out-of-plane 

polarization in vertical PFM.  

In this dissertation, lateral PFM equipped with heating stage is used to measure the 

rotation of ferroelectric domains in PZT thin films. The in-plane PFM images are also 

obtained in contact mode by Bruker Escope and Multimode instruments. Tips are conductive 

with coated Ti-Pt thin film, with an elastic constant of 4.5 N/m and a resonance frequency of 

120~190 kHz. The scanning speed was set at 5 μm/s, ac excitation frequency was 10.5 kHz, 

and the ac amplitude was up to 7-10 Vpp. 

3.4  Superconducting Quantum Interference Device Megnetometer 

 
    Superconducting quantum interference device magnetometer (SQUID) is the most 

sensitive device in the detection of magnetic flux, which was invented by R. C. Jaklevic, et al 

of Ford Research Labs in 1964 [12]. The basic principle behind the SQUID is based on the 

Josephson effect postulated by Josephson in 1962, which indicates a current across a thin 

insulating layer between two superconductors without any external electric field [13]. The 

device to reveal this phenomenon is called Josephson junction, made by J. Rowell and P. 

Anderson at Bell labs in 1963 [14]. 

As the scheme shown in Figure 3.6, the central element of SQUID is composed of two 

Josephson junctions in parallel, which is also called direct current (DC) SQUID. In the 

absence of external magnetic field, the input current splits into the two branches equally. 
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When a tiny magnetic field is applied, it will generate a screening current Is due to the 

conservation of superconducting wave function and cancels out the net flux in the ring. The 

induced current SI  makes the one branch of current  AI  equal to half the input current 

plus screening current  / 2A SI I I  , whereas the other branch of current becomes half the 

input current minus screening current  / 2A SI I I  . As soon as the current in either branch 

exceeds the critical current  CI  of the Josephson junction, a voltage appears across the 

junction. When the magnetic field gradually increases, the screening current also increases. 

However, when the magnetic reaches achieve half the magnetic flux quantum, the screening 

current should change its direction for satisfying the flux quanta in a close loop. Finally, one 

can measure the variation of voltage across the junction as a function of total current through 

the device, and further a function of the applied magnetic. 

 

Figure 3.6 Schematic representation of a Josephson device (or a simple SQUID 

magnetometer) interacted with a magnetic field. The change of magnetic flux will induce a 

variation in measured voltage. (Redrawn from the website  

http://hyperphysics.phy-astr.gsu.edu/hbase/solids/squid.html)   

http://hyperphysics.phy-astr.gsu.edu/hbase/solids/squid.html
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    In this dissertation, we adopt a commercially available Quantum Design MPMS-XL 

Superconducting Quantum Interference Device (SQUID) magnetometer to analyze the 

magnetic properties in nanostructure samples. The magnetometer contains a high-precision 

temperature control system that allows measurements with an accuracy of 0.01 K between 1.8 

K and 350 K. A superconducting magnet provides magnetic fields up to 7 Tesla, with a field 

accuracy of 0.05 Gauss. The measuring approach is the no-over shoot mode, in which the 

magnetic field is changed monotonically from the initial field setting without overshooting the 

final value.  

 

3.5  X-ray absorption spectroscopy 

 

     XAS and X-ray photoelectron spectroscopy (XPS) are the two most widely used core 

electron spectroscopies. The measurements of photo-absorption by excitation of a core-level 

electron into unoccupied states as a function of photon energy is called x-ray absorption 

spectroscopy. We can obtain information about the valence states and the local environments 

surrounding each element by XAS spectra. The advantages of XAS technique are that it can 

probe samples in a surface-sensitive (electron yield detection) mode or bulk-sensitive 

(transmission), which is of great importance for artificially made multilayer structures. Figure 

3.7 shows the principles of X-ray absorption spectroscopy, using a one-electron model for the 

case of L edge absorption in a d band transition metal. The absorption intensity from the 

initial state i  can be calculated by summing all possible final states f : 

   
2

,i f

f

I h f T i E E h               (3.5) 

where hν is the photon energy of the x ray, T is the dipole transition operator. The 2p 

core-level XAS spectra of transition metal compounds well reflect the 3d electronic states in 

the 3d transition metal compounds including the symmetry and the crystal field splitting of 

the 3d orbitals. Thole et al. [17] performed the calculations of transition metal 2p XAS spectra 

of 3d transition-metal ions in a crystal field.  
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Figure 3.7: Principles of X-ray absorption spectroscopy, using a one-electron model a) 

Transmission mode and while b) is the total electron yield mode [17,18].  

 

     There are three measurement modes for XAS, the transmission-mode, the total-yield 

mode and Fluorescence mode. (Figure 3.7 a)), transition mode is the most direct 

measurement mode, in which the intensity of the x-ray is measure before and after the sample 

and the ratio of the transmitted x-rays is counted. Transmission-mode experiments are 

standard for hard x-rays, though for soft x-rays, they are difficult to perform because of the 

strong interaction of soft x-rays with the sample. The total-yeild method can be classified in 

two modes, the total-electron yield (TEY) shown in (Figure 3.7 b)) and the total-fluorescence 

yield (TFY) modes presented in Figure 3.8. TEY and TFY denote measuring the current flow 

and the fluorescence of the sample radiated x-ray, respectively. TEY mode is surface sensitive 

while TFY mode is bulk sensitive and the probing depth of TEY and TFY modes is ~5 nm and 

~100 nm, respectively. The TFY mode suffers from self-absorption because of its long 

probing depth. In the present work, TEY and TFY mode were employed.  
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Figure 3.8: Principles of X-ray absorption spectroscopy, using a one-electron model for 

Fluorescence mode [18]. 

 

3.6 X-ray magnetic circular dichroism 

 

As we have known that relativistic electrons in the storage ring are deflected by the 

bending magnets. Those electrons keep them in a closed circular orbit and emit highly intense 

beams of linearly polarized x-rays in the plane of the electron orbit. On the other words, they 

emit circularly elliptically polarized light out of the plane. Currently, a number of alternative 

sources for circularly polarized synchrotron radiation are under development in the world 

wide. The most notable ones are so-called insertion devices like helical and crossed undulator 

and wigglers [19,20]. Both of them are complex arrays of magnets with which the electrons in 

a storage ring are made to oscillate in two directions that are perpendicular to their 

propagation light direction and the result emitted circularly polarized light. 



 

66 

 

 

   (c)  

 

Figure 3.9: Schematic diagram of x-ray magnetic circular dichroism (XMCD). a) 

Experimental set up for XMCD measurements. b) Circularly polarized x-ray absorption 

spectra. c) Transition probability of 2p → 3d absorption with circularly polarized x rays for 

less-than-half filled 3d electronic configuration [21]. 

 

Figure 3.9 shows schematic diagram of XMCD. Using circularly polarized light in XAS, 

the absorption intensity depends on the helicity of the incident light. When right- and 

left-handed circularly-polarized x-rays are irradiated on a sample under applied magnetic 

fields, differences in the absorption intensity are observed because of differences of transition 

matrix elements (or selection rule). XMCD is defined as the difference of the absorption 
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spectra of parallel and antiparallel helicity of the x-rays light to the magnetization direction of 

a material. The line shape of XMCD spectra reveals electronic structure related to the 

magnetism of magnetic materials. XMCD is sensitive to magnetically active components and 

is an element specific measurement because of core-level excitation. In addition, we can 

estimate spin and orbital magnetic moments separately from integrated intensities of XAS and 

XMCD spectra by applying XMCD sum rules as described below. Therefore, XMCD is a 

powerful tool to investigate magnetic properties of materials. Figure 3.9 c) shows the 

transition probability of 2p → 3d absorption with circularly polarized X rays. Transition 

probability is proportional to  

 
2

22
13 2 1 2 1 2 ,1

2
d p d p d p

x iy
m r m m m c m m

r



           (3.6) 

where             is the Gaunt coefficient and where md is the magnetic quantum number 

of the 3d states. The circular polarization is expressed by   , where    and    have helicity 

1 and -1, respectively. The selection rule is derived from that equation and the transition 

induced by circularly polarized light with helicity is change in the magnetic quantum number 

by ±1 while the spin moment is conserved. The final 2p hole is located at the 2p3/2 and 2p1/2 

states, and two absorption edges related to the 2p3/2 to 3d and 2p1/2 to 3d transition, called L3 

and L2, respectively. The 2p3/2 and 2p1/2 have four and two degenerated states, respectively. 

When we apply magnetic field on the magnetic material, the final state d orbitals are split 

according to the spin and are slightly affected by the magnetic quantum number. Thus, the 

final state for both spin directions can be classified as the states           state. For 2p3/2 and 

positive helicity, the transition probability ratios for each           are 18, 6 and 1. The 

transition probability ratios for 2p3/2 with opposite helicity are 3, 6 and 6 as shown in figure. 

Similarly, the transition probability ratios for 2p1/2 with positive and negative helicities are 3 

and 2, and 3 and 12, respectively. The difference of the transition probabilities between 

positive and negative helicities provides the XMCD. 

 

3.7 X- Ray photoemission spectroscopy 

 

Photoemission spectroscopy (XPS) is a powerful experimental method which can 

directly observe the electronic structure of solids. Figure 3.10 illustrates a schematic diagram 

of the principle of XPS. When a photon of sufficiently high energy impinges on a solid, an 

electron in a solid will be emitted as a photoelectron, according to the photoelectric effect. By 
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analyzing the kinetic energy of the photoelectron in the vacuum (
v

kinE ), one can obtain XPS 

spectra as shown in Figure 3.10.  

 

Figure 3.10: Principle of X- Ray photoelectron spectroscopy [21] 

 

In the single-electron approximation method, the effect of electron correlation can be 

neglected and XPS spectra represented the density of states (DOS) of electronic bands 

structures. 
v

kinE also provides information about the strength to bind a electron to a solid. 

According to the energy conservation law, 

v

kin BE E                  (3.7) 

where h  is the energy of the incident photon, BE  is the binding energy relative to the 

Fermi level FE  (chemical potential  ) and   is the work function of the solid. The work 

function is the energy required for an electron to moving from a solid through the surface and 

to reach the vacuum level ( vacE ), that is, 

vac FE E                 (3.8) 
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Because one cannot obtain 
v

kinE  without measuring Φ but one can measure the kinetic energy 

of the photoelectron relative to FE ( kinE ) directly, it is convenient to use kinE . Then we 

obtain 

kin BE E                (3.9) 

In the mean-field (Hartree-Fock) picture (one-electron approximation), BE  is equal to the 

energy of an electron inside the solid before it is emitted. Therefore, the energy distribution of 

the electrons in the solids can be directly mapped from the distribution of the kinetic energy 

of the photoelectrons emitted by monochromatic incident photons. Figure 3.10 shows how 

the electronic DOS is mapped from the emitted photoelectrons. 

In real materials, photoemission spectra are influenced by the entire electron system of the 

solid, in addition to the one-electron energy (frozen-orbital approximation). In the 

photoemission process, holes are produced by removing electrons from the solid surface and 

the surrounding electrons goes to screen the holes to lower the total energy of the system. 

Therefore, considering the entire electron system, the binding energy BE  is given by the 

energy difference between the N-electron initial state 
N

iE  and the (N −1) - electron final 

state 
1N

fE 
 as  

1N N

B f iE E E   

In other hand, EB is the energy of the hole produced by the photoemission process, including 

the relaxation energy of the total electron system. Hence, much information about the electron 

correlation is derived from the XPS. 

 

3.8 Electronic transport analysis 

 

Electrical measurements as a function of temperature and magnetic field allow for a 

variety of transport properties such as Hall electron density and electron mobility to be 

determined. From these it is often possible to draw other conclusions about the electron 

scattering and capture processes inside the samples. The basic measurement is a resistivity 

measurement as function of temperature (T) and/or magnetic field (B). However, for 

two-dimensional gas samples. It is very hard to determine or even assign a thickness to the 

conducting layer. The sheet resistance is analogous to the resistivity but for two dimensions. 

s

W
R R

l
               (3.10) 



 

70 

 

Here Rs is the sheet resistance (unit is Ω/□ or Ohm-per-square, to distinguish from resistance 

which has the same basic unit but a different meaning), R the measured resistance and W & l 

the width and length respectively of the current path. Such measurements allow for the 

extraction of the (mobile) carrier density, 

1
sR

ne
               (3.11) 

where n is the two-dimensional carrier density, e the electric charge of an electron and µ the 

electron mobility. All transport measurements were done using a Physical property 

measurement system (PPMS), Quantum Design, USA with a DC measurement.  In general, 

this resulted in a current of the order 1-100 µA. Two different measurement geometries, 

Hall-bar and Van-der-Pauw, were used.  

 

3.9 Van-der-Pauw geometry 

 

In the Van-der-Pauw geometry [22] the contact leads are directly wire bonded to the 

sample. The wire bonding process itself cracks the surface and makes contact to the deeper 

layers. The resistance is then measured among these four metal electrodes in different 

combinations. Figure 3.11 shows the typical location and labeling in the Van-der-Pauw 

geometry. The sheet resistance is numerically extracted from Equation 3.12. The advantage 

of this geometry is that the shape and size of the sample can be arbitrary, as long as it is 

homogeneous, both structurally and electronically. The Hall resistance is obtained at the same 

time by measuring BD

AC

V

I
 

1 exp expAB AD

S DC S BC

V V

R I R I

    
      

   
         (3.12) 
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Figure 3.11: Typical Van-der-Pauw geometry on a sample. Labels A to D indicated current 

and voltage contacts and was redrawn from Ref.[22]. 

 

3.10 Treated substrate 

 

    As perovskite SrTiO3 is composed of SrO- and TiO2-alternative. The (100) surface can 

be terminated by either SrO- or TiO2- domain. The surface physical and chemical properties 

must be greatly influenced by the surface morphology and the ratio of these two kinds of 

terminated domains. We can obtain the smooth TiO2 plane by treating the SrTiO3 (100) 

substrate with a buffered oxide Etch 6:1 (NH4F–HF) solution.  Because the HF etching 

removes Sr more efficiently than Ti, it seems that the etchant mostly attacks the Sr at the step 

edges, dissolving it and then removing Ti by lift-off, as shown in the processes as the 

following shown in Figure 3.12.  

A SrTiO3(100) substrate of 10x10x0.5 mm (Shinkosha Co., Japan) was first cleaned 

surface by using a 3-step sonication process in acetone, ethanol, DI water, and drying in a 

nitrogen stream. The second, the SrTiO3 (100) was treated with a buffered oxide Etch 6:1 

(NH4F–HF) solution at room temperature for 7 minute. The treated SrTiO3 was annealed in 

air at 1100
0
C for 7 hour, and then cooling down to room temperature with cooling rate was 

5
0
C/m.  
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Treated substrate

Annealing(7hours)

Etching(BOE  6mins)

SrTiO3(001)

Non -treatment

Treated substrate

AO

BO2

AO

BOE: Buffered Oxide Etch 6:1
 

Figure 3.12  Illustration of the substrate treatment processes to obtain the TiO2- terminated 

on the surface of STO(100) substrate 

 

To conclude this chapeter, understanding the properties of a material system requires 

knowledge of the structure of the material, which is determined during the fabrication. All three 

parts, fabrication, characterization and functionality, require carefully paid attention and 

sophisticated techniques. It is this sequence - fabrication determines structure which in turn 

determines properties - that forms the basis of the research in this thesis. Pulsed laser deposition 

in combination with RHEED monitoring has become a mainstay of oxide thin film fabrication 

because of the tuneable growth kinetics and the ease of stoichiometric transfer. The use of 

single-terminated substrates allows for the growth of well- defined structures of complex 

oxides. Several techniques to characterize these structures, either available in-house or through 

collaborations with groups world-wide, have been discussed. Finally, techniques to measure the 

electrical and optical properties are necessary to be able to discuss the relation between these 

functional properties and the structural features. 
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Chapter 4:  Ferroelectric control of the conduction at the LaAlO3/SrTiO3 

hetero-interface 

 

4.1 Introduction 

 

Complex oxide hetero-interfaces have emerged as one of the most exciting subjects in 

condensed-matter due to their unique physical properties and new possibilities for 

next-generation electronic devices [1, 2]. In the push for practical applications, it is desirable 

to have the ability to modulate the interface functionalities by external stimulus. In this study, 

we propose a generic approach by inserting a functional layer to the heterostructure to acquire 

the non-volatile control of the intriguing properties at oxide interfaces. The LAO/STO 

interface is served as a model system in which a highly mobile quasi-two dimensional 

electron gas (2DEG) forms between two band insulators [3,4] , exhibiting 2D 

superconductivity [5] and unusual magnetotransport properties [6]. Although a modulation of 

the carrier density and mobility of the LAO/STO interface was achieved by using electric 

field effect [7–9], it is essential to extend the control concepts to gain nonvolatile and 

reversible abilities for practical applications. Recently, the nonvolatile modification of the 

local conduction at the LAO/STO interface has been demonstrated by scanning probe 

techniques [10–12]. Several possible mechanisms have been proposed to explain this 

interesting behavior based on the electrostatic effects either attributed to induced 

ferroelectricity or surface charge [13,14]. In this study, we bring in a ferroelectric 

Pb(Zr0.2Ti0.8)O3 (PZT) layer nearby the LAO/STO interface. The ferroelectric polarization of 

PZT layer serves as a control parameter to modulate the 2DEG conducting behaviors. The 

as-grown polarization (Pup state) leads to charge depletion and consequently a low conduction. 

Switching the polarization direction (Pdown state) results in a charge accumulation and 

enhances the conduction at the interface of LAO/STO. The origin of this modulation is 

attributed to a change in the electronic structure due to the ferroelectric polarization states, 

evidenced by x-ray photoelectron spectroscopy (XPS) and the cross-sectional scanning 

tunneling microscopy/spectroscopy (XSTM/S). Control of the conduction at this oxide 

interface suggests that the concept can be generalized for other oxide systems to design 

functional interfaces. 
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4.2. Experimental methods 

4.2.1 Sample preparation  

 

To realize the LAO/STO interface, a TiO2–terminated STO (100) substrate were used for 

this study. An atomically smooth surface with clear unit cell (u.c.) – height steps was observed 

with atomic force microscopy (AFM). On the top of that LAO and PZT were grown by pulsed 

laser deposition with assisted high pressure RHEED. The substrate was heating to 850
0
C and 

maintaining this temperature during the LAO growth at 2×10
-5 

Torr oxygen pressure. LAO 

thin films were grown successfully with the layer-by-layer growth mode as shown in Figure 

4.1 and the insert is the AFM image demonstrated that we can grow very high quality of LAO 

thin film on STO substrate. 

 

Figure 4.1 RHEED oscillations for the growth control the LAO thickness (illustration for 6uc 

of LAO) by Laser MBE system. The insets show the RHEED patter at the beginning (before) 

and end (after) of the LAO growth (lover panel in the left and right) and also AFM image 

scanning for LAO 6uc on TiO2- STO substrate (higher panel). 

After that, the samples were cooled down to 620
o
C and oxygen pressure was tuned to be 

of 120 mTorr to start the growth of the PZT layer. After growth, the samples were annealed 

for 30mins and cooled down slowly to room temperature in an O2 pressure of 600Torr. 
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4.2.2 Structural and electrical transport characterization 

 

The x-ray diffraction techniques were employed to investigate the thin film structure. 

The θ-2θ scan and the asymmetry reciprocal space maps (RSMs) were performed using a 

synchrotron radiation source beamline BL-17A at the National Synchrotron Radiation 

Research Center (NSRRC) in Hsinchu, Taiwan. The incident beam was monochromated at 

9.3KeV (~1.333Å) with Si (111) double crystal mirror and then focused by a toroidal focusing 

mirror to get higher intensity beam. Four sets of slits were used to gain the detection 

resolution, where two sets of slits were placed before samples to set beam size about 0.5 mm 

× 1 mm and the other two were placed after the sample (or before scintillation counter) to 

decrease background noises. These diffraction measurements were then plotted in the 

reciprocal lattice unit that is normalized to STO substrate (1 r.l.u.=2/aSTO). 

 

4.2.3 Transport measurement  

 

In order to conduct the transport measurements, four square metallic (Au/Ti) electrodes 

(0.3 mm
2
 size) connected to interface of LAO/STO were thermally evaporated on each of the 

PZT/LAO films by using IB Lithography. Then gold wires (0:002500 gauge) were manually 

bonded to the electrodes using silver paste.  The samples were cooled by closed cycle 

refrigeration and the transport measurements were carried out in a PPMS (Quantum Design) 

system from the room temperature to 20K. 

 

4.2.4 XSTM and XPS 

 

For STM studies, the sample was cleaved in situ and measurements were performed 

from the cross-sectional geometry in an ultrahigh vacuum (UHV) chamber with a base 

pressure of ∼ 5×10
-11

 Torr. In addition, scanning tunneling spectroscopy (STS) images were 

simultaneously acquired at ∼ 100 K temperature. XPS spectra were collected at room 

temperature on a Thermo Scientific K-Alpha system, equipped with a monochromatized Al 

Kα x-ray source of 1486.6 eV. The C 1s signal at 284.6 eV was used as the energy reference 

to correct for charging. The standard deviation of the XPS peak position errors is about 16 

meV, which is smaller than the step size of 50 meV used for the acquisition 
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4.3 Structural characterization 

 

In order to realize this concept, the samples were prepared by pulsed laser deposition 

assisted with reflection high-energy electron diffraction (RHEED) (Figure 4.2a)). The details 

can be found in the method section. In order to ensure the quality of the samples, the 

crystallinity of the heterostructure was studied using x-ray diffraction techniques. The θ-2θ 

scan (Figure 4.2b)) and reciprocal space mapping (RSM, Figure 4.2c)) around the STO (103) 

diffraction peak of the typical heterostructure with 6 unit cells (u.c.) LAO and 20 nm PZT 

show that both PZT and LAO are grown epitaxially on the STO (001)-oriented substrates. In 

addition, 4-fold symmetry was also observed in STO, LAO, and PZT in the Φ-scan 

measurements, showing a cube-on-cube fashion (inset in Figure 4.2c)). By the scanning 

transmission electron microscope (STEM), the high-angle annular dark-field (HAADF) 

imaging of the heterostructure, Figure 4.2d), firmly resolves the atomically sharp interfaces 

with the derived cube-on-cube epitaxial relationship, 

[100]STO(001)STO∥[100]LAO(001)LAO∥[100]PZT(001)PZT, nicely consistent with the X-ray results. 

Moreover, the ferroelectricity of the PZT layer on top of the interface was evidenced by the 

piezoresponse force microscopy (PFM) techniques. Only two contrasts can be observed in the 

mapping of piezoresponse signal. In Figure 4.2e), the bright square corresponds to the 

downward-polarized (Pdown) region, which was switched from upward-polarized (Pup) 

as-grown state by applying a DC bias of +8 V on the writing tip. Similarly, the small dark 

square inside the bright square was created by rewriting this region with a tip bias of -8 V. The 

phase difference of piezoresponse signal between upward- and downward-polarized states is 

180. As shown in Figure 4.2f), the hysteresis behavior of the piezoresponse phase indicates 

the polarization of top ferroelectric PZT layers can be switched back and forth by an external 

bias. 
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Figure 4.2 The structural characterization; a) Grown and schematic model of the 

PZT/LAO/STO structure; b) XRD θ-2θ scans shows only the PZT (00L) peaks can be 

observed in the vicinity of STO peaks of the PZT/LAO/STO thin film; c) Off – normal 

Reciprocal space mapping (RSM) scan around the STO (103) peak. The LAO and PZT (103) 

peaks can be observed together with STO peak. The insert figure is the In -plane epitaxy 

revealed by Φ-scan of the thin film peaks are well aligned  on our substrate; d) TEM 

investigation of the PZT20nm on top of LAO6uc/STO heterointerface, a high – resolution 

HAADF image showing an atomically sharp interface of both LAO and PZT films on 

TiO2 –terminated STO substrate. The dimension of the scale bar is 1nm; e) Mechanically 

induced reversal of the ferroelectric polarization. The piezoresponse force microscopy (PFM) 

techniques shows that only two contrasts can be observed in the mapping of the piezoresponse 

signal and single – point PFM hysteresis loops of the PZT film on LAO/STO heterointerface 

in f). 
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4.4 Transport measurements 

 

In order to understand the influence of ferroelectricity on the LAO/STO interface 

experimentally, we firstly carried out electrical transport measurements on the heterostructure 

(Figure 4.3a)), in which the PZT layer with the spontaneous polarization PPZT functions as the 

polarized dielectric slab to modulate the conduction of LAO/STO heterointerface. Figure 

4.3b) shows the sheet resistance versus temperature (R-T curves) of the PZT/LAO/STO 

samples with various PZT layer thicknesses (0~40 nm), while the LAO thickness was fixed (6 

u.c.). The R-T curves for these samples show that the sheet resistance at room temperature is 

low (~ 23 kΩ/sq) and decreases with temperature, showing the metallic behavior. For the 

samples with PZT on top, the ferroelectric effect sets in and the sheet resistance starts 

increasing with PZT thickness, showing the strong impact of the intrinsic polarization (Pup) of 

PZT on electron conduction at the interface. This is anticipated since the ferroelectric field 

effect provides one more degree of freedom to compensate the charge unbalance at the 

interface [15]. We also conducted transport measurements on the samples with different LAO 

thickness, while PZT thickness was kept constant (20 nm) (Figure 4.3c)). Several studies 

suggested a critical LAO thickness (4 u.c.) for the formation of 2DEG at this interface
 
[7]. 

Under such circumstance, all the samples with LAO above a critical thickness behave like 

metal. The sheet resistance decreases when lowering the temperature and increases when the 

thickness of LAO is reduced. This resistance changes can be rationalized in the framework of 

polarity discontinuity, which leads to an abated built-in electric field when the LAO thickness 

is reduced. Based on the experimental results, we are able to estimate that the sheet resistance 

is increased by an order of magnitude when the LAO is decreased by 1 u.c. Moreover, the 

sheet resistance increases with the decreasing of gap thickness (h) is a qualitative agreement 

with our simulation result (shown in Supplemental Figure C3) which we also discuss details 

in theoretical support and discussion part. 
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Figure 4.3 Transport measurement of PZT/LAO/STO devices: a) Sketch of the samples and 

the contact configurations down to the LAO/STO interface by using the IB lithography method; 

b) Temperature dependence of the sheet resistance, Rs, of the PZT thickness dependence on 

n–type LAO/STO conducting interface; c) Influence of LAO thickness on the electronic 

properties of the PZT/LAO/STO devices while keeping the constant at 20nm of PZT on top of 

LAO/STO hetero-interface. d) Sheet resistance measured as a function of temperature for PZT 

20nm/LAO 3uc/STO as grown with natural polarization (Pup) and after switching the 

polarization to down states (Pdown); e) Modulation of sheet resistance from high to low 

resistance states of two samples, PZT(20 nm)/LAO(6 uc)/STO and PZT(20 nm)/LAO(4 

uc)/STO corresponding to natural polarization (Pup) and after switching (Pdown), respectively. 

 

The transport measurements have provided a clear insight into the ferroelectric effect on 

the LAO/STO interface, and now a question is raised: can one modulate the interface 

conduction with the ferroelectricity? We have employed the scanning probe technique to 

switch the ferroelectric polarization of the samples. After switching ferroelectric polarization, 

bipolar-resistance behavior was observed in the PZT/LAO/STO devices. Figure 4.3e) shows 

the R-T curves of LAO (4 u.c.) and LAO (6 u.c.) after putting down PZT 20 nm with two 

different ferroelectric polarization directions on top of the 2DEG. The sheet resistance at the 

initial polarization state (Pup) is rather high. After flipping the polarization to an opposite 

direction (Pdown), the sheet resistance became much lower. The sheet resistance modulating the 

conductivity at the LAO/STO interface with different polarization states of PZT can reach 
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more than two orders of magnitude difference for PZT (20 nm)/LAO (4 u.c.)/STO sample at 

room temperature. Another intriguing feature here is the switch of an insulating state to a 

conducting state. The PZT/LAO (3 u.c.)/STO typically shows insulating behavior. The switch 

of the polarization can change the transport behaviors from insulating to metallic, suggesting 

the nonvolatile control of metal-insulator transition with ferroelectricity (Figure 4.3d)). The 

transport measurements indicate that the ferroelectric field effects can not only modulate the 

conduction, and but also switch the conducting state and our results also can be switchable 

and repeatable as shown in Figure 4.4. 

 

Figure 4.4 The sheet resistance as a function of temperature measured for the as –grown 

device with nature polarization (upward -Pup) (green), Mechanically downward –switched the 

polarization (Pdown- blue color) and reversal the polarization back to the original state (Pup- 

red color), then sheet resistance becomes high state again. 
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4.5  X- Ray Photoemission Spectroscopy (XPS) 

 

In order to understand the fundamental mechanism behind this intriguing behavior, it is 

crucial to investigate the ferroelectric manipulation of electronic structure at the LAO/STO 

heterointerface. Here, the ferroelectric-pattern assisted XPS was used to probe the reversible 

interfacial electrostatics and its affected electronic structures. In the ferroelectric 

PZT/LAO/STO heterointerface with a naturally upward PZT layer, the polarization was 

reversed by the scanning probe technique (probe voltage set to 8 V) to obtain a downward 

polarization area of about 1 mm
2
 that is larger than x-ray beam size of about 400 m

2
. This 

ferroelectric-pattern assisted spectral technique makes us study the polarization reversal using 

the same sample. It implies that we do not have to compare the polarization states in two 

different samples and we can avoid all the discussions regarding sample quality and other 

differences. As depicted in Figure 4.5a), positive (Pdown state) and negative (Pup state) bound 

charge sheets at bottom PZT layer affected the conducting LAO/STO hetero-interface, leading 

to an accumulation or depletion of free electrons in STO layer. Consequently, in distinct 

ferroelectric patterns with reversed electric configuration, two interfacial capacitors having 

different electric fields inside were constructed separately in top sheet of positive bound 

charges and bottom sheet of negative mobile electrons. In previous studies, the binding 

energies of core-level photoelectrons emitted from the epitaxial thin films and substrate were 

particularly sensitive to probe the modulation of interfacial capacitor [16]. The schematics 

(Figure 4.5a) also shows the ferroelectric-pattern assisted XPS technique on PZT (3.5 

nm)/LAO (4 u.c.)/STO heterointerface. The binding energy of the Sr core-level from buried 

layer thus decreases (
  
E

B

Sr - eV
up

) or increases (
  
E

B

Sr + eV
up

) depending on the downward and 

upward polarization directions, respectively, by comparing to the binding energy of the Sr 

core-level (
  
E

B

Sr ) from LAO/STO heterointerface. Evidently, the concept of the interface 

capacitor is also confirmed from the lack of change of the core-level emissions from the top 

PZT (Pb 4f core-level) and LAO (La 4d and Al 2s core-levels) layers. Figure 4.5b) shows the 

characteristic core-level photoelectron spectra in the ferroelectric PZT/LAO/STO and the 

conducting LAO/STO heterointerface samples. The binding energy of Sr 3d5/2 core-level 

shifts associated with the potential drops of the PZT-modulated LAO/STO interface 

capacitors were obtained at eV values of +0.15 eV (Pup state) and −0.1 eV (Pdown state), and 

the core-level difference between Sr 3d5/2 and La 4d5/2 (ΔECL) were determined to be 31.15 eV 

(Pup state) and 30.90 eV (Pdown state), respectively.  
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Figure 4.5 X-ray Photoemission spectroscopy study on the upward / downward ferroelectric 

polarization PZT/LAO/STO and LAO/STO hetero-structure. a) Schematic illustration of the 

photoemission spectroscopy measurement on the upward (Pup) / downward (Pdown) 

polarization of the PZT/LAO/STO, and the bare LAO/STO samples also included in the Figure. 

The Pb 4f, La 4d and Sr 3d (indicated by green, yellow and blue arrow) are captured from 
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PZT, LAO and STO layers separately (indicated by green, yellow and blue block). b) The XPS 

spectra taken from the PZT/LAO/STO and bare LAO/STO samples. The photoelectron peaks 

are aligned into the same energy level in the Pb4f and La4d (guided by red dashed line). But 

the Sr 3d core-level has significant binding energy downward shift from 0.15 to -0.1 eV when 

the Pup ferroelectric PZT switched to Pdown (see inserted Figure). 

  

4.6 Cross – Sectional Scanning Tunneling Microscopy and Spectroscopy (XSTM/S) 

 

The modulation of electronic structure of LAO/STO heterointerface by ferroelectric 

polarization is further elaborated by performing XSTM/S measurement on thick PZT top layer 

(20 nm) sample. The variations of the electronic structure across the heterointerface produce 

corresponding variations in the current-voltage behavior of STS measurements. Therefore, 

after keeping in situ cleaving sample in the STM chamber under a background pressure of less 

than 1x10
-10

 Torr and cooling it down to ~ 100 K, spatial-resolved STS based on XSTM image 

would reveal directly the electronic structure of the hetero-structures. Figure 4.6a) shows the 

XSTM image across the hetero-structured interface, and the color bars are used to indicate the 

positions where STS measurements were performed. The different regions of Nb-STO, STO, 

LAO, and PZT layers were identified from the tunneling current image which reveals specific 

electronic characteristics of each layer. Figures 4.6b) and 4.6c) show the evolution of the 

electronic structures of LAO from the position near the STO side (N), the middle side of LAO 

(M), to the position away from STO (A) in the naturally Pup and poled Pdown samples, 

respectively. In the STS results, to exclude the effects of surface and gap states in LAO and 

STO layers which disturbing band edge determination
 
[17], the current offsets larger than 0.2 

A at negative/positive sample biases are indicated as the energetic positions of the valence 

band maximum (VBM) and conduction band minimum (CBM). Therefore, the comparison of 

the energy shifts of the band edges can be referred to not only the value of the electric field in 

LAO but also the energetic shift across the interface from STO to LAO. As shown in Figure 

4.6b) and 4.6c), the energy shift of the band edges in LAO is smaller for the Pdown-state 

sample than that for the Pup-state sample, indicating that the electric field in LAO layer 

diminishes after the polarization of PZT is switched from the natural Pup state to the Pdown state. 

Furthermore, according to the energy shifts between STO and LAO, as shown in Figures 4.6d) 

and 4.6e), the suppressed electric field in LAO corresponds to the increase of valence band 
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offset (VBO) value from ~0.5 eV (Pup) to ~1.0 eV (Pdown) of LAO/STO electronic structure. To 

compare with the XPS measurements of heterojunction as shown above, we measured the 

energy difference between the characteristic core level and the VBM of each layer is a 

material constant, and the polarization switching induced Sr core-level shift is thus related 

directly to the VBO change of LAO/STO heterostructure. Therefore, the VBO variation to the 

LAO/STO modulated by a thin PZT layer (3.5 nm) is obtained by XPS of about 0.25 eV, 

which is smaller than that of LAO/STO capped with thick PZT (20 nm) of ~0.5 eV obtained 

by STS. In both ferroelectric-pattern assisted spectral results, we find that the presence of up- 

and down-polarized PZT layers would induce additional interface electrostatics and 

eventually lead to the VBO change of LAO/STO heterostructure. The change of VBO 

depends on the thickness of top-capped PZT layer, which is from 3.5 nm to 20 nm (with a 

wide polarization range from 11 C/cm
2
 to above 100 C/cm

2
 reported in defect-free films) 

[18–21],
 
leading to an increase from 0.25 eV to 0.5 eV, and the response of VBO change on 

ferroelectric polarization switching is consistent (Pup PZT increases VBO value of LAO/STO 

and is contrary to Pdown PZT). 
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Figure 4.6  a) A typical cross-sectional constant current STM image of the epitaxial 

PZT/LAO/STO hetero-structure. The spatial spectroscopic measurements on LAO surfaces of 

PZT/LAO/STO systems for the b) upward-polarized (Pup) and c) downward-polarized (Pdown) 

situation in PZT films from the position near the STO side (N), the middle side of LAO (M), to 

the position away from STO (A). The average spatial spectroscopic measurements on LAO 

(green curve), and STO (orange curve) surfaces for the d) upward-polarized (Pup) and e) 

downward-polarized (Pdown) situation in PZT films. 
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4.7 Theoretical support and discussions 

 

To exploring the phenomena of ferroelectric of PZT at the LAO/STO interface associated 

with its band structure, we studied the Ec band bending (invert electronic potential bending), 

bound and free charge concentration, and the electronic conductivity inside the effective 

length of STO layer under Pup and Pdown states of PZT by using phase-field approach. Firstly, 

the static profiles of potential and electrons within STO layer in the absence of PZT 

polarization were obtained by solving the following coupled equations to steady state,  

2 0

0 0r r

e n


   
                           (4.1)                                        

 2n
J D n n

t
 


     


                        (4.2) 

in which  is the electric potential, r is the charge density, 0e is the unit charge, n is the 

electron concentration, 0 is the vacuum permittivity and r  is the dielectric constant of 

STO. D and stand for the diffusivity and mobility of electrons in STO respectively. It is 

seen that the band bending at the STO/LAO interface (without PZT layer on top) is about 0.3 

eV, which causes electron accumulation at the interface (shown in Figure 4.7a)).  

In the presence of PZT polarization, the bound charge induced by the polarization and 

electric potential drop at the PZT/LAO interface are estimated by introducing P   . At 

the PZT/LAO interface, where the polarization reduces to 0, a negative bound charge sheet is 

formed in the case of Pup polarization in PZT layer. Based on the Poisson equation, 

2

0

i

r

P


 


  ,               (4.3) 

  The electric potential drop at the PZT/LAO interface due to the PZT Pdown bound charge 

is calculated to be about −0.5 V. Since electric potential should be continuous throughout the 

heterostructure, the potential decrease through the STO and LAO should be equal to the 

potential drop at the PZT/LAO interface. In addition, the effective length within STO is about 

0.8 nm while the thickness of the LAO layer is about 1.1 nm. The potential drop at the 

LAO/STO interface can be estimated by the following equation, 

/

eff

STO LAO
total STO LAO LAO total totaleff eff

STO LAO STO LAO

a a
V V V V V

a a a a

   
          

    
        (4.4) 

in which /STO LAOV and LAOV stand for potential drop at the interface and inside LAO   
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respectively. 
eff

STOa and LAOa are the effective length within STO and thickness of LAO 

respectively. Therefore, in the case of Pup polarization in PZT layer, the potential decreases by 

0.2 V at the LAO/STO interface, and thus interface EC band bending decreases from −0.3 eV 

to −0.1 eV. On the contrary, when the PZT polarization is Pdown, a positive sheet of bound 

charges is formed at the PZT/LAO interface, which increases the local potential at the 

PZT/LAO interface and leads to the increase of the EC band bending at the LAO/STO 

interface from −0.3 eV to −0.5 eV (shown in Figure 4.7a)).  

 

 

Figure 4.7 Ec band bending a), electron concentration and local electronic conductivity b) in 

STO layer in the presence of upward polarization, no polarization and downward polarization 

in PZT layer (z denotes the position in the STO layer, H is half of the layer thickness, so that 
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z/H from -1 to +1 represents the entire layer). c) Schematic band diagrams of a 

PZT/LAO/STO heterointerface derived from ferroelectric-pattern assisted XPS and XSTM/S 

measurements. The sheet of negative/positive bound charges at bottom PZT and its induced 

E-field (EPZT) across the LAO layer would directly affect the mobile charges 

depletion/accumulation at the LAO/STO heterointerface, which are shown for both 

polarization states (Pup and Pdown) of PZT layer. Decrease and increase potential buildups 

across LAO layer corresponded to different polarization states are indicated. Combining both 

XPS and STS spectroscopic results, the changes in valence band offset (ΔEVBO) and core-level 

energetic separation (ΔECL) between LAO and STO layers are revealed, and construct a 

ferroelectricity modulated LAO/STO band structure model.  

 

Furthermore, the electron concentration and the electronic conductivity inside the 

effective length of STO layer have been calculated and summarized in Figure 4.7b). Clearly, 

the polarization in PZT layer has a significant effect on the electron concentration and 

conductivity σ in the STO side of LAO/STO interface, where the electronic conductivity is 

calculated by 0ne  . The electron concentration away from the LAO/STO interface 

region is ~10
9
 cm

-3
. When the ferroelectric polarization inside PZT layer is down (Pdown), the 

electron accumulation significantly reaches up to 10
18

 cm
-3

 with band bending of ~0.5 eV in 

the vicinity of LAO/STO interface. Furthermore, the local conductivity is calculated to be 

~10
0 1 1cm  , indicating that the interface becomes more conducting (Figure 4.7b)). The 

electron accumulation is strongly inhibited (~10
11

 cm
-3

) when the polarization in PZT layer is 

Pup, with interface band bending of 0.1 eV. In this case the interface becomes less conducting 

with local conductivity of ~10
-7

 
1 1cm  . 

Based on the phase-field modeling results, which agree well with the experimental 

observations of ferroelectric-pattern assisted transport measurements, XPS and XSTS spectra, 

we display the mechanism of ferroelectric modulation of LAO/STO conductivity in Figure 

4.7c). In the case of naturally Pup state of capped PZT, because the PZT bottom has negative 

polarization charge sheet, the potential buildup in the polar LAO layer increases and the free 

electrons are repelled from the LAO/STO interface (electron depletion), where the interface 

band bending of STO side decreases with smaller VBO value and makes ΔECL larger. As the 

polarization switching to Pdown state, the positive polarization charge sheet at PZT bottom 

makes the LAO potential buildup decreases and attracts more free electrons at the LAO/STO 

interface (electron accumulation), where the interface band bending of LAO side increases 
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with larger VBO value and smaller ΔECL. In addition, for the LAO/STO heterostructure with 

thinner LAO layer (3 u.c.), the variation of electric potential induced by EPZT can be estimated 

to be about 1.0 eV, in which the thickness of the LAO layer is about 1.1 nm (3 u.c.) and the 

stray electric field in LAO layer is estimated to be about 10
9
 V/m, as shown in the Figure 

B1b. This 1.0 eV potential variation is three times larger than the built-in potential variation 

(about 0.3 eV) from metal-insulator transition proposed in previous results [7,21–22]. 

Therefore, owing to a reversible polarization of top ferroelectric layer, the PZT/LAO/STO 

system is expected to be the one closest to having nonvolatile switching on/off characteristics 

at LAO/STO interface.  

Moreover, in the calculation results, the change of band bending at the LAO/STO 

interface modulated by PZT layer from Pup state to Pdown state is around 0.4 eV (Figure 4.7a)), 

which results in more conducting at the interface and having a conductivity ratio of about 10
7 

(Figure 4.7b)). In the transport results shown in Figure 4.3, from PZT Pup state to Pdown state, 

the conductivity ratio was experimentally obtained of about 10
3
 in PZT (20 nm)/LAO (3 

u.c.)/STO sample (Figure 4.3d)), which reveals PZT induced switching on/off capability at 

LAO/STO. However, based on the numerical calculation, a local conductivity ratio of 10
3
 

corresponds to a band bending change of 0.2 eV. This change value is smaller than the band 

offset shifts obtained by STM of about 0.5 eV, which is shown in Figure 4.6 with the same 

PZT thickness of 20 nm. The differences in band edge shifts and conductivity ratio (from Pup 

to Pdown) by comparing experimental and theoretical results can be attributed to the spatial 

resolution limit in XPS and XSTM measurements and the simplified bound/free charge 

modeling at PZT/LAO and LAO/STO interfaces. Here, the changes in band bending profile at 

the interface were evaluated by monitoring the changes in VBO. The variation of band 

bending value at the interface is supposed to be smaller than the VBO shift, due to the free 

carriers at the LAO/STO interface that would compensate polarization field effects. 

Additionally, in the theoretical calculation, the partially compensations at PZT/LAO and 

LAO/STO intetrfaces are set to zero to simplify the modeling. This makes the theoritical 

predications in the electric potential, the band bending, and the resistivity ratio larger than the 

experimental results.  
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4.8  Conclusion 

 

In conclusion, we have demonstrated that the ferroelectric polarization can tune and 

modulate the conduction at the LAO/STO heterointerface. The XPS and XSTM/S results reveal 

the electrostatic predictions of the conducting state modulation, demonstrate the possibility of 

nonvolatile control, and provide compelling evidence in favor of ferroelectric doping at the 

conducting polar-nonpolar oxide heterointerface.  
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Chapter 5:  Termination Control of Charge Transfer in YBa2Cu3O7-x/ La0.7Ca0.3MnO3  

heterostructures 

5.1. Introduction 

 
Heterointerfaces between strongly correlated electron systems hold promise for the 

creation of new multifunctional properties that could not be realized by single-phase bulk 

materials [1]. The interplay of lattice, orbital, charge, and spin degrees of freedom at the 

interface has resulted in a number of exciting discoveries, including the observation of a 2-D 

electron gas-like behavior at LaAlO3-SrTiO3 (STO) interfaces [2, 3], the emergence of 

ferromagnetism in a superconducting material at the YBa2Cu3O7-x/La0.7Ca0.3MnO3 interface 

[4,5], and an induced ferromagnetic state in a heterointerface between BiFeO3 and 

La0.7Sr0.3MnO3 layers
 
[6,7]. The YBa2Cu3O7-x/La0.7Ca0.3MnO3 interface has been intensively 

studied for the proximity effect of the ferromagnets (F)/superconductors (S) heterostructure 

[4,5,8,9,10]. Previous work has concluded that the Cooper pairs of the superconductor may 

enter the ferromagnet (i.e., proximity effect) and the spin of the ferromagnet may enter the 

superconductor in this F/S heterostructure. The competition between the ferromagnetic order 

and the superconducting order eventually results in suppression of both transition temperatures 

[11,12,13,14]. These effects are of topical interest for potential application in superconductive 

and magnetoresistant memory devices. Surprisingly, one key question has yet to be addressed 

in this prominent YBa2Cu3O7-x/La0.7Ca0.3MnO3 system: does termination type play an 

important role in determining the superconducting and magnetic properties? In this work, we 

managed to control two different terminations for YBa2Cu3O7-x/La0.7Ca0.3MnO3 interfaces. 

Samples with each termination type show distinct superconductivity and magnetism properties 

together with different valence states of Mn. Unexpectedly, atomically precise control of this 

interface enabled us to identify a new mechanism of charge transfer in the 

YBa2Cu3O7-x/La0.7Ca0.3MnO3 hetrostructures. This charge transfer mechanism is vital to the 

physical properties of the YBa2Cu3O7-x/La0.7Ca0.3MnO3 hetrostructures.  

 

5.1.1 Review on Proximity Effects in LCMO/YBCO Heterostructures 

 

Some of experimental and theoretical studies have been published on LCMO/YBCO 

heterostructures. However, a limited section of them is mainly discussed here in order to 

introduce some key concepts that are used later in this work to explain our model. 

First of all, P. Fulde, R.A. Ferrell, A.I. Larkin and Y.N. Ovchinnikov presented a theory 
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for a superconductor in the presence of a strong, spatially homogeneous magnetic exchange 

field H [15,16]. Their model is based on the Bardeen – Cooper – Schrieffer (BCS) theory [17], 

where the electrons are form so-called Cooper pairs. These quasi-particles consist of two 

electrons which are spin singlets and have equal energy EF (Fermi energy), but posses 

opposite momentum  F Fk k   . Therefore, the total momentum of the Cooper pair vanishes: 

 0Cooper F Fk k k    . 

The Zeeman splitting exE of the energies corresponding to the spin down and spin up electron 

states has been exhibited under the presence of a ferromagnetic exchange field, H. 

Subsequently, the properties of the Cooper pairs become modified: Although, electrons 

remained the same energy FE , but the momentum of the spin up electron is just 1/ 2 exEk  , while 

the one of the spin down electron is increased by 1/ 2 exEk  . Since the momentums of electron 

directions are opposite, the Cooper pairs obtain a finite momentum given by 1/ 22
exCooper Ek k  . 

Due to this momentum, the superconducting order parameter becomes spatially modulated on 

a length scale of 
2

Cooperk


. Thus, spatially inhomogeneous states can be expected in 

LCMO/YBCO heterostructures.  

Second, Z. Radovi´c et al. predicted an oscillatory dependence of the superconducting 

transition temperature Tsc on the ferromagnetic layer of thickness FMd [18, 19]. In that case, 

the characteristic length scale over which the superconducting order parameter decays into 

that of the ferromagnet is given by 

4 FM
FM

ex

D

E
 


                   (5.1) 

where FMD  is the diffusion coefficient in the ferromagnet and exE the exchange energy of 

the ferromagnet (Zeeman splitting of the spin up and spin down conduction band’s energies 

due to the magnetic exchange field H). Because the exchange energy favours one of the spin 

orientations, it acts as a pair breaker for the spin singlet of the Cooper pairs and reduces the 

value of FM . In a normal metal, where there is no such exchange energy, the corresponding 

length scale over which the superconducting order parameter decays is provided by 

2

N
N

B

D

k T



                  (5.2) 

where ND is the diffusion coefficient in the normal metal. 
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 In the theoretical study of Z. Radovi´c et al., the superconducting order parameter is also 

assumed to be depressed on the superconductor side of the interface. For the bulk 

superconductor, this characteristic length scale is given by 

0

02

sc
sc

B sc

D

k T



                  (5.3) 

where scD  is the diffusion coefficient in the superconductor and 0scT  is the transition 

temperature. Since the 0scT will be reduced in a thin layer in proximity to ferromagnetism, Z. 

Radovi´c et al. used a corresponding length scale sc which depends on the reduced transition 

temperature
red

scT : 

2

sc
sc red

B sc

D

k T



                              (5.4) 

The value of sc  is thus larger than that of 0sc . It gives a lower limit below which no 

superconductivity occurs: 
red

scT vanishes if the thickness of the superconductor scd is smaller 

than twice the length sc over which the superconducting order parameter changes

 2sc scd  . In the opposite case, 
red

scT  is finite. If 
red

scT is finite and the ferromagnetic layer 

thickness is of the same order as the coherence length of the superconducting order parameter 

in the ferromagnetic layer  / 1FM FMd   , an oscillatory behaviour of 
red

scT  is expected in 

superconductor / ferromagnet / superconductor heterostructures: In the limit of FM FMd  , 

the phase of the superconducting order parameter remains the same in the two 

superconducting layers. In this limit, the exchange energy exE  acting on the superconductor 

increases with increasing FMd . Therefore, 
red

scT decreases with increasing FMd . If FMd  is 

about the same as FM , it becomes more favourable for the superconducting order parameter 

to introduce a π-phase shift from one superconducting layer to the next one. This reduces the 

pair-breaking effect of the exchange energy exE on the superconducting order parameter. 

Therefore, 
red

scT is enhanced even though the thickness of the ferromagnetic layer has been 

increased. With further increase in FMd , 
red

scT will again be reduced, as the phase of the 

superconducting order parameter changes over a length scale of FM . This oscillatory 

behaviour of 
red

scT as a function of FMd  has been confirmed in several experiments on 

LCMO/YBCO heterostructures based on conventional, non-oxide materials [20, 21, 22]. 
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Third, I. Baladi´e and A.I. Buzdin had carried out more rigorous calculations considering 

the thermodynamic properties of ferromagnet / superconductor / ferromagnet nanostructures 

as a function of thickness of the ferromagnetic layer FMd and the interface transparency [23]. 

They assumed the superconducting layer thickness scd to be smaller than the 

superconducting coherence length sc and assumed the dirty limit for all layers in order to use 

the Usadel’s equations [19] same as that used by Z. Radovi´c et al. in Ref. [18]. For the limit 

of a high interface transparency, they calculated
red

scT as 

0

0

1
2

red

sc sc

sc

T T
T





 
  

 
                (5.5) 

where   is the magnetic scattering time 1/ exE   which reduces scT . If the influence of 

magnetism on the superconductivity is weak, i. e. if 01/ 1scT , the superconducting 

condensation energy can be approximated as 

0

0

red

sc
cond

sc

T T
E

T

 

   
 

                (5.6) 

where 0  is a constant. The parameter 0  is specified in [23]. Here, it is not of particular 

interest. 

In addition, the theoretical calculations, F.S. Bergeret, A.F. Volkov and K.B. Efetov 

explained the surprisingly high conductance observed in metallic ferromagnets in proximity to 

a superconductor in the superconducting state [24] with a spin-triplet contribution to the 

superconducting order parameter. They assumed a small value of the anomalous 

quasi-classical Green’s function (low interface transparency) in order to linearise the Usadel’s 

equations. They showed that an inhomogeneity in the magnetisation at an interface can induce 

such a triplet component of the superconducting order parameter that corresponds to Cooper 

pairs with parallel electron spins [25,26,27]. The penetration depth of this triplet component 

into the ferromagnetic layer is actually much larger than the one of the singlet one FM : 

4

2

FM FM
FM FM

B ex

D D

k T E
 



   


              (5.7) 

The penetration depth of the singlets component of a normal metal and the length FM 
 are of 

the same order (see Equation 5.2). Following the idea of a triplet component of the 

superconducting order parameter, they calculated the influence of the conduction electrons on 

the magnetization of the ferromagnet and on the magnetic moment induced in the 

superconductor. In Ref. [26] they used a simple mean field approximation model, where they 

assume the ferromagnetic exchange energy exE  to be smaller than the Fermi energy and a 
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low interface transparency. They concluded that the magnetization in the ferromagnet can be 

reduced and that a magnetic moment aligned antiparallel to the one in the ferromagnet can be 

induced in the superconductor over the length scale of the superconducting coherence length 

sc [26,27]. In an extremely simplified picture, one can imagine Cooper pair singlets of which 

one of the electrons penetrates into the ferromagnetic layer, while the second one is more 

localized in the superconductor. The electron in the ferromagnet will align its spin along the 

local magnetic field. Subsequently, the spin of the second electron has to bealigned 

antiparallel, in order to sustain the singlet state of the Cooper pair (see Figure 5.1). F.S. 

Bergeret, A.F. Volkov and K.B. Efetov called this effect the inverse proximity effect because 

there is a magnetic moment induced in the superconductor, which is antiparallelly aligned to 

the ferromagnetic moment. 

 
 

Figure 5.1 Inverse proximity effect: One electron of a Cooper pair which takes a place mainly 

in the ferromagnet aligns its spin parallel to the ferromagnetic moment. However, the second 

one of the same Cooper pair aligns its spin antiparallel to conserve the Cooper pair’s singlet 

state. This figure was taken from [26]. 

Moreover, Z. Sefrioui and co-workers reported a new proximity effect [28]. They 

observed by transport (resistance) and by SQUID measurements that superconductivity 

survives even in 3.5 nm thick YBCO layers that are adjacent to a ferromagnetic layer. These 

are considerably thinner superconducting layers than achievable with conventional 

superconductors. They also observed that scT changes with varying ferromagnetic layer 

thickness in heterostructures with a ferromagnetic layer thickness of up to 100 nm. Moreover, 

the former observation can be explained by the short superconducting coherence length in the 

superconducting YBCO of 0.1 – 0.3 nm (along the c-axis), while the latter remains subject to 
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speculations. According to the theory of Z.Radovi´c et al. [18], the interaction between the 

superconducting and ferromagnetic layers should only be possible if the ferromagnetic layer 

is thinner than two times the decay length of the superconducting order parameter into the 

ferromagnet  2FM FMd  . scT should then only be dependent on the thickness of the 

ferromagnetic layers. The length scale observation is special landmark to study 

superconductivity, since the exchange energy in LCMO is very large (estimate about 3 eV 

[29]) and therefore FM  small. Z. Sefrioui and co–workers proposed that a reduced magnetic 

moment in the LCMO layers and a high interface transparency are the main reasons for the 

unusually large value of FM . A different explanation which has not been discussed by Z. 

Sefrioui and co-workers would be a triplet component of the scT as described by F.S.Bergeret, 

A.F.Volkov and K.B.Efetov [25]: The value of FM 
 can be considerably larger than the one 

of FM because the ferromagnetic exchange coupling in the ferromagnetic layers does not 

give rise to a pair breaking of a triplet.  

V.Pe˜na et al. (2005): V.Pe˜na and co-workers measured an unconventional giant 

magnetoresistance effect in LCMO/YBCO/ LCMO trilayers in the superconducting state [30]. 

If the magnetic moments were in the layer plane and the temperature was close to scT , they 

found a maximum magnetoresistance  max min min/ /R R R R R    of LCMO up to 1600%, 

which was decreasing exponentially when getting closer to scT . The only precondition for 

this effect was a working temperature below scT . The most important difference compared to a 

conventional CMR effect was, that they measured the highest resistance for an antiparallel 

alignment of the magnetic moments in the LCMO layers and the lowest one for a parallel 

alignment. This is opposite to the systems with conventional superconductors that are 

discussed by I.Baladi´e and A.I.Buzdin in Ref. [31]. The effect observed by V.Pe˜na and 

co-workers occurred in heterostructures with a YBCO layer thickness of up to 30 nm, which 

is considerably larger than the fraction of a nanometer of the superconducting coherence 

length sc in YBCO along the c-axis. This is opposite to the assumption made by I.Baladi´e 

and A.I.Buzdin, where the thickness of the superconducting layer was smaller than sc . It 

seems therefore, that there is an additional length scale which has to be considered in order to 

explain the observed physical phenomena. They gave an explanation without focusing on an 

additional length scale. They argued with the injection of spin-polarised carriers into the 

YBCO layer: In case of an antiparallel alignment, the injected charge carriers find a high 
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potential barrier to leave the superconductor at the interface to the second ferromagnetic layer 

and therefore accumulate in the YBCO layer. The superconducting current density can 

subsequently be reduced by the accumulated spins. In a parallel case, this spin accumulation 

does not take place and the resistance through the layers remains very low. An alternative 

explanation could be the formation of a spin density wave in the YBCO layer that is similar to 

the one which can be induced by the applying an external magnetic field in underdoped 

La2−xSrxCuO4 single crystals [32,33,34]. Such a spin density wave may couple the 

ferromagnetic layers through longer distances than superconductivity. 

 

5.1.2  Review the charge transfer in YBCO/ LCMO Heterostructures 

 

The studies on YBCO/ LCMO heterostructures have been findings that LCMO is a 

half-metal with a fully spin polarized conduction band and thus ideally suited for an efficient 

spin injection into adjacent materials, while YBCO is a superconductor with a complex 

d-wave symmetry order parameter and a very high transition temperature. YBCO/ LCMO 

heterostructures were thus expected to be suitable candidates for colossal magnetoresistance 

at high temperature superconducting devices [35]. Additionally, it had become technically 

possible to grow YBCO and LCMO heteroepitaxially on top of each other [36,37,38]. The 

interesting is that the two competition ordered parameters of YBCO and LCMO have a 

similar energy scale, which may lead to new, proximity-induced physics and charge transfer at 

the interfaces. A sizeable number of studies on YBCO/ LCMO heterostructures which used 

different techniques will briefly debate here. The other relevant studies are introduced. 

T. Holden et al. (2004): T. Holden and co–workers reported that even the normal state 

electronic properties of YBCO/ LCMO superlattices exhibit an unusual dependence on the 

layer thickness [39]. They investigated the electronic properties of YBCO/ LCMO 

superlattices with spectral ellipsometry and observed that the metallic response is reduced for 

superlattices with a layer thickness of less than 16 nm in the far infrared range (100 – 700 

cm
−1

). The plasma frequency 2

*

4
p

n

m


  , which is proportional to the ratio of the free carrier 

concentration n to their effective mass *m , and is given in Table 5.1 (at 10 K, 100 K, and 300 K). 

The value of 2

p
  is proportional to the free-carrier spectral weight, which is the dominant 

contribution to the area under the 
1

  curve in the far-infrared region. The value of 
2

p
  has 

been decreased more than an order of magnitude when the layer thickness is reduced from 
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60:60 nm to 8:6 nm. However, even the 8:6 nm SL, despite its very low 
2

p
  and the 

correspondingly low density of the superconducting condensate, exhibits a superconducting 

transition in the resistivity at Tc = 60 K. At the same time this SL still exhibits a Curie 

temperature at Tmag = 120 K. A significant suppression of 
2

p
  is evident already for the 16:16 

nm SL. This effect is most pronounced at 300 K, i.e., above the CMR transition at Tmag = 215 K 

where the LCMO layers are known to remain in the insulating state. The apparent increase in 

conductivity below 200 K has coincidence with the FM transition and thus with the well-known 

metal-insulator transition in the LCMO layers that is at the heart of the CMR effect. This 

finding suggests that the metallicity of the YBCO layers has already been entirely suppressed 

for the 16:16 nm SL whereas the LCMO layers still exhibit metallic behavior below the FM 

transition. But the holes concentration was reduced considerably, when the YBCO and the 

LCMO layers were equally thick. Interestingly, in this paper, authors could not observe this 

reduction of the metallic response if they used samples that are paramagnetic metals, like 

LaNiO3 or insulators like PrBa2Cu3O7 instead of LCMO. 

However, the long range proximity effect and charge transfer may be clear here but the 

hole contributions from both YBCO and LCMO and the separation of individual contributions 

need more investigation.  

N.Haberkorn et al. (2004): N.Haberkorn and co-workers observed an exchange bias in 

YBCO/ LCMO superlattices grown on MgO at low temperatures, if the samples were cooled 

in an applied magnetic field of 1T [40]. They attributed this effect to a thin layer of interface 

in its vicinity which is ordered antiferromagnetically. They expected this layer to be located 

along with the LCMO layers and consisting of antiferromagnetically ordered Mn-ions, 

because they measured a reduced net magnetic moment of the LCMO layers as compared to 

the bulk value and that was resulted from the fact that Hcoerc did not obey the inverse 

proportionality to the film thickness commonly expected for thin magnetic films. The 

antiferromagnetic layers could arise due to interdiffusion of Mn- or Cu-cations, due to stress 

or due to a different oxygen concentration at the interfaces. Antiferromagnetism is by orders 

of magnitude less sensitive to changes in the direction of applied magnetic field than 

ferromagnetism. An antiferromagnetic layer at the interfaces could therefore induce an easy 

direction for the adjacent moments in the ferromagnetic ordered centre of the LCMO layers 

and lead to the observed exchange bias. 
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Table 5.1 Physical parameters for representative SL’s and films grown by laser ablation (taken 

from [39]) 

Finally, S.J. Pennycook et al. (2006), in this work, observed lack of uniformity in the 

oxidation state of Mn in the samples [41]. According to the phase diagram of LCMO, an 

inhomogeneous magnetization in different layers is reflected. The decreasing trend measured 

by electron energy loss spectroscopy (EELS) in the average Mn 3d band occupation (again, the 

Mn average valence goes from +3.3 for a YBCO thickness of one unit cell to around +3.5 for a 

YBCO thickness around 10 unit cells) is consistent with an increasing charge transfer from 

LCMO to YBCO as the YBCO layer thickness increases. Simultaneously, the saturation 

magnetization in these [YBCOn u.c./LCMO15u.c.]100nm samples decreases when the YBCO layer 

thickness is increased (saturation is reached for YBCO layer of thicknesses around 5 unit cells), 

which could also be as consequence of the transfer of electrons into the YBCO interface layers. 

It is worth noting here that, although charge transfer phenomena will modify the 

superconducting properties over distances within 3 unit cells from the interface, 

superconductiviy in superlattices is suppressed over a much longer length scales compared to 

samples with non magnetic spacers (YBCO/PBCO superlattices) which is related to long range 

charge transfer effect. On the other hand, the modification of the magnetic properties of LCMO 

resulting from the electron transfer can have a direct impact on proximity phenomena. The 

oxidation state of Mn (+3.5) renders the LCMO at the vicinity of a critical point, where 

ferromagnetic and antiferromagnetic phases coexist. LCMO layers will be magnetically 

inhomogeneous, as reflected by the decreased saturation magnetization. The presence of 
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antiferromagnetic regions might provide an explanation for the long range proximity effect, 

which on theoretical grounds is not expected in YBCO/LCMO heterostructures. 

Most of studies have focused on the superlattices, because it is the model that can switch 

the terminations at interfaces, and enhance the interactions or coupling between 

ferromagnetism and superconducting, however, no one has really shown the terminations 

control to understand the physics behind. In this work, we have presented an ideal tool to 

understand the physics behind creating two different interfaces of LCMO/YBCO. 

5.2 Models and Experimental method 

5.2.1 Models and Epitaxial design of the interfaces 

 

Both YBCO and LCMO have ABO3 perovskite related structures. Two possible atomic 

stacking sequences can be formed along the (001)-oriented heterostuctures: a) 

La0.7Ca0.3O–MnO2–BaO–CuO2 (MnO2-terminated interface) and b) 

MnO2–La0.7Ca0.3O–CuO2–BaO (La0.7Ca0.3O–terminated interface). Realizing this interface 

design requires atomically precise interface control which can be achieved by designing the 

LCMO layers with well-defined atomic terminations using reflection high-energy electron 

diffraction (RHEED) assisted pulsed laser deposition. The clear intensity of the oscillations 

indicated a layer–by–layer growth mode with the unit cell precision during the growth of the 

LCMO, YBCO and SrRuO3 (SRO) layers. The SRO layer was inserted to switch termination 

of the LCMO layer [42]. Two distinct interfaces can be fabricated based on the control of the 

LCMO termination layer. The details of the heterostructure growth can be found in Figure 

5.2a) and 5.2b). The schematics of the MnO2–terminated and La0.7Ca0.3O–terminated 

interfaces (i.e., the interfacial control of a heterostructure built with two perovskites stacked 

along the (001) direction) are shown. We deposited YBCOd/LCMO on different interfaces with 

a constant LCMO layer thickness of n=25 unit cells (u.c.) (corresponding to 10nm). The 

thickness d of YBCO layer, however, varied from 2nm to 100nm. In this chapter of thesis, 

“MnO2-terminated” corresponds to the STO/LCMO10nm/YBCOd structure (black in the online 

data) while “La0.7Ca0.3O-terminated” corresponds to the following 

STO/SRO1.5u.c./LCMO10nm/YBCOd structure (red in the online data). 
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Figure 5.2 Epitaxial design of heterointerfaces: Schematic of the interfacial control of 

LCMO/YBCOd with different interfaces; a) in the MnO2-terminated interface 

(La0.7Ca0.3O–MnO2–BaO–CuO2) the charges are very difficult to transfer because the CuO 

chain is very far from the interface (indicated by a dashed line) while b) switches into the 

La0.7Ca0.3O-terminated (MnO2–La0.7Ca0.3O–CuO2–BaO) interface by using SRO; electrons 

transfer easily from LCMO to YBCO because of the CuO chain at the interface (indicated by 

solid lines). 

 

5.2.2 Experimental details 

5.2.2.1 Sample preparation  

 

 YBa2Cu3O7-x/La0.7Ca0.3MnO3 (YBCO/LCMO) hetrostructures were prepared on 5x5 

mm
2
(100)-oriented SrTiO3 (STO) single crystal. We used in-situ reflection high-energy 

electron diffraction (RHEED) to monitor layer growth. The LCMO and YBCO layers were 

deposited at respective growth temperatures of 700
o
C and 750

o
C, and oxygen pressures of 80 

mTorr and 150 mTorr. To switch the (La,Ca-O) termination at the interface, a buffer layer of 

SRO (1.5u.c.) was deposited between the substrate and the LCMO layer. For 

MnO2-terminated interface, we used uniform single termination of TiO2. The TiO2 terminated 

STO (100) surfaces were obtained by chemical treatment with an HF-NH4F buffer solution. 

The growth processes and the switching of terminations at different interfaces of 

YBCO/LCMO are demonstrated on Figure 5.3 Inset of Figure 5.3 a) and b) (on top) show 

the in-situ RHEED patterns and TiO2 terminated surface of STO (100). 
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Figure 5.3 Interface control “Growth model”: Layer–by –layer growth is monitored by 

RHEED, a) the MnO2-terminated interface corresponds to the STO/LCMO10nm/YBCOd 

structure while b) the La0.7Ca0.3O-terminated interface has the following 

STO/SRO1nm/LCMO10nm/YBCOd  structure. 

 

 Following layer deposition, full oxygenation was achieved by annealing the film at 

550
o
C in an oxygen atmosphere of 700Torr for an hour followed by slow cooling to room 

temperature.  

 

5.2.2.2 XAS and XMCD  

 

XAS and XMCD are the most appropriate techniques by using an extremely sensitive 

local probe to study the valence and spin characters as well as the orbital contribution to the 

magnetic moment. The XAS and XMCD spectra of the Mn-L2,3 edge and the XAS of the O 

K-edge were recorded using the Dragon and 20A beamlines of National Synchrotron 

Radiation Research Center (NSRRC) in Taiwan with respective energy resolutions of 0.2 eV, 

and 0.3 eV. The sharp peaks at 640.1eV of the Mn-L3 edge of single crystalline MnO, and at 

934.7 eV and 531 eV of the Cu-L3 edge and the O K-edge of single crystalline Cu2O were 

measured simultaneously in a separate chamber for energy calibration, which enabled us to 

achieve accuracy better than 0.05 eV for relative energy alignment. Both the XMCD spectra 
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of the Mn-L2,3 edge were measured under a magnetic field of 1T at the temperature 30K with 

approximately 80% circularly polarized light. The magnetic field direction makes an angle of 

30° with respect to the Poynting vector of the soft x-rays. The spectra were recorded using the 

total electron yield (TEY) method (by measuring the sample drain current) under an ultrahigh 

chamber (UHV) with a base pressure of 1x10
−9

 mbar. 

 The polarized O K-edge XAS spectra were carried out by the synchrotron linear 

polarized light with E//ab in normal incidence on the sample and the signals were detected in 

the total x-ray fluorescent yield (FY) mode and sample current mode. The probing depth of 

FY detection is about in the order of 200 nm and several nano meters for FY and sample 

current modes, respectively. The base pressure in the UHV chamber was about 10
-9

Torr. The 

resolution of the spectra was controlled by the spherical grating monochromator and was 

estimated to be better than 0.22eV. As a routine procedure, following pre-edge background 

subtraction, the spectra were normalized using the incident beam intensity, keeping the energy 

range between 580-620 eV for the O K-edge spectra. 

Mn K-edge XAS spectra were recorded in a fluorescence mode with a Lyttle detector at 

BL17c1 beamline of NSRRC. A double Si(111)-crystal monochromator was used for energy 

selection with a resolution ΔE/E better than 2 x 10
-4

. Higher harmonics were eliminated by 

detuning the double crystal Si(111) monochromator. X-ray energy was calibrated by the 

known Mn K-edge absorption of Mn foil. 

5.3 Results and Discussions 

5.3.1 Transport measurement 

 

Transport measurements were performed from 2K to room temperature by the standard 

four-probe method. Figure 5.4 shows the resistivity (T) of LCMO/YBCOd with the 

La0.7Ca0.3O-terminated interface and the MnO2-terminated interface. Intriguingly, the 

La0.7Ca0.3O-terminated samples always show a higher value of  than that of the 

MnO2-terminated samples. With YBCO thickness being 6nm as shown in Figure 5.3a), the 

La0.7Ca0.3O-terminated sample is insulating while the MnO2-terminated sample is 

superconducting with a transition temperature Tc=30K. With increasing YBCO thickness, 

both the MnO2- and La0.7Ca0.3O-terminated samples show the superconducting state as in 

Figure 5.4b) and 5.4c). As in the case of , the La0.7Ca0.3O-terminated samples always have a 

higher Tc. However, as displayed in Figure 5.4d)) which shows Tc as a function of YBCO 
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thickness for both types of terminations, the difference of Tc between the MnO2- and the 

La0.7Ca0.3O-terminated samples decreases as the YBCO thickness increases. This is what one 

would expect, since for thicker YBCO layers, the interfacial to YBCO volume ratio is low and 

the contribution from the LCMO/YBCOd interfaces and hence the difference in Tc becomes 

negligible (Figure 5.4d)). It is also evident from Figure 5.4d) that the suppression of Tc in the 

La0.7Ca0.3O-terminated samples is more pronounced than in the MnO2-terminated samples, 

indicating the enhanced interaction between superconductivity and magnetism in the former. 

Since the Tc suppression is primarily due to the F/S proximity effect and charge transfer at the 

interface [4,5,9,10,11], our data clearly demonstrate that controlling the interfaces is crucial to 

the effective manipulation of the superconducting state and physical properties at the 

heterostructure of LCMO/YBCO interfaces. 

 

 

Figure 5.4 (color online) Transport properties of LCMO/YBCOd with different interfaces: 

Resistivity vs. temperature of LCMO/YBCOd a) d=6nm, b) d=20nm, c) d=100nm, and d) 

Superconducting temperature, Tc, as a function of YBCO thickness for both the MnO2- and 

La0.7Ca0.3O-terminated interfaces. 
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5.3.2 Magnetic properties 

 

In addition to differences in Tc, different terminations also lead to different magnetic 

properties in these heterostructures. Figure 5.5a) shows M(T) of LCMO/YBCOd with  

different terminations, while the thickness of the YBCO layers is maintained at d= 30nm. For 

both samples, the Curie temperature of LCMO is around 170K. However, the 

La0.7Ca0.3O-terminated sample clearly has a smaller degree of magnetization. The inset of 

Figure 5.5a) shows M(H) hysteresis loops of the STO/LCMO/YBCO30nm and 

STO/SRO/LCMO/YBCO30nm samples, which were measured at T = 100 K above 

superconducting temperature,Tc, to avoid any possible complication from the superconducting 

state. The magnetic hysteresis was recorded with the magnetic field oriented perpendicularly 

to the sample surface, i.e., in the out-of-plane configuration. The La0.7Ca0.3O-terminated 

sample demonstrates further depressed magnetization compared to the MnO2–terminated 

sample. Previous investigations of LCMO/YBCOd bilayers [43] have shown that the magnetic 

moment of LCMO is affected by the YBCO layer and its thickness. Figure 5.5b) shows that 

magnetization decreases as YBCO thickness increases. The decrease in magnetization in 

similar superlattice samples has been related to long range proximity effects [12,44,45]. 

Together with Tc suppression, the decreased magnetization is regarded as resulting from F/S 

competition. The long-range proximatity effect (~100 nm) has been a long-standing puzzle. In 

our system, the decreased Tc of YBCO with decreasing YBCO thickness and the decreased 

magnetization of LCMO with increasing YBCO thickness both qualitatively fit into the 

proximity scenario. However, the F/S competition context does not provide an immediate 

picture of the functionality for different terminations. Moreover, it is particularly disturbing 

that the La0.7Ca0.3O-termination simultaneously results in both lower Tc and reduced 

magnetization. According to the F/S competition scenario, larger FM fluctuations should be 

associated with stronger superconductivity. Thus, the present observations could not be 

reconciled solely with the proximate scenario and new mechanisms other than the F/S 

proximity effect must be considered. 

Figure 5.2 clearly illustrates the charge transfer model at the two different interfaces. In 

pure YBCO, the hole doping in the CuO2 planes is achieved via CuO chains, which are 

electron-takers. Hole doping in the CuO2 planes can be achieved by intercalating oxygen into 

the CuO chains. For the heterostructures, charge transfer from LCMO to YBCO occurs with 
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both terminations. Particularly, in La0.7Ca0.3O-terminated samples (shown in Figure 5.2b)), 

the CuO chains are closer to the MnO planes and the transfer of electrons from the MnO 

planes to the CuO chains is relatively easier (as indicated by the black solid arrow). 

Consequently, fewer electrons in the CuO planes were transferred to the CuO chains (or the 

holes in the CuO planes are “filled” by electrons transferred from the MnO planes). On the 

other hand, with the MnO2-terminated interface (Figure 5.2a)), the CuO chains are far from 

the MnO planes. Therefore, the tendency of electron transfer from the MnO planes to the CuO 

chains is weaker (as indicated by the black dashed arrow). By the same token, there are 

relatively more holes in the CuO2 planes in the MnO-terminated samples. This charge transfer 

model explains the observed properties of superconductivity and magnetism in these 

heterostructures. Without atomically precise interface control, this charge transfer mechanism 

could be difficult to identify. The number of Mn ions is fixed (LCMO 10nm for both 

interfaces) in both sample types. As the thickness of the YBCO increases, it takes more 

electrons from LCMO. The magnetization of LCMO thus decreases as the YBCO layer 

thickness increases. However, when the YBCO layer becomes very thick, this charge transfer 

effect obviously diminishes (as does the proximate effect). Therefore, the Tc of the samples 

with a thicker YBCO layer reverts to that of bulk YBCO. The difference in Tc for these two 

types of interfaces also becomes smaller as the thickness of the YBCO layers increase (Figure 

5.4b)). Furthermore, Figure 5.5b) shows the expected leveling of the magnetization reduction 

with increasing YBCO thickness.  
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 Figure 5.5 (color online)  a) Temperature dependence of the field cooled 

magnetization measured in H = 100Oe out-of-plane; Inset shows the M-H loops of 

LCMO/YBCOd with different interfaces recorded at 100K and with H applied out-of-plane 

along [100]STO directions. b) Low- temperature magnetization as a function of YBCO layer 

thickness for the two different interfaces. c) Mn L2,3 –edge spectra of the YBCO (2nm)/LCMO 

(10nm) bilayer with different interfacial terminations taken with circularly polarized x-rays at 

T=30K. The photon spin was aligned parallel (μ
+
, green) or antiparallel (μ

-
, orange) to the 1 

T magnetic field. The field was applied along the surface normally; Mn-L2,3 XMCD signal 

with the La0.7Ca0.3O-terminated interface (red line) and the MnO2-terminated interface (black 

line) for LCMO/YBCOd are shown in lower panel.  
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5.3.3  X-Ray absorption spectra (XAS): Evidence of Charge transfer at interfaces 

 

Macroscopic measurements suggest different Tc and magnetic moments for the 

heterostructures with distinct interfaces. To confirm the magnetization of the different 

interfacial terminations measured by the Superconducting Quantum Interference Device 

(SQUID), we recorded the Mn L2,3 -edge X-ray absorption (XAS) spectra and X-ray magnetic 

circular dichroism (XMCD) with the photon helicity aligned parallel μ
+ 

(green line) and 

anti-parallel μ
-
 (orange line) to the magnetic field. As shown in Figure 5.5c), the XMCD 

spectra of LCMO/YBCO2nm of the MnO2- and the La0.7Ca0.3O-terminated samples display the 

differences between the XAS spectra obtained by the two types of helicities. The magnetic 

moment of Mn in the La0.7Ca0.3O-terminated sample was found to be smaller than that in the 

MnO2-terminated one. The further suppression of the magnetization in the La0.7Ca0.3O- 

terminated sample was thus consistently confirmed by both XMCD and SQUID 

measurements. According to the present model, this is attributed to the change of the Mn
4+

 to 

Mn
3+

ratio. For the thicker YBCO layer, the charge transfer from the LCMO to the YBCO 

layer produces more Mn
4+

 ions, thus causing the reduction of Mn magnetization, as shown in 

Figure 5.5b). 

Motivated by these observed changes to the magnetic properties with various interface 

terminations, we used XAS spectra at the Mn K-edge to determine the valence state of Mn for 

the MnO2- and La0.7Ca0.3O- terminated samples as shown in Figure 5.6a). The valence state 

of Mn for the different terminated samples with the reference samples La1-xCaxMnO3(x = 0, 

0.3, 0.6 and 1) and standard samples Mn2O3 (Mn
3+

), and MnO2 (Mn
4+

) is shown in Figure 

5.6b). The Mn valence state vs. thickness of the YBCO layers for the two distinct surface 

termiantions is shown in Figure 5.6c). The La0.7Ca0.3O -terminated samples apparently have 

higher Mn valence states than those found in the MnO2-terminated samples. Moreover, the 

Mn valence state increases with YBCO thickness in either termination case. This positive 

correlation clearly indicates the charge transfer across the interface between the two materials. 

We also studied the Mn L-edge XAS of the LCMO/YBCOd (d=2nm, 6nm, and 8nm) with the 

various interfaces. The observed results strongly support the conclusions from Mn K-edge 

XAS (See Figure 5.12). 
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Figure 5.6 (color online) a) Mn K -edge XAS spectra LCMO/YBCOd with different interfaces 

at thickness of YBCO is d =10nm and plot together with the Mn2O3 (Mn
3+

) and MnO2 (Mn
4+

) 

standard samples spectra, taken in fluorescence yield mode. b) Mn valence states vs 

absorption edge energy (eV) of the MnO2-terminated (black symbols) and 

La0.7Ca0.3O-terminated (red symbols) samples; La1-xCaxMnO3 (where x =0, 0.3, 0.6, and 1) 

was used as the reference data, combined with the Mn2O3 (Mn
3+

) and MnO2 (Mn
4+

) standard 

samples to determine the Mn valence state. c) Mn valence states as a function of YBCO 

thickness on the different interfaces. 
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5.3.4 O K edge XAS:  

 

 As we have known that the number of holes in the CuO2 planes can be directly probed 

by O K-edge XAS, thus can also be examinated to check the validity of our charge transfer 

scenario.  

 

Figure 5.7 (color online) a) - c) O K -edge XAS spectra LCMO/YBCOd with different 

interfaces vary thickness of YBCO is d =6nm, 13nm, and 50nm. d) Comparison of O K- edges 

XAS spectra LCMO/YBCOd with different interfaces with YBCO thicknesses of 13nm, 20nm 

and 50nm, taken in sample current mode. 

 

 Full of O K -edge XAS spectra LCMO/YBCOd with different interfaces vary thickness 

of YBCO is d =6nm, 13nm, and 50nm after normalizations were shown in Figure 5.7 a)-c).  

Figure 5.7 d) shows the polarized O K-edge spectra of the MnO2- and La0.7Ca0.3O-terminated 

samples in the sample current mode with E//ab. In this way, the O K-edge XAS probes the O 

2px,y hole states. In the present case, we mainly focus on the peak at 528eV of the photon 

energy, which is ascribed to the CuO2 plane holes or the (Zhang-Rice singlets). The spectral 

weight of this peak is directly proportional to the hole number in the CuO2 planes. Our results 
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clearly show the oxygen peak at 528eV increases with YBCO thickness. The enhancement of 

the oxygen peak for increased YBCO layer thickness signals higher holes concentrations and 

hence the Tc increases. XAS reveals that, given an identical YBCO thickness, the 528 eV peak 

in MnO2-terminated samples is always larger than that found in the La0.7Ca0.3O-terminated 

samples. These results are consistent with higher values of Tc in the MnO2-terminated samples. 

Furthermore, O K-edge XAS demonstrates the increase in hole numbers with increasing 

YBCO thickness, which certainly contributes to Tc enhancement. Evidently, the O K-edge 

XAS results fully supports the existence of the proposed charge transfer mechanism.  

 To confirm this, we also checked O K edge by fluorescence yield mode, the results are 

consistent with our sample current ones which means that we successfully separate the 

oxygen contribution of YBCO from LCMO and STO susbtrate in Figure 5.8. 
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Figure 5.8 (color online) Comparison of O K- edges XAS spectra LCMO/YBCOd with 

different interfaces with YBCO thicknesses of 13nm, 20nm and 50nm, taken in Fluorescence 

yield mode. 

 

5.3.5 Normalization of the X-Ray absorption spectra (XAS) (O K -edge)  

X-ray absorption data reduction typically begins with fitting a first- or second-order 

polynomial to the pre-edge portion of the data. A first-order polynomial is often appropriate 

for transmission data, while a higher-order polynomial may be required if there is more 

curvature to the background, for example in fluorescence data collected using an energy 
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resolving detector. The pre-edge polynomial is extrapolated throughout the entire energy 

range of the data to give ‘pre – edge subtracted’ data. The pre-edge subtracted data typically 

are fit with a spline background function of some sort over the EXAFS, i.e. the post-edge 

region. The appropriate scaling factor is determined by setting an absorbance to 1.0. Often the 

value of the spline background function at the absorption-edge energy is used to set the 

scaling factor, although some authors define the maximum in the absorption coefficient near 

the edge as 1.0. 

However, to determine the contribution of oxygen from YBCO in the complex oxide 

interfaces of YBCO/LCMO/STO with MnO2-terminated interface and La0.7Ca0.3O-terminated 

interface, we have performed O K-edge measurements on three reference samples STO, 

LCMO, and YBCO by fluorescence mode. After verifying where does the contribution of 

YBCO in the complex oxide interfaces come from and how to separate the contribution of 

YBCO with others, we just focus on the peak location at 528eV, corresponding to Oxygen in 

YBCO, and the intensity of O-K edge as a function of photon energy is shown in Figure 5.9  

 

Figure 5.9 The O K –edge XAS spectra illustrate the contribution of oxygen in different layers 

of structures: Enlarged peaks of oxygen in STO, LCMO and YBCO located at 531eV, 529.3eV 

and 527.8 eV, respectively.  

From Figure 5.9 The O-K edge spectrum clearly shows oxygen contribution from YBCO 

(blue line) at photon energy corresponding to 528 eV.  

In our experiments, to avoid the confusion pertaining to the probing depth of YBCO in 

fluorescence mode, as it is so large that it may cause its contributions from LCMO layer and 

Zang Rice band in YBCO, we have used the sample current mode with O - K edge with the 

surface sensitive E//ab. The two schematic structures of the multilayer and the intensity of 
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O-K edge as a function of photon energy are shown in Figure 5.10 a-c). where the cover box 

dash line indicated the probing depth of the sample current mode can probe in our samples. 

 

 

Figure 5.10 The procedure to normalize the O K –edge XAS spectra: a) The structures with 

two different interfaces of LCMO/YBCO indicating the thickness and number of oxygen in one 

unit cell of each layer, in subscript and parenthesis, respectively for sample current mode. b) 

and c) the spectra after normalization and showing that the contribution of oxygen in our 

samples is very clear and can be separated from LCMO and STO. 
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More difficulties and complicated, the X- ray absorption spectra (XAS) spectra are 

measured in florescence mode with E//ab and detection depth of florescence mode is around 

250 nm for YBCO/LCMO with different interfaces. The spectra from the structure 

MnO2-terminated interface (left) and LaCaO-terminated interface (right), similar like Figure 

5.10 a), however, we have been normalized by the total number of oxygen in the multilayer 

with those present in STO substrate by probing depth up to maximum of 250nm of two 

different structures. So the total number of oxygen determined from XAS is listed in Table 

5.2. 

Layers The number of 

oxygen in 

MnO2-terminated 

sample 

The number of 

oxygen in 

LaCaO-terminated 

sample 

comments 

STO(3) capping  (2nm) 15 15 1uc ~ 0.4nm 

 

YBCO (7) 

d =13nm 82.73 82.73 1uc ~1.17nm 

d =20nm 119.66 119.66  

d =50nm 299.15 299.15  

LCMO(3) (10nm) 76.92 76.92 1uc ~ 0.39nm 

SRO(3) ( d1=1.67nm)  0 4.5 1uc ~ 1.1nm 

STO(3) substrate 

can be penetrated 

by X-Ray  (d2) 

d2 1312.5 1300.125 d =13nm 

d2 1260 1247.625 d =20nm 

d2 1035 1022.625 d =50nm 

Total numbers of 

oxygen 

d =13nm 1487.15 1479.275  

d =20nm 1471.58 1463.705  

d =50nm 1426.07 1413.395  

 

Table 5.2 Total number of oxygen with different thicknesses of YBCO of two different 

terminated interfaces. 

 

Here, the penetration depth of x-ray is assumed to be around 250nm. Based on our 

results shown in Figure 5.10 b) and 5.10 c), if the thickness of thin film of LCMO and YBCO 

is around 300nm, we cannot see any oxygen contribution from STO substrate, so the total 

thickness to which x-ray can penetrate from the top layer (STO capping layer) to the STO 

substrate should be around 250nm. In our experiment, we the thickness of STO capping layer, 
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LCMO are kept constant, (and also thickness of SRO layer, to switch the polarity at the 

LaCaO-terminated is maintained constant). So, the thickness to which the X-ray can penetrate 

through STO substrate, depends on the thickness of YBCO layer and can be calculated using 

the following the equation: 

250 nm = dSTOcap + dYBCO + dLCMO + dSRO + dSTO 

Therefore dSTO = 250 nm – (dSTOcap + dYBCO + dLCMO + dSRO) 

Where, 250nm is the probing depth of the X-ray, dSTOcap is the thickness of STO capping layer, 

dYBCO is the thickness of YBCO layer, dSTO is the thickness of STO substrate layer to which 

X-ray can penetrate, and dSRO (=1.65nm ) is the thickness of SRO layer to switch the 

termination at La0.7Ca0.3O- terminated interface. 

 

5.3.6 Determination the Mn valence state: 

 

The x- ray absorption spectra (XAS) are measured in sample current mode. The spectra 

from the structure MnO2-terminated interface (left) and LaCaO-terminated interface (right), in 

Figure 5.10 a). Our spectra have been normalized by subtracting the background energy 

(pre-edge energy) to be zero and post-edge energy around photon energy of 600eV to be one 

of two different structures as shown in Figure 5.10 b) and c).  

Normalizing the Mn K and Mn L –edges are similar to that of O K –edge for sample 

current mode, However after normalization, we need to determine the valence state of Mn.  
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Figure 5.11 Mn K -edge XAS spectra for LCMO/YBCOd with different interfaces at thickness 

of YBCO being 6nm, 10nm, 13nm, 20nm and are plotted together with spectra for the Mn2O3 

(Mn
3+

) and MnO2 (Mn
4+

) standard samples and reference samples , taken in fluorescence 

yield mode to demonstrate how to determine the valence state of Mn. 

 

  The Figure 5.11 a) - d) show Mn K –edge XAS spectra with different interfaces at 

thickness of YBCO being 6nm, 10nm, 13nm, 20nm, respectively and are plotted together with 

spectra of the Mn2O3 (Mn
3+

) and MnO2 (Mn
4+

) standard samples and reference samples of 

La1-xCaxMnO3 (x= 0.3, 1) and also our LCMO sample. We have drawn the standard line (that 

in the present case cuts the y-axis at 0.8) where, the spectra representing the MnO2 (Mn
4+

) and 

La1-xCaxMnO3 (x= 1) met together and the same line intersects with the spectra of the Mn2O3 

(Mn
3+

) and MnO2 (Mn
4+

) standard samples. This essentially indicates that the valence states 

of Mn
3+

 and Mn
4+

, hence the valence state of our samples are defined by pointing out the 

spectra on the standard line by using the linear fit as shown in Figure 5.6 b). To confirm our 

experiment about the charge transfer and valence state, we also double checked with Mn 

L –edge, our results strongly support and are consistent with our Mn K –edge spectra as 

discussed. 
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Figure 5.12 a)-c) Mn-L2,3 edge XAS spectra for LCMO/YBCOd with different interfaces with 

YBCO thicknesses of 2nm, 6nm and 8nm; d) Comparison of Mn L- edges XAS spectra 

LCMO/YBCOd with different interfaces with YBCO thicknesses of 2nm, 6nm and 8nm, and 

showing clearly the energy shifts after putting the YBCO thicker, taken in total electron yield 

mode. 

 

The TEY signal was used to probe the electronic and magnetic structure of the MnO2 

layers at the interface for the low electron escape depth (a few nanometers), and contributions 

from deeper layers are exponentially decreased. Figure 5.12 shows the XAS spectra of the 

Mn-L2,3 edge of the YBCO/LCMO heterostructures with a fixed LCMO thickness of 10nm 

and YBCO thicknesses of 2nm, 6nm and 8nm. The energy difference of the Mn L3-edge 

absorption peak between the two interfacial terminations increases with the increment of the 

YBCO layer thickness, with energy differences of around 90 meV, 300 meV, and 400 meV 

corresponding respectively to YBCO thicknesses of 2nm, 6nm and 8nm. We also noticed the 

spectral shifts of the Mn L3-edge moving towards higher energy for both terminated interfaces 

which indicates an increase in the oxidation state of the Mn ions. The spectral shifts are larger 

in the La0.7Ca0.3O-terminated interface than in the MnO2-terminated one. The increase of 
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Mn
4+

 with YBCO thickness clearly reveals that the charge transfer across the interface 

between two terminations with different work functions, hence the magnetization decreases as 

the valence state of Mn (Mn
4+

) increases, which is also consistent with our Mn-K edge data. 

Finally, to rule out the effects of the SRO layer, we also tried using the SrMnO (SMO) 

buffer layer to switch the termination rather than SRO, and identical results were observed. 

Therefore, all the observed effects presented here are apparently not due to the SRO buffer 

layer. 

 

5.4 Conclusion 

 

To conclude this topic, this finding would have been impossible without an atomically 

precise interface control. We have shown that the interfaces control has played prominent role 

on affecting the magnetic and electronic properties of F/S heterostructures charge transfer at 

both interfaces in STO/LCMO/YBCOd and STO/SRO/LCMO/YBCOd structures. The charge 

transfer is stronger at the La0.7Ca0.3O-terminated interface than at the MnO2-terminated 

interface. This mechanism is responsible for the larger number of holes in the CuO2 planes in 

the La0.7Ca0.3O-terminated samples and hence high Tc. All the observations of 

superconductivity, magnetism, and XAS concur with the newly discovered charge transfer in 

this YBCO/LCMO system.  
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Chapter 6: Summary  

 
    In this dissertation, we have tried to unveil the functional of the control the interaction in 

the complex oxides interfaces, whether they applied to study the two dimensional electron gas 

(2DEG) of LAO/STO interface or coupling between the ferromagnetism and superconducting 

in LCMO/YBCO system. As we have known that interfaces have emerged as focal points of 

current condensed matter physics.  In strongly correlated oxides, heterointerfaces provide a 

powerful route to create and manipulate the charge, spin, orbital, and lattice degrees of 

freedom, suggesting new possibilities for next generation devices and creating a huge 

playground to discover new emergent phenomena. 

The appearance of controlling the conductivity in LAO/STO interface by ferroelectric of 

PZT has provided potentiality to improve the quality of devices and enhance physical 

functionalities or create additional functionalities for future devices. One of the famous 

ferroelectric materials is PZT, which is widely studied recently. The other is the high mobility 

of 2DEG in LAO/STO interface. Therefore, PZT and LAO/STO have been chosen for 

investigating the ferroelectric control of the conduction at the LAO/STO heterointerface. Our 

structure PZT/LAO/STO shows that both PZT and LAO are grown epitaxially on STO(100) - 

oriented substrates and revealed clearly that we are successful in placing the ferroelectric of 

PZT on top of 2DEG of LAO/STO interface. In addition, our transport measurement with the 

ferroelectric effect sets in and the sheet resistance starts increasing with PZT thickness 

showing the strong impact of the intrinsic polarization (Pup) of the PZT on electron 

conduction at the interface. Moreover, by increasing the thickness of LAO, while thickness of 

PZT was kept constant (20nm), we also realized that the sheet resistance decreases when 

lowering the temperature and increases when the thickness of LAO is reduced. Based on our 

results, we can estimate that the resistance is increased by an order of magnitude when the 

LAO thickness is cut down to 1uc. The most important thing is that the sheet resistance can be 

modulated the conductivity at LAO/STO interface by not only the polarization (PZT thickness 

dependence) but also the different polarization states of PZT (Pup –state and Pdown –state). 

Especially, another intriguing feature here is the switch of an insulating state to a conducting 

state. Beside that our XPS and XSTM results provide more evidence about the band bending 

at LAO/STO interface under the control of the polarization states of PZT. The energy shift of 

the band edges in LAO is smaller for the Pdown –state sample than that for the Pup –state 

sample which indicates that the electric field in LAO layer diminishes after the polarization of 

the PZT is switched from the natural Pup –state to the Pdown –state. Additionally, in the 
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theoretical calculation is constistent with our experimental results. 

In order to search for new types of oxide interfaces, we explored the ferromagnetic 

La2/3Ca1/3MnO3/superconducting YBa2Cu3O7-x heterostructures of two distinct interfaces with 

atomically precise interface control to study the coupling between these two functional layers 

and identified a new mechanism of charge transfer in the YBa2Cu3O7-x/La0.7Ca0.3MnO3 

(YBCO/LCMO) hetrostructures.   

From our transport data, the depression of Tc indicates the enhanced interaction between 

superconductivity and magnetism. Based on our transport results we can conclude that 

controlling the interfaces is very crucial to manipulate the superconducting and other physical 

properties at the heterostructure of YBCO/LCMO interfaces. In addition to different Tc, 

different terminations also lead to different magnetic properties in these heterostructures. In 

our system, both the decreased Tc of YBCO with decreasing YBCO thickness and the 

decreased magnetization of LCMO with increasing YBCO thickness both qualitatively fit into 

the proximate scenario. To explain our results, we illustrate the charge transfer model at two 

different interfaces: La0.7Ca0.3O-terminated interface model, CuO chains are closer to MnO 

planes and the transfer of electrons from the MnO planes to CuO chains is relatively easier. 

On the other hand, with the MnO2-terminated interface model, CuO chains are far from MnO 

planes. Therefore, the electron transfer from MnO planes to CuO chains is weaker. According 

to the present models, this is due to the change of the Mn
4+

 to Mn
3+ 

ratio. For the thicker 

YBCO layer, the charges transfer from LCMO to YBCO layer leads to more Mn
4+

 ions, and 

thus the reduction of Mn magnetization. The same YBCO thickness, the 528 eV peak O 

K-edge XAS demonstrates the increase in the number of holes with increasing YBCO 

thickness, which certainly contribute to the enhancement of Tc. 

The present work on the second topic highlights new development of multifunctional 

device applications of interfaces between the ferromagnetism and superconducting in 

YBa2Cu3O7-x/La0.67Ca0.33MnO3  and deeper understanding of underlying physics in which 

only shows on the terminations control such as the interaction, frustration, charge, orbital, and 

spin degrees of freedom, proximate effect, is critical to the superconductivity, magnetism. The 

above-mentioned conclusions disclose a reason for control the interaction in complex oxides 

interfaces. The oxide interfaces show a lot of possibilities in either promoting the usability of 

functionalities or creating different connectivity of structures for artificially designing new 

interaction mechanisms. Hence, fully understanding the physics behind these oxides 

interfaces systems is a critical issue for further applications. 
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Supporting Materials 

Appendix B. Electric field in LAO calculations 

 

By E. A. Eliseev, Prof. A. N. Morozovska  

Institute of Problems of Material Sciences and Institute of Physics, National Academy of 

Science of Ukraine, Kiev, Ukraine 

 Equations of state relate electrical displacement D and electric field E in the LAO 

dielectric gap as  

ggg ED  0 ,                                                   (B.1) 

In PZT the electric displacement is: 

),(ˆ
00 zxSf

f

ijff PEPED  .                           (B.2) 

Here ),( zxP  is polarization vector,  ),(P,0,0),( 3 zxzxS P  is spontaneous polarization 

vector.  

 Electrostatic quasi-stationary Maxwell equation rot E=0 should be valid in the actual 

frequency range, giving one the opportunity to introduce the potential   of quasi-stationary 

electric field, ),,(),,( ,, tzxtzx fgfg E . Inside the dielectric gap potential   satisfies 

Laplace’s equation. For STO we regard the Debye approximation validity. Along with and 

Eqs.(B.1)-(B.2) leads to 
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In Eq.(B.3) we used that 0)(div xSP  for uncharged 180-degree domain structure. Eqs.(B.3) 

should be supplemented with the boundary conditions of zero potentials at dRz   and 

Lz  , continuous potential and normal component of displacement on the boundaries 

between semiconductor STO, dielectric gap LAO and ferroelectric PZT, namely  

  0,  dS Rzx ,                                          (B.4a) 
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Keeping in mind that the effective gap HRh d   can be introduced in order to obtain an 

approximate analytical solution
S1, S2

, the stray and depolarization electric field in LAO and 

PZT layers correspondingly have the form: 
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Here 
ff

1133   is the dielectric anisotropy factor, )(
~

xS kP  is the Fourier image of 

)(xPS  over coordinates x Periodic domain structure of conventional rectangular shape and 

period a can be expanded in Fourier series as 
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Corresponding Fourier image is 
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The stray field is:  
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The stray field (B.9) causes redistribution of the free charge density in accordance Boltzmann 
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Spatial x-distributions of polarization in the stripe 180-degree domain structure, stray 

depolarizing field ),(3 zxE  existing in LAO layer and STO surface charge )(xS  are shown 

in Figures B1. One can see from the figures that the spontaneous polarization direction in 

PZT can indeed modulate the surface charge density )(xS  in STO via the stray field 

),(3 zxE  existing in LAO layer. Polarization distribution has conventional rectangular shape 

(Figure B1a and b). Charge and field x-profiles shape and amplitude strongly depend on the 

period of domain structure a in PZT. Appeared that for the case La   and the stray field 

weakly depends on the position z in LAO and thus remains strong enough at the LAO/STO 

interface 0z  (Figure B1c). For the case La   and the stray field strongly depends on 

the position z in LAO and essentially decreases at the LAO/STO interface 0z  (Figure 

B1d). Thus the total charge density accumulated in STO is much smaller for the case La   

than the one at La   (compare Figure B1f and e). 
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Figure B1. X-profile of PZT spontaneous polarization in the stripe 180-degree domain 

structure (a, b), stray depolarizing field ),(3 zxE  existing in LAO layer (c, d) and “sheet” 

charge )(xS  located in the vicinity of STO surface (e,f). PZT thickness L=50 l.c., LAO 

thickness H1=4, H2=5, H3=6 l.c., depth z1=0, z2=0.5H, z3=H, domain structure period a=100 

l.c. (a, c, e) and a=10 l.c. (b,d, f). Abbreviation l.c. stands for lattice constant units. 
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Appendix C. Phase-Field Modeling of Ferroelectric Modulation at LAO/STO Interface 

 By Y. Cao, Prof. L. Q. Chen  

Department of Materials Science and Engineering, Pennsylvania State University, University 

Park, Pennsylvania, 16802, USA 

 

We introduce the phase-field approach with the band structure theory to study the effect 

of PZT ferroelectricity on the electronic conductivity at LAO/STO interface in a 

STO/LAO/PZT heterostructure. We consider n-type STO layer and LAO dielectric layer 

topped by a ferroelectric PZT (Zr-rich) with out of plane polarization. The schematic band 

diagram of the STO/LAO/PZT heterostructure is plotted in Figure C1a. It is seen that the 

band bending at the STO/LAO interface is about 0.3eV, which causes electron accumulation 

at the interface. The steady state profile of potential and electrons in the absence of 

ferroelectric polarization from PZT layer are obtained by solving the following coupled 

equations to steady state, which are plotted in Figure C1b and c. 

2 0

0 0r r

e n


   
                                                         (C.1) 

 2n
J D n n

t
 


     


                                           (C.2) 

in which  is the electric potential,  is the charge density, 0e is the unit charge, n is the 

electron concentration, 0 is the vacuum permittivity and r  is the dielectric constant of 

STO. D and  stand for the diffusivity and mobility of electrons in STO respectively. 

In order to study the effect of polarization on the local conductivity, we assume PZT in single 

tetragonal domain structure with out of plane polarization. No defects are considered in the 

PZT layer. The polarization modulated STO/LAO band diagrams are schematically displayed 

in Figure C2a and b. The polarization induced bound charges are introduced through 

P   . At the LAO/PZT interface the polarization reduces to 0. Therefore a sheet of 

negative bound charge is formed at the LAO/PZT interface in the case of upward polarization 

Pup. (Figure C2c) Based on the Poisson equation, 

2

0

i

r

P


 


                                                              (C.3) 

The electric potential drop at the LAO/PZT interface due to the negative polarization bound 

charge is calculated to be around -0.5V (Figure C2d). Since electric potential should be 
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continuous throughout the heterostructure, the potential decrease through the STO and LAO 

should be equal to the potential drop at the LAO/PZT interface. In addition, the effective 

length within STO is about 0.8nm while the thickness of the LAO layer is about 1.1nm. 

Therefore we estimate the potential drop in at the STO/LAO interface from the following 

equation, 

/

eff

STO LAO
total STO LAO LAO total totaleff eff

STO LAO STO LAO

a a
V V V V V

a a a a

   
          

    
              (C.4) 

in which /STO LAOV and LAOV stand for potential drop at the interface and inside LAO 

respectively. 
eff

STOa and LAOa are the effective length within STO and thickness of LAO 

respectively. From Equation (C.4) the potential decreases by 0.2V at the STO/LAO interface, 

and interface band bending decreases from 0.3V to 0.1V. As a consequence, the free electrons 

are depleted from the LAO/STO interface and the electronic conductivity decreases. On the 

other hand, when the polarization is pointing downward inside the PZT layer, a positive sheet 

of bound charges is formed at the LAO/PZT interface (Figure C2e), which increases the local 

potential at the LAO/PZT interface and the band bending at the STO/LAO interface (Figure 

C2f). As a consequence electrons are attracted to the STO/LAO interface and the local 

electronic conductivity increases. 

The electric potential bending, the electron concentration and the electronic conductivity 

inside the effective length of STO layer have been calculated and compared in Figure C3. 

The electronic conductivity is calculated to be 0ne  . It is clearly seen that the 

polarization in PZT layer has a significant effect on the electron concentration and 

conductivity in the STO/LAO interface. The electron concentration away from the STO/LAO 

interface region is ~10
9
cm

-3
. When the ferroelectric polarization inside PZT layer is 

downward pointing, the electron accumulation significantly reaches up to 10
18

cm
-3

 with band 

bending of ~0.5V in the vicinity of STO/LAO interface. And the local conductivity is 

calculated to be ~10
0 1 1cm  , indicating that the interface becomes more conducting 

(Figure C3c). The electron accumulation is strongly inhibited (~10
11

cm
-3

) when the 

polarization in PZT layer is pointing upward, with interface band bending of 0.1V. In this case 

the interface becomes less conducting of local conductivity of  
7 1 110 cm   .  
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Figure C1. (a) Schematic band diagram of STO/LAO/PZT heterojunction; (b) the electric 

potential distribution in the absence of polarization; (c) the electron concentration in the 

absence of polarization (z denotes the position in the STO layer, H is half of the layer 

thickness, so that z/H from -1 to +1 represents the entire layer) 
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 a)                                   b) 

 

Figure C2. Schematic band diagrams of a PZT/LAO/STO heterojunction in the presence of 

upward polarization Pup (a) and downward polarization Pdown (b) in PZT layer. The 

polarization bound charge and electric potential distribution in PZT layer with upward 

polarization (c) and (d), and with downward polarization (e) and (f) 
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Figure C3. Comparison of electric potential, electron concentration and local electronic 

conductivity in STO layer in the presence of upward polarization, no polarization and 

downward polarization in PZT layer (z denotes the position in the STO layer, H is half of the 

layer thickness, so that z/H from -1 to +1 represents the entire layer) 


