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Abstract 

 

         Complex oxide materials are special in their ability to show highly diverse electronic 

properties and go through many different phase transitions, including ferromagnetic, 

ferroelectric, metal-to-insulator and superconducting. Furthermore, the similarity of crystal 

structures makes it possible to stack in epitaxial heterostructures layers possessing different 

functional properties and interacting with each other through electric or magnetic fields, 

charge transfer, exchange bias, strain, etc, opening the way to the design of almost unlimited 

multifunctional device concepts. In this context, this thesis is devoted to the transport 

characterization of transition metal oxides (TMOs) under the external perturbation of a 

photon field, with special attention dedicated to two quite outstanding cases, that are: 

         i)  Pr1-xCaxMnO3 (PCMO), a narrow band manganite showing an insulating behaviour 

across it’s whole phase diagram, and 

         ii) polar-non polar oxide interfaces, where the formation of a high mobility 2-

dimensional electron gas (2DEG) in SrTiO3 (STO) is triggered by the deposition of a polar 

overlayer. 

         Both systems are correlated systems, since their electronic properties are dominated by 

the narrow d-bands of the transition metals, Mn and Ti. STO is insulating, but doped STO 

has d carriers. The system is for this reason often defined as a 2-dimensional electron liquid 

(2DEL). In particular, there is a strong current interest arising on the photoconductance 

properties of both kinds of systems addressed in this thesis. In the first case it is established 

that by shedding light we do not simply dope the system with photocarriers within a rigid 

band picture, but we undisclose a hidden state which is quasi-degenerate in energy with the 

insulating ground state and has a different distribution of its density of states in k space. The 

second case might well be envisaged as a simple photodoping of STO, but, as we will show 

in this thesis work, there are some quite intriguing aspects to consider. The effects seen in 

interfaces is not seen in pure STO, and – furthermore – persistent photoconductivity (PC) 

with very long decay times (on the time scale of months) and at photon energies far below 

the STO gap is found. Also in view of the recently suggested phase separation, we can not 

exclude that something more complex than photodoping is taking place. In a more general 

framework, the present investigation may be considered as an attempt to add a tile to the 

wide mosaic of the physics of inhomogeneous states in TMO.  
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Introduction 

 

 

Complex oxide materials are special in their ability to show highly diverse electronic 

properties and go through many different phase transitions, including ferromagnetic, 

ferroelectric, metal-to-insulator and superconducting. Such multiple order parameters, 

corresponding to multiple functionalities to be potentially exploited in device fabrication, can 

be coupled to each other due to the high degree of correlation experienced by the conduction 

electrons. Furthermore, the similarity of crystal structures makes it possible to stack in 

epitaxial heterostructures layers possessing different functional properties and interacting 

with each other through electric or magnetic fields, charge transfer, exchange bias, strain, etc, 

opening the way to the design of almost unlimited multifunctional device concepts.  

In this context, this thesis is devoted to the transport characterization of TMOs under 

the external perturbation of a photon field, with special attention dedicated to two quite 

outstanding cases, that are: 

         i)  Pr1-xCaxMnO3 (PCMO), a narrow band manganite showing an insulating behaviour 

across it’s whole phase diagram, and 

         ii) polar-non polar oxide interfaces, where the formation of a high mobility 2-

dimensional electron gas (2DEG) in SrTiO3 (STO) is triggered by the deposition of a polar 

overlayer [1]. 

         Both systems are correlated systems, since their electronic properties are dominated by 

the narrow d-bands of the transition metals, Mn and Ti. STO is insulating, but doped STO 

has d carriers. The system is for this reason often defined as a 2-dimensional electron liquid 

(2DEL) [2]. 

A wide variety of experimental results and theoretical investigations in recent years have 

convincingly demonstrated that several transition metal oxides and other materials have 

dominant states that are not spatially homogeneous. According to a recent report by E. 

Dagoto [3] TMOs are certainly not as simple as standard metals. The many active degrees of 

freedom (spin, charge, lattice, and orbital) interact in a nonlinear, synergetic manner, leading 

to an intrinsic complexity.  This electronic complexity could have potential consequences for 

applications of correlated electronic materials, because not only charge (semiconducting 
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electronics), or charge and spin (spintronics) are of relevance, but in addition the lattice and 

orbital degrees of freedom are active, leading to giant responses to small perturbations. 

Moreover, several metallic and insulating phases compete, increasing the potential for novel 

behavior. Phase competition rules the behavior of these compounds. In view of above context 

[3], both systems can be considered as “complex”. PCMO is intrinsically “complex”, while a 

complex behaviour of LAO/STO, although not seen in the single materials, can be envisaged 

as a result of the interfacial nature of the 2DEG, as suggested by the recently reported 

electronic phase separation phenomena [4, 2] with possible coexistence of different order 

parameters (magnetism, superconductivity). 

         In the last 15 years PCMO, in it’s “borderline” doping level composition 

Pr0.7Ca0.3MnO3, has become subject of immense research since the first report of magnetic-

field-induced insulator-metal transition by Y. Tomioka et al. [5]. The peculiarity of the 

insulating state of PCMO is quite spectacular since it adjoins a hidden metallic state, 

characterized by enormous changes in resistivity, that can be reached by application of 

external stimuli ( e.g., magnetic, electric, pressure, or radiation fields (visible light, x-rays)) 

[5, 6, 7, 8, 9]. Any of these perturbations drives the system to the conductive state, associated 

with the melting of the charge-ordered and orbitally-ordered state. Though magnetic or 

pressure induced transitions seems to be homogeneous, there is evidence that electric and 

radiation fields may cause transitions in phase-separated regions of the system where 

nucleation of metallic patches in the form of filaments within the system body have been 

observed [8]. 

         In addition, the celebrated discovery of a two-dimensional electron gas (2DEG) at the 

interface between two band insulators, e.g., the polar LaAlO3 (LAO) and the nonpolar 

SrTiO3 (STO), raised great interest for both fundamental and applicative perspectives. 

2DEGs (also defined sometimes as 2D electron liquids – 2DEL - to highlight the correlated 

nature of the charges carriers confined at the STO interface) are probably the most interesting 

system realized so far using oxide heterostructure technology. The issue of the origin of the 

2D electron layer in SrTiO3/LaAlO3 interfaces has been raised. The main theory, the so-

called “polar catastrophe" paradigm, has been extremely controversial since the very 

beginning and has been challenged by different models invoking extrinsic effects. This 

scenario is further complicated by the experimental variation of results observed by different 

research groups. To understand the properties of this system, and to help engineering new 

conducting heterointerface, clarity is needed about the origin of the conducting charge layer.  
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         During the past few years a great interest has arisen on photoinduced effects in 

correlated transition metal oxides. Indeed, when shone by only a few visible photons, these 

solids give rise to a macroscopic excited domain that has new structural, electronic and even 

magnetic orders quite different from the starting ground state. This phenomenon is called 

“photoinduced phase transition (PIPT)” and we can generate new long-lived locally stable 

macroscopic nonequilibrium phases through the excitations or stimulations by a few visible 

photons [10]. Theoretically, systems with competing degrees of freedom predict the 

formation of transient hidden phases that can be accessed by optical stimulation in the 

dynamical processes of PIPTs. In this regard, strongly correlated TMO are promising in 

searching for PIPTs because they are likely to have hidden phases that are energetically 

almost degenerate but thermally inaccessible.  

In particular, there is a strong current interest arising on the photoconductance properties of 

both kinds of systems addressed in this thesis, as demonstrated by the recent reports of 

photoinduced effects in narrow-band manganites [11] and in STO-based interfaces [12]. In 

the first case it is established that by shedding light we do not simply dope the system with 

photocarriers within a rigid band picture, but we undisclose a hidden state which is quasi-

degenerate in energy with the insulating ground state and has a different distribution of its 

density of states in k space. The second case might well be envisaged as a simple 

photodoping of STO, but, as we will show in this thesis work, there are some quite intriguing 

aspects to consider. The effects seen in interfaces is not seen in pure STO, and – furthermore 

– persistent photoconductivity (PC) with very long decay times (on the time scale of months) 

and at photon energies far below the STO gap is found. Also in view of the recently 

suggested phase separation [4], we can not exclude that something more complex than 

photodoping is taking place.  

Many recent studies have investigated PIPTs and related phenomena, including 

hidden phases. Most of them used dynamic all-optical spectroscopic measurements to probe 

the local structural and electronic changes caused by transient states. A complete picture in 

terms of variable temperature photoconductance is still lacking and is addressed therefore in 

this work. In a more general framework, the present investigation may be considered as an 

attempt to add a tile to the wide mosaic of the physics of inhomogeneous states in TMO.  

This thesis work was carried out at the laboratories of department of Physics and 

CNR-SPIN Napoli, Italy.  This manuscript is divided into four chapters, in which the 
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transport properties of TMO thin films and interfaces, also under light irradiation, will be 

addressed. 

 In chapter 1, the main properties of transition metal oxides in the form of current 

experimental results and theoretical predictions obtained during the last years, will be 

discussed. In particular, the general characteristics of Pr1-xCaxMnO3 (PCMO) 

manganite compound and novel conducting interfaces of TMO will be described. The 

brief overview of TMO given in this chapter can provide a starting point to the 

research work which is explained in the later chapters. 

 The experimental setups and procedures of the experiments that took place in this 

study are summarized in chapter 2. The growth technique, pulsed laser deposition, 

and reflection high energy electron diffraction are briefly described. In addition, the 

transport characterization techniques are presented. 

 In chapter 3, I report on the transport properties of PCMO manganite characterized 

both in dark and under UV irradiation. A set of experimental results concerning 

epitaxial films grown on (001) and (110) SrTiO3 substrates by pulsed laser deposition 

will be presented, with the aim of adding novel information on the transport 

properties of the different observed phases. Particular reference will be made to the 

charge (orbital) ordered CO (OO) phase and to the ferromagnetic-insulating FMI 

transition occurring in this system also as a function of externals perturbations as the 

biaxial stress imposed by the substrate or the exposure to a photon field. 

 In  chapter 4, the attention will be mainly concentrated on analysing and comparing 

the transport properties of high quality NdGaO3/SrTiO3, LaGaO3/SrTiO3 and 

LaAlO3/SrTiO3 heterostructures, all hosting a two dimensional electron gas at the 

interface. The results of transport characterization in dark and the effects induced by 

UV light illumination will be presented and discussed, also in the framework of the 

present debate about the origin of interface conductivity in oxides. 

 The summary and main conclusions of the thesis are given in a separate, last section. 
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Chapter 1 

 
Survey of  Pr1-x Cax MnO3  manganite compound and two-

dimensional electron gases in oxide heterostructures 
 
 

1.1    Strongly correlated materials: the case of transition metal oxides 

         Strongly correlated electron systems (SCESs) are a wide class of materials that show 

unusual electronic and magnetic properties. In many cases, transition metal oxides are 

SCESs, which, although chemically similar, exhibit the full breadth of electronic properties 

from band insulator, through Mott insulator, semiconductor, metal, to superconductor, and 

also many unusual magnetic properties such as colossal magnetoresistance, to name a few. 

The electronic structure of SCESs can neither be described by assuming nearly free electrons, 

nor by a completely ionic model. Rather, the situation is intermediate, involving a complex 

set of correlated electronic and magnetic phenomena, hence the term “strongly correlated 

electrons”. Such systems are difficult to model, because the balance between competing 

phenomena is easily shifted by small changes in the atomic structure, resulting in large 

physical effects. Therefore, the possibility of engineering new and unexpected physical 

properties and understanding the complexity of the underlying mechanisms represents a 

mushrooming field of research in modern condensed matter physics.  

Transition metal oxides (TMO) form overall a 

very wide class of materials, which has attracted 

the huge attention of scientists for showing 

highly diversified and unusual electronic 

properties. Such electronic properties are 

typically dominated by the narrow d-bands of 

the TMs, where the physics is dominated by 

strong electronic correlations, often hybridized 

with O p-bands. According to the specific 

properties of the single materials, the “ideal” 

octahedra (see Fig. 1.1) in TMO are often found 

to be distorted, rotated, elongated, or even to  

 

Figure 1.1: BO6 octahedral as structural block in 
ABO3 unit cell. 
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show unoccupied oxygen planes (as in layered materials), thus further affecting the single 

orbitals and the resulting bands, and eventually the overall electronic properties. 

 

          

         Figure 1.2a, shows the rich behavior of transition metal oxides arising from the 

complex interactions between their orbital, charge, spin, and lattice degrees of freedom. 

These interactions can be modified at interfaces between different oxides through the effects 

of local symmetry breaking, charge transfer, electrostatic coupling, strain, and frustration, 

leading to fascinating new phenomena. Figure 1.2b, illustrate the subtle interplay between 

competing energy scales for strongly correlated compounds which results in a variety of 

orderings of the spin, charge, and orbital degrees of freedom. It endows these materials with 

a broad spectrum of functional properties; for instance, charge transport can exhibit colossal 

magnetoresistance, metal-to-insulator transitions, or insulator-to-superconductor transitions. 

Cooperative alignment of electric dipoles or spins leads to ferroelectricity or ferromagnetism, 

respectively. Tilting and buckling of oxygen octahedra, which result in antiferrodistortive 

(AFD) structural ordering, can couple to other modes in the system, driving structural and 

electronic phase transitions.  

 

Figure 1.2: Richness in behavior of transition metal oxides (a) the complex interactions among their 
charge, orbital, spin, and lattice degrees of freedom, which leads to (b) a broad spectrum of 
functional properties. Taken from [13] 
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1.2 Manganites: an overview 

         In 1950 Jonker and Van Santen [14] reported about the first crystallization and 

magnetic characterization of the mixed-valence “manganites”, belonging to the pseudo-

binary systems LaMnO3-CaMnO3, LaMnO3-SrMnO3, LaMnO3-BaMnO3 and LaMnO3-

CdMnO3. The manganite system, treated for this thesis work, crystallizes in the perovskite 

structure whose atomic arrangements was first described in 1830s by the geologist Gustav 

Rose, who named it after the famous Russian mineralogist, Count Lev Alekseevich 

Perovskii. The manganites contain a rich variety of insulating, metallic and magnetic phases 

strongly coupled with transport properties and structure.  

         The perovskite manganites have the general formula AMnO3, but most interesting for 

the applicative research are this A1-xA′xMnO3 type of complex perovskites. The A′x is termed 

as dopant specie. The insert of a dopant specie modifies some properties depending on the 

doping fraction x. The doped manganites have the general formula R1−xAxMnO3, where R 

stands for a trivalent rare earth element such as La, Pr, Nd, Sm, Eu, Gd, Ho, Tb, Y etc, and A 

for a divalent alkaline earth ion such as Sr, Ca and Ba. For the stoichiometric oxide, the 

proportions of Mn ions in the valence states 3+ and 4+ are respectively, 1 − x and x. 

1.2.1 The perovskite crystal structure 

         The ideal perovskite structure (general formula ABO3), that crystallizes in cubic 

symmetry with space group Pm 3m and lattice parameter a ≈  4 Å, consists of a three-

dimensional framework of corner-sharing BO6 octahedra in which the A cations reside in the 

dodecahedral sites surrounded by twelve oxygen anions. The described structure is 

centrosymmetric. Only very few perovskites have this simple cubic structure at room 

temperature, but many of them acquire this ideal structure at higher temperatures. The 

manganites too have a perovskite structure of the type ABO3
 
as shown in Figure 1.3. 

 

Figure 1.3: Simple cubic perovskite ABO3. 
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         It is worth noting that this structure can alternatively be seen as a stacking of AO and 

BO2 atomic planes. Surprisingly, this perovskite (ABO3) cubic structure can accommodate 

more than 30 elements on A-site, mainly alkaline metals and rare earths, and half of the 

periodic table on the B site, mainly transition metal elements, as shown in Fig. 1.4. 

 

 
Figure 1.4: Periodic table, clearly, showing which element can occupy the sites of the 
perovskite structure with 100% occupancy. Taken from [15]. 

 

1.2.1.1 A-site cation size and Tolerance factor 

         The lattice structure of manganites is perovskite-like (i.e., nearly cubic), but 

rhombohedral, orthorhombic or other lattice distortions result from the tilting and stretching 

of oxygen octahedra around Mn ions. These distortions appear for structural (mismatch of 

ionic radii) and electronic (JT effect of Mn3+) reasons. The Goldschmidt tolerance factor 

[16], which measures the deviation from perfect cubic symmetry, calculated from ionic radii 

in a general ABO3 perovskite structure (Figure 1.3) is given as; 

                                     [ ])()(2
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with site B inside the oxygen octahedron, accounts for which elements fit into the Mn 

perovskite lattice and at what lattice site. r(A) and r(B) denote the average ionic radii at the A 

and B sites and r(O) is the radius of the O2− ion. Since for an undistorted cube the B–O–B 
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(i.e., Mn–O–Mn) bond is straight, f = 1. However, sometimes the A ions are too small to fill 

the space in the cubic centers, and due to this the oxygen tend to move toward this center, 

reducing dA−O. For this reason, the tolerance factor becomes smaller than one, f < 1, as the A-

site radius is reduced, and the B–O–B angle becomes smaller than 180◦. 

         The stable perovskite structure 

(distorted structure) occurs over a 

range of 0.89 < f < 1.02. For lower 

values of f the cubic structure is 

distorted to optimize the A–O bond 

lengths. For values of f between 0.75 

and 0.9, the MnO6 octahedra tilt 

cooperatively to give an enlarged 

orthorhombic unit cell [17]. This 

distortion (i.e., the reduction of Mn–

O–Mn angle from 180◦) affects the 

conduction band, which appears as 

hybridization of the p level of the 

oxygen and the eg levels of the Mn. 

The orbital overlap decreases with decrease in tolerance factor and the relation between the 

bandwidth W and θ has been estimated as W ∝ cos2 θ [18]. Hwang et al [19] have carried out 

a detailed study of the structure–property correlation as a function of temperature and 

tolerance factor t, for the R0.7A0.3MnO3 compound for a variety of R and A ions. The typical 

relationship is shown in Fig. 1.5, it shows the clear presence of three dominant regions; a 

paramagnetic insulator at high temperature, a low temperature ferromagnetic metal at large 

tolerance factor and a low temperature charge ordered ferromagnetic insulator (FMI) at small 

tolerance factor. The size mismatch of ions substituted into the perovskite lattice (the so-

called chemical pressure effect) causes a reduction in the Mn–O–Mn bond angles from 180◦ 

down to 160◦ and below. Thus, the conduction band width (W) is reduced due to a smaller 

orbital overlap. Changes in the bond length are another consequence of the varied ionic radii, 

additionally influencing W. Most manganites have a tolerance factor f < 1, i.e. the ions on the 

La site are too small. By increasing r(A), one can observes both, increasing average bond 

angle (enhanced W) and bond length (reduced W) [20]. Hence, the ferromagnetic Curie 

temperature TC of R0.7A0.3MnO3 increases with r(A) but drops when the effect of the 

increasing bond length starts to dominate (for A = Pb, Ba). 

 
Figure 1.5: Phase diagram of temperature versus 
tolerance factor for the system R0.7A0.3MnO3. Taken 
from [19].  
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1.2.2 Electronic configuration 

         Manganites have a complex electronic structure.  Mn2+, Mn3+ and Mn4+ valence states 

found in manganites have 5, 4 or 3 electrons in the 3d level, all with parallel spins according 

to Hund’s first rule. Hund’s rule coupling energy UH is particularly large for Mn, about 2 eV 

[21]. For an isolated 3d manganese ion (Z = 25, electronic configuration 3d54s2), five-fold 

degenerate orbital states are available to the 3d electrons (Fig. 1.6). 

1.2.2.1 Crystal field and Hund’s coupling 

         For a non isolated manganese ion, i.e., inside the MnO6 octahedra, the hybridization 

and the electrostatic interaction with the oxygen p-electrons give rise to an octahedral crystal 

field. This, in turn, partially lifts the orbital degeneracy. As a result, the degeneracy of the d-

band is partially lifted and it splits into two states: a lower-energy three fold degenerate t2g 

(dxy, dxz, dyz) and a higher energy two fold degenerate eg (dx2-y2 , dz2 ), with a separation 10Dq 

~ 1.5 eV [22, 23], as showed in Fig. 1.6. The notation “eg” used for higher energy state 

orbitals is borrowed from the irreducible representations of the Oh point group. Mn mixed 

valence is determined by doping (x): mathematically, 

Mn3+ → Mn4+ 
 

⇒ ( ) ( )BggBgg SetdMnSetdMn µµ 3,23,,34,2,,3 03
2

3413
2

43 ≈=→≈= ↑+↑↑+  

 
Figure 1.6: Effect of the octahedral crystal field on d states of a transition metal atom. 

         The three lower orbitals have symmetry label as t2g. The eg orbitals are oriented towards 

the neighbouring oxygen while the t2g states have nodes in these directions. This means eg 
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orbitals can overlap with oxygen p orbitals. The electrons aligned in the t2g level form a “core 

spin” with total spin S=3/2. The electrons on the t2g level do not contribute to the transport 

process because they are strongly localized around the nucleus [24]. The last d electron on 

the eg level of Mn3+ is well separated in energy and aligned to the core spin via strong Hund’s 

coupling, this eg electron plays a vital role in transport and magnetic properties of 

manganites.  

1.2.2.2 The Jahn-Teller effect 

         The orbital configuration is clearly strongly connected with the structural distortion of 

MnO6 octahedra. In perovskite manganites, the degree of buckling of MnO6 octahedra is 

expressed by the tolerance factor f (Eq. 1). There is another type of MnO6 structural 

distortion taking place which is associated with the Jahn-Teller (JT) effect [25]. It is most 

pronounced when an odd number of electrons occupy the eg orbital and a doubly-degenerate 

ground state is present. As such, Mn3+ is Jahn-Teller active chemical specie while Mn4+ is 

not. The Jahn-Teller theorem basically states that, the high-symmetry state with an orbital 

degeneracy is unstable with respect to a spontaneous decrease of symmetry, hence lifting this 

degeneracy [26]. Therefore a structural distortion in the form of compressed or elongated 

BO6 octahedra occurs, lifting the degeneracy of eg states. Infact when the long range orbital 

order exist the JT distortion is always present [27]. When the environment of a single Mn ion 

is taken into account, the JT effect is local. However, if the JT distortion involves the 

octahedra cooperatively throughout the crystal, a distortion of the whole lattice occurs, called 

cooperative JT effect (Fig. 1.7). 

This effect occurs in manganites 

when the concentration of Mn3+ ions 

is sufficiently high (i.e., at low 

doping level). The effect of 

cooperative Jahn-Teller effects in 

manganites is to localize the eg 

electrons on Mn3+ sites, and to 

stabilize insulating phases, either 

locally or at long range. When Mn3+ 

is diluted into Mn4+ species by 

doping, the possibility of cooperative 

effects among JT active octahedra is reduced, and no static distortion will be observed. In 

 

Figure 1.7: The cooperative JT distortions and resulting lattice. 
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opposition to the cooperative JT effect, the effects that are observed for high dilutions are 

called dynamic JT effects. A dynamic effect involves rapid hopping of the distortion from 

site to site. This is important in manganites which contain a mixture of Mn3+ and Mn4+ ions 

with low Mn3+ content. 

1.3 Phenomenology of manganites 

         Manganites can be broadly classified into three classes, namely large, intermediate and 

low bandwidth manganites. This classification is on the basis of magnitude of hopping 

amplitude for eg electrons. Larger the amplitude (bandwidth), more metallic the manganite 

should be. Large bandwidth manganites show a ferromagnetic metal (FM) phase. FM state 

tends to be less prominent as bandwidth is reduced. Bandwidth can also be tuned by applying 

pressure, changing size of the ions, etc. and so is the change in phenomenology as we will 

see below. 

1.3.1 Colossal magnetoresistance and metal insulator transition  

         The colossal magnetoresistance (CMR) effect refers to the relative change in the 

electrical resistivity of a material and a shift in the resistivity curves versus higher 

temperature, on the application of an external magnetic field. The effect, observed in the 

manganese perovskites, was called "colossal" magnetoresistance to distinguish it from the 

giant magnetoresistance observed in magnetic multilayers. Actually the COI state of Pr1-

xCaxMnO3 (PCMO) may collapses to a charge disordered state, which is observed as an 

insulator– metal transition, when an external perturbation like, magnetic field [28, 5], photon-

excitation/light [8], x-rays [9], electron irradiation [29], high pressure [7], and a static electric 

field is applied [6]. The above type of insulator– metal transition is shown in Fig. 1.8, under 

pressure and magnetic fields. 

         In doped manganites R1−xAxMnO3 the origin of the CMR is connected with the 

presence of a metal-insulator transition. The CMR effect is observed in manganites within a 

narrow window of composition x (i.e., x = 0.3 and 0.4), where the coexistence of two 

micrometric magnetic phases in the absence of the magnetic field exists: a ferromagnetic 

insulating (FMI) phase and an antiferromagnetic insulating (AMI) one. In the presence of a 

magnetic field, these phases transform into a ferromagnetic metallic phase at a Curie 

temperature TC. In the vicinity of this TC, the maximum CMR effect appears. The 

magnetoresistance is usually defined as: 
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where R(H) and R(0) represent the resistance in presence and in absence of the external 

magnetic field, respectively. 

 

Figure 1.8: Effect of applied; (a) pressure [7] and (b) magnetic field [5] on PCMO resistivity. 

         As an example, Fig. 1.8b shows the Resistivity measurements versus temperature in 

applied magnetic field for the Pr1-xCaxMnO3. For manganites, the origin of the CMR is partly 

connected with the double exchange mechanism. In a Mn3+ ion, the t2g electrons are tightly 

bound to the ion but the eg electron is itinerant. Because of the double exchange interaction, 

the hopping of eg electrons between Mn sites is only permitted if the two Mn core spins are 

aligned. The magnetic field aligns the core spins and, therefore, increases the conductivity, 

especially near TC. The situation is actually more complicated because the carriers interact 

with phonons because of the Jahn-Teller effect. The strong electron-phonon coupling in these 

systems implies that the carriers are actually polarons above TC. The transition to the 

magnetic state can be regarded as an unbinding of the trapped polarons [30]. In view of the 

models proposed to explain the origin of CMR effect in manganites, the percolation 

mechanism has got significant attraction during the last decade [31, 32]. This model is based 

on the idea that the CMR is due to percolation between nanoscale ferromagnetic metallic 

(FMM) clusters in an antiferromagnetic insulating (AFI) matrix [32]. 
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1.3.2 Half metals and spin polarization 

         The manganites show large MR [33] and spin polarization effects, making them 

potential candidates for an arising spintronics technology [22, 34, 35]. However, it was 

realized that the way into technology is not as straightforward for manganites as it was, for 

example, for giant magnetoresistance (GMR) in metallic multilayers. GMR was discovered 

in 1988 [36, 37] and is currently applied in magnetic sensors including read heads of hard 

disc drives. On the other hand, the physics of manganites is only partially understood and, 

even now, new parameters and phenomena are being discovered. Half-metallic ferromagnetic 

materials appear as potential candidates for spintronic devices, and much work is under 

progress to synthesize magnetic oxides, such as La0.67Sr0.33MnO3 (LSMO) [38, 39]. In 

ferromagnetic metals conduction electrons can be considered to reside in two “conduction 

channels”, with the electron spin being either parallel (spin-up) or antiparallel (spin-down) 

with respect to the magnetization vector. There is no intermixing between the channels if no 

spin-flip scattering occurs, the conductivities of both channels just add up to the total 

conductivity. The electronic density of states (DOS) is split into a spin-up and a spin-down 

sub-band (Fig. 1.9a), with a relative shift of the spin-down band towards higher energy. The 

difference of the DOS in the two channels (n↑; n↓) at the Fermi energy (EF) produces the spin 

polarization of conduction electrons,  

                                              )/()( ↓+↑↓−↑= nnnnP                                             (1.3) 

Note that the spin polarization of a current flowing in a material might differ from P due to 

different velocities of n↑ and n↓ electrons; this is the so-called transport spin polarization. 

Interestingly, some magnetic materials appear to have no states at EF in one of the subbands, 

i.e. charge carriers have only one spin direction. They are called half-metals. Half-metals are 

particularly interesting for spintronics as a source of fully spin polarized electrons. In Fig. 

1.9b, I present the two-channel model that provides a simple explanation for the best-known 

example of spin-polarized conduction, the GMR. In a spin valve structure (Fig. 1.9c), spin-

polarized electrons travel through a non-magnetic metal interlayer separating two 

ferromagnetic (FM) layers. 
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Figure 1.9: (a) Schematic density of electronic states (DOS) versus energy of a conducting 
ferromagnet. The subbands with electron spin parallel or antiparallel to the spontaneous 
magnetization (M) are split, resulting in different DOS at the Fermi level EF. (b) Two-channel 
model of electronic conduction, with spin up and spin down electrons in independent channels. (c) 
Trilayer junction comprising two ferromagnetic layers and a non-magnetic interlayer which is a 
metal in GMR junctions and an insulator in a tunnel junction. The small arrows indicate the spin of 
a majority electron moving through the layer stack and being strongly scattered (in case of GMR) at 
the interface to the electrode magnetized oppositely. Taken from [40]. 

         Essentially, spin dependent scattering occurs only at the interfaces. For parallel 

magnetization directions of both FM layers, spin-up electrons can pass with little scattering at 

both interfaces; thus, resistance of the layer stack is lower than that for antiparallel 

magnetization directions. If the interlayer is replaced by an insulator with the thickness of a 

few nanometres, a magnetic tunnel junction is obtained, which is the other spintronics device 

that has already achieved commercial relevance (as magnetic random access memory, 

MRAM). Very recently R. Werner et al. reported [41], the largest TMR in manganite tunnel 

junction (i.e., La0.65Sr0.35MnO3 / SrTiO3 / La0.65Sr0.35MnO3) grown by molecular-beam 

epitaxy, showing a large field window of extremely high tunneling magnetoresistance (TMR) 

at low temperature. The TMR reaches ~1900% at 4 K, corresponding to an interfacial spin 

polarization of~95% assuming identical interfaces. In the case of a half-metal, tunnelling is 

forbidden for antiparallel orientation of the magnetization vectors of FM layers. Alignment 

of magnetization by a modest magnetic field produces a huge resistance drop or tunnelling 

MR (TMR). There are several devices exploiting spin polarization of charge carriers and a 

magnetic field for the control of electrical resistance or current, which include the spin valve 

transistor [42], the magnetic tunnel transistor [43] and spin injection devices [44] to name a 

few. 
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1.3.3 Orbital and charge ordering 

         The orbital ordering consists in a spatially ordered arrangement of d orbitals in the 

crystal. Strongly associated with the carrier concentration, it develops when the d electrons 

occupy an asymmetric orbital. The direct electrostatic repulsion of the charge clouds, coupled 

with cooperative JT distortions, stabilises the effect generating an ordered sublattice of 

orbitals. A scheme of OO is shown in Fig. 1.10a and b. 

 

Figure 1.10: (a) Pairing of charge-ordered stripes in La0.33Ca0.67MnO3, high-resolution lattice image 
obtained at 95 K showing 3a0 pairing of Jahn–Teller distorted diagonal Mn3+O6 stripes (JTS); (b) The 
CE-type magnetic structure present in x=0.5 PCMO at low temperatures (charge, orbital and spin 
order is also visible). 

 

         Indeed the ratio Mn3+/Mn4+ is responsible for the phenomenon of charge ordering (CO). 

This consists of a periodic distribution of electric charge (i.e. eg electrons of Mn3+ ions in the 

crystal lattice), driven by Coulomb interaction. The mobile eg electrons may become 

localized at certain Mn ion positions in the lattice, forming an ordered sublattice. In principle, 

however, these charges do not need to be necessarily localized on the Mn sites, and in fact 

they could sit on the bond centres as well, or, in the most general case, on some intermediate 

point between those two. Such an intermediate CO state can be more generally seen as a 

charge-density wave, lacking inversion symmetry and then potentially capable to develop 

ferroelectric ordering. In the COI phase of the bulk Pr0.5Ca0.5MnO3 (TCO = 250 K and TN 

=170 K) apart from the check-board like site-centred arrangement of Mn4+ and Mn3+ ions, 

there is also an orbital and CE-type magnetic arrangement present (Fig. 1.10b). In the ab-

plane the ferromagnetic zigzag lines are antiferromagnetically coupled and the coupling is 

AF also in the c-direction. Along the zigzag lines the charged sequence 
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++++ −−− 4343 MnMnMnMn  is followed by orbital ordering sequence   

( ) ( ) 3
2

223
2

22 33 gggg tryetrxe −−−−− . For the lower values of x< 0.5 a bond-centred model 

is proposed [45, 46]. In this view metal sites remain valence equivalent and the charge is 

located in the bond forming so called magnetic Zener polaron - a ferromagnetically linked JT 

distorted octahedra with enhanced double exchange. Moreover, according to reference [45], 

the coexistence of site and bond-centred mechanism leads to ferroelectricity opening the 

possible path to multiferroic behavior. 

1.4 Magnetic/Exchange interactions 

1.4.1 Direct exchange 

         The phenomenon of long range magnetic order contains exchange interactions at its 

heart. Although the consequences of the exchange interaction are magnetic in nature, yet the 

cause is not. Exchange interactions, being due primarily to electrostatic interactions, arising 

because charges of the same sign cost energy when they are close together and save energy 

when they are apart. Indeed, in general, the direct magnetic interaction between a pair of 

electrons is negligibly small compared to this electric interaction. If the electrons on nearest 

neighbour magnetic atoms interact via exchange interaction, this is known as direct 

exchange. The direct exchange is modelled by the Heisenberg exchange Hamiltonian: 

                                                   ∑ •−=
ij

jiijex SSJH                                                       (1.4) 

Here Jij is the exchange constant between the i th and j th spins, distributed on a regular lattice. 

Usually, the summation includes only nearest neighbours. The magnetic properties of the 

crystal depend on the sign and the strength of the interaction between spins: if Jij = J > 0 the 

parallel orientation of the spins is favoured, giving a ferromagnetic state. If Jij = J < 0, the 

magnetic order is antiferromagnetic, with the spins of nearest neighbours antiparallel. 

However for the manganites, as in many other magnetic materials, it is necessary to consider 

some kind of indirect exchange interaction, because the Mn ions are alternated with O in the 

lattice. 

1.4.2 Indirect exchange: superexchange 

         Superexchange is an indirect exchange interaction between non-neighbouring magnetic 

ions mediated by a non-magnetic ion that is placed in between them. This interaction was 

first proposed by Kramers [47] in 1934. The main aim behind his work was to find an 
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explanation for the magnetic properties observed in insulating transition metal oxides, in 

which the magnetic ions are so distant that a direct exchange interaction could not explain the 

presence of magnetically ordered states, so the longer-range interaction that is operating in 

this case should be “super”. The problem was thereafter treated theoretically by Anderson 

[48], who in 1950 gave the first quantitative formulation showing that the superexchange 

favours antiferromagnetic order. 

1.4.3 Double exchange 

         In a few oxides, it is possible to have a ferromagnetic exchange interaction which 

occurs because the magnetic ion shows mixed valency. The “double exchange” (DE) 

mechanism proposed by Zener [49], is a theory that predicts the relative ease with which an 

electron may be exchanged between two species.  The ferromagnetic coupling between Mn3+ 

and Mn4+ ions, participating in electron transfer, is due to the double exchange mechanism. 

The DE process was explained historically in two ways. In the first way, there are two 

simultaneous motions of electrons involving up spin electron moving from oxygen to the 

Mn4+ ion and up spin electron moving  

from Mn3+ ion to the oxygen as shown by 

arrows in the Fig. 1.11, and can be 

schematically (mathematically) written as, 

+
↑↓↑

++
↓↑

+
↑ ⇒ 3

23,1
44

3,2
3
1

MnOMnMnOMn , 

where 1, 2, and 3 label electrons that belong 

either to the oxygen between manganese, or to 

the eg level of the Mn-ions. In this process 

there are two simultaneous motions (thus the 

name double exchange) involving electron 2 

moving from the oxygen to the right Mn-ion, 

and electron 1 from the left Mn-ion to the 

oxygen (see Fig. 1.11). The second way to 

visualize DE was involving a second order 

process in which the two states described above go from one to the other using an 

intermediate state +
↑↓

+
↑

3
23

3
1 MnOMn  [50].  Briefly, the eg electron on a Mn3+ ion can hop to a 

neighbouring site only if there is a vacancy of the same spin (since hopping proceeds without 

 

Figure 1.11: Sketch of the double exchange 

mechanism which involves two Mn ions and one O 

ion. The mobility of eg electrons improves if the 

localized spins are polarized. Taken from [22] 
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spin-flip of the hopping electron). If the neighbour is a Mn4+ ion which has no electron in its 

eg shell, this should present no problem.  

However there is a strong exchange 

interaction (first Hund’s rule) between 

the eg electron and the three electrons in 

the t2g level that want to keep them all 

aligned. This is not favourable for an eg 

electron to hop to a neighbouring ion in 

which the t2g spins will be antiparallel 

to the eg electron (Fig. 1.12b). 

Furthermore, ferromagnetic alignment 

of neighbouring ions is therefore 

required to maintain the high spin 

arrangement on both the donating and 

receiving ion. Because the ability to hop gives a kinetic energy saving, allowing the hopping 

process reduces the overall energy. Thus, the ions align ferromagnetically to save energy. 

Moreover, the ferromagnetic alignment allows the eg electrons to hop through the crystal and 

the material became metallic. It has been shown [50], that the electron transfer integral t 

between Mn ions in the double exchange process depends on the angle θ between their two 

core spins: t = to cos (θ/2). 

1.5 Pr1-xCaxMnO3 compound 

         The narrow band manganites host a rich variety of phases characterized by different 

structure, magnetic ordering and transport properties. The applied fields [51], including 

magnetic, electric, stress, etc. may affect in a dramatic way the physical properties, as in the 

celebrated colossal magnetoresistance or electroresistive effects, or giant magnetostriction, 

etc.  

1.5.1 Structure 

         The undoped PrMnO3 has an orthorhombic distorted structure at room temperature that 

belongs to the Pbnm space group as shown in Fig. 1.13. To obtain Pr1-xCaxMnO3 (PCMO) 

from PrMnO3 divalent Ca2+ is substituted with trivalent Pr3+ ions by chemical doping.  

 

Figure 1.12: The double exchange interaction favours 

hopping if (a) neighbouring ions are ferromagnetically 

aligned, and not if (b) neighbouring ions are 

antiferromagnetically aligned. 
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Here, the buckling of MnO6 octahedra 

plays a significant role and the Mn-O-

Mn angles deviate largely from the 

ideal 180o, lowering the role of double 

exchange mechanism. For undoped 

PMO, Mn-O-Mn angles are 155o and 

165o for the apex and equatorial O, 

respectively. 

 

1.5.2 Phase diagram 

         The phase diagram of PCMO is shown in Fig. 1.14. PCMO deserves a special attention, 

as it is in fact the only hole-doped manganite with insulating character throughout the whole 

x = [0,1] range. This is a consequence of the small ionic radius of Ca, which results in a 

pronounced orthorhombic distortion (see also Fig. 1.13) that favours charge localization. 

 

Figure 1.14: Phase diagram of Pr1-xCaxMnO3. After reference [17]. The canted AF 
insulating (CAFI) state also shows up below the AFI state in the COI phase 0.3 < x < 0.4. 
A paramagnetic insulator (PI) phase is present at high temperatures.  

 
Figure 1.13: (a) PCMO structure; (b) Correspondence 
between orthorhombic and pseudo-cubic unit cell parameters. 
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At high temperature a paramagnetic insulating (PI) is present, while for low doping x < 0.15, 

a spin canted insulating (CI) phase exists. . For 0.3<x<0.5, PCMO exhibits antiferromagnetic 

insulating (AFI) behavior at lower temperature (T≤ 175 K). There is also a canted 

antiferromagnetic insulating (CAFI) region present for 0.3<x<0.4 at further low temperatures 

(T<100K). In the range of 0.15 < x < 0.30 a ferromagnetic insulator (FI) state is present at 

lower temperatures. The nature of the FI phase present at low doping levels in the phase 

diagrams of several manganites is object of intensive theoretical and experimental 

investigations [52]. At present, there is still debate on the interpretation of the 

phenomenology and on the comprehension of the microscopic interactions that determine 

such FI state. Very general issues are its extension in the phase diagram and the origin of its 

competition with the ferromagnetic metallic (FM), charge (and/or orbital) ordered insulating 

(respectively, COI and OO), and with the antiferromagnetic insulating (AFI) phases. While 

the physical mechanism (i.e., the double exchange interaction) that leads to the FM state in 

manganites is well known [22, 53], the reason why an insulating state can persist in a 

ferromagnet is less evident. At low temperature (T≤ 240 K), for broad range of doping 0.3 ≤ 

x ≤ 0.75, PCMO shows a Jahn–Teller distortion that causes a charge ordered insulating (COI) 

state at TCO [54]. Moreover, in this compound at half doping (x=0.5), a COI is present, while 

intermediate and large bandwidth manganites exhibits a ferromagnetic-metallic behavior at 

this doping concentration. This COI state in PCMO may collapse to a charge disordered 

state, which is observed as an insulator– metal transition, when an external perturbation is 

applied                    

1.6 Pr0.7Ca0.3MnO3 system 

The present work focuses on the investigation of Pr1-xCaxMnO3 (PCMO) with x = 0.3. This 

compound represents, in our view, an outstanding example of the complexity of high 

correlated manganites. This system never shows a metallic state in the whole phase diagram, 

at difference to the better known LSMO. Further details about PCMO will be shown in 

chapter-3 together with experimental data. This concludes the phenomenology part on 

manganites. Now I would like to move onto next section which is related to two-dimensional 

electron gas at the interface between TMOs. 

 
 

 



  Survey of Pr1-xCaxMnO3 manganite compound and two-dimensional electron gases in oxide heterostructures 
_________________________________________________________________________ 
 

 

2 0 1 1                 M u h a m m a d  R I A Z  -  P h D  T h e s i s  
 

Page 22 

1.7 Two-dimensional electron gases 

         A gas of electrons free to move in two dimensions, but tightly confined in the third is 

termed as two-dimensional electron gas (2DEG). The most commonly encountered 2DEG is 

the layer of electrons found in MOSFETs. When the transistor is in inversion mode, the 

electrons underneath the gate oxide are confined to the semiconductor-oxide interface, and 

thus occupy well defined energy levels. In the ideal case only the lowest level (kz = 0) is 

occupied, and so the motion of the electrons perpendicular to the interface can be ignored. 

However, the electron is free to move parallel to the interface, and so is quasi two-

dimensional. A careful choice of the materials and alloy compositions allow control of the 

carrier densities within the 2DEG. 

1.8 Building blocks of the heterostructure 

1.8.1 SrTiO3 

         The mineral responsible for the name of perovskite crystal structure is CaTiO3, 

however, all the fame of these oxides is received by another titanium compound: strontium 

titanate SrTiO3 (here after STO). At room temperature STO has cubic perovskite structure 

with unit cell dimensions equal to 3.905Å and Pm3m as crystallographic space group. One 

reason for its large scientific interest is that STO plays an important role as a standard 

substrate for many oxide materials. For example, it is possible to grow high-Tc 

superconductors [55], colossal magnetoresistance oxides or ferroelectrics epitaxially on STO 

due to high thermal stability, and structural as well as lattice compatibility. Moreover, STO is 

chemically inert. In many cases it does not react with the deposited materials. This success 

has been pushed further by the ability to chemically process its (001) surface to obtain a 

100% TiO2 termination. Technological applications of STO require the optimization of the 

processes that can reproducibly produce a given surface. However, polishing and etching of 

STO as a substrate lead to several kinds of defects on the surface and cannot be successfully 

used as a proper substrate for thin film growth. Obtaining of TiO2-terminated STO (001) 

with ultra-flat and molecularly layered steps by chemical etching in an NH4F–HF buffer 

solution in combination with thermal treatment [56, 57] is already established as common 

way for the surface preparation. Stoichiometric STO has a relatively large indirect band gap 

of 3.25 eV and exceptional dielectric properties. The dielectric constant increases with 

decreasing temperature. Values from several hundred at 300K to up to 25000 at 4K in bulk 

samples [58, 59], and up to 4000 in thin films [60, 61] have been reported. At low 
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temperatures a strong reduction of the dielectric constant is found upon application of electric 

fields [62]. STO is chemically a very stable material up to the melting point of 2353 K, but 

during cooling down its cubic structure transforms to tetragonal at 105 K. Moreover, 

recently, J. Xing et al. [63] reported that STO single crystal is an attractive candidate for a 

UV detector.  

1.8.2 LaAlO3 

         Another building block of the studied heterostructures is LaAlO3 (here after LAO), 

which has a good lattice matching with many oxide materials just like STO. Because of this 

property it was also thoroughly studied as substrate material [64]. In this thesis work LAO is 

not considered as a substrate but instead was used only as thin film on STO substrates. At 

high temperatures LAO has the cubic perovskite structure (space group Pm3m). At ~ 813K it 

undergoes a transition to a rhombohedral distorted perovskite structure [65]. Here LAO is 

always in the low temperature range, where the structure differs from the cubic perovskite 

only by small antiphase rotations of AlO6 octahedra. It can be described as pseudocubic with 

a lattice constant of 3.791Å [66]. The reasonably small lattice mismatch of 3% to STO and 

the similarity of the thermal expansion coefficients [67, 68] allow the epitaxial growth of 

LAO films on STO. Optically, LAO single crystals are yellowish transparent. LAO is a band 

insulator with a wide gap of 5.6 eV. Like STO it belongs to the high-k oxides, having a 

dielectric  constant of about 25 for temperatures between 300K and 4K [64, 69]. 

1.9 Polar/non-polar surfaces 

         The search for novel oxide heterostructures supporting the formation of a two 

dimensional electron gas (2DEG) at the interface between two robust band insulators is of 

major interest both for fundamental and applied physics. The availability of multiple kinds of 

such structures increases, on the one hand, the degrees of freedom in trying to address the 

physical mechanisms and the material issues underlying 2DEG formation. It possibly opens 

the route, on the other hand, to optimizing device properties by adopting suitable materials in 

view of specific applications. A classical electrostatic criterion says that, the stability of a 

compound surface depends on the characteristics of the charge distribution in the structural 

unit which repeats itself in the direction perpendicular to the surface. The mechanism of 

charge redistribution is strongly linked with the surface type. P. W. Tasker established a 

classification of surface types using basic electrostatic principles [70]. His classification is 

shown schematically in Fig.1.15. 
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In the type I surface the charge in each 

plane is spread in a way that these planes 

are charged neutrally. If planes are 

arranged with repeating units and are 

charged, but without dipole moment, the 

surface is called type II. Finally, type III 

surface is characterized in such a way 

that each layer parallel to the surface has 

a charge σ and the dipole moment. To 

which type a surface belongs depend mostly on: the surface orientation n, the characteristics 

of the polarization in the bulk unit cell, and on the crystal termination. Bulk electric 

polarization (P) of insulating crystals is defined by the centers of charge of the Wannier 

functions of the occupied bands. If the surface orientation is n, the bound charge density on 

the surface ( bσ ), is described with equation bσ  = P ・ n. The polarization as vector has 

modulo as q/A, where A is the surface cell area. If condition that modulo q/A is equal to zero 

( bσ  = 0) is satisfied, the surface is nonpolar [71]. For most cases, simple models for the 

electronic structure can easily indicate when a surface is polar or not. Hence, it is necessary 

just to use the sign of the ions charge in the plane. For example, SrTiO3 (110) contain SrTiO 

and O2 layers as repeated units which are charged. If formal charges are assigned to the ions 

as: Sr2+, Ti4+, and O2− the SrTiO has charge +4e and O2 has -4e per unit cells in the plane. In 

general, polar surfaces have low stability. Let us briefly describe the origin of this instability. 

A very simple presentation of the crystalline compound cut along a polar direction is 

presented by Claudine Noguera [72]. 

Fig.1.16a presents schematically inequivalent 

layers with equal but opposite charge 

densities ( σ± ), with interlayer spacing R1 

and R2. The unit cell has a dipole moment 

density equal to 1Rσµ = . With increasing 

number of the layers, the electrostatic 

potential increases monotonically across the 

system by an amount 14 RV σπδ =  per 

double layer as shown in Fig. 1.16b. A 

potential, δV, is actually large, and could be of the order of several tens of eV in a pure ionic 

 
Figure 1.15: The surface types according to Tasker 
classification. Here Q represents charge and µ the dipole 
moment. 

 

Figure 1.16: (a) Structured material with inequivalent 
charge layers, (b) Energy and potential dependences 
of the number of layers. 
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material like MgO [73] or a partially ionic material like LAO. The total dipole moment 

1RNM σ= of N bilayers is proportional to the thickness of the crystal, and the electrostatic 

energy amounts to 2
12 σπ RNE= . By increase in thickness (N →∞), the electrostatic 

contribution to the surface energy per unit area diverges and surface cannot exist and will 

collapse. However, several possibilities that would cancel the polarity and stabilize the 

surface are likely. One possibility is that one or several surface layers change chemical 

compositions respect to the bulk. This effect can be followed by reconstruction depending on 

order of the vacancies or adatoms which could be created. The second is connected with the 

environment where adsorbed atoms or ions may provide the charge compensation. Third 

situation for charge compensation can be due to the electron redistribution which can cancel 

out the macroscopic component of the dipole moment in response to the polar electrostatic 

field. However, this scenario can happen only on stoichiometric surfaces and graphically this 

effect is presented in Fig. 1.17. If the value ( )(/ 212 RRR +=′ σσ ) of the charge density is 

transferred on the external layers of the crystal this results that a total dipole moment is not 

any more proportional to the thickness of crystal ( )(/ 2121 RRRRM +=σ . 

Increasing of the electrostatic potential is 

also suppressed and, moreover, it saturates. 

Which process for stabilization of the 

surface will take place depends strongly on 

energetic considerations. However, the 

resulting surface energy, considering the 

process of depolarization, has to be as low 

as possible. 

 

 

1.10 The case of LaAlO3/SrTiO 3 heterointerface  

1.10.1 Phenomenology  

         In 2004 A. Ohtomo and H.Y. Hwang [1] from Bell Labs (USA) reported that the 

interface between LAO and STO in the (001) direction can be conducting, depending on the 

actual chemical composition of the interface. Two different stackings were prepared by 

Pulsed Laser Deposition (PLD) on (001) oriented STO substrates. An illustrative sketch of 

both configurations is shown in Fig. 1.18. In the first configuration, LAO is grown epitaxially 

 

Figure 1.17: (a) Structured material with inequivalent 
charged layers, (b) Energy and potential dependencies 
of the number of layers with charge redistribution. 
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on a (001) oriented STO substrate, terminated by a TiO2 layer. For the second configuration 

an additional monolayer of SrO is inserted before growing the LAO. These procedures result 

in a TiO2/LaO and a SrO/AlO2 stacking, respectively, at the interface. 

 
Figure 1.18: Illustration of the two possible stackings for atomically abrupt interfaces 
between LAO and STO in the (001) orientation. (a) n-type interface (TiO2/LaO stacking) 
and (b) p-type interface (SrO/AlO2 stacking)  

         The surprising result of electronic transport measurements of these samples was that one 

configuration (TiO2/LaO stacking) was highly conducting at the interface, while the other 

configuration (SrO/AlO2 stacking) was found to be insulating. This is definitely worth a 

deeper investigation for two reasons. Firstly, one stacking sequence results in a well 

conducting interface, although the sample is entirely composed of band insulators. Secondly, 

depending on the stacking sequence at the interface, the electronic properties of the 

heterostructure differ from conducting to insulating. It is remarkable that the insertion of one 

atomic layer of SrO during sample growth leads to such a tremendous difference.  

1.10.2 Polar catastrophe theory 

         The so-called “polar catastrophe,” a sudden electronic reconstruction taking place to 

compensate for the interfacial ionic polar discontinuity, is currently considered as a likely 

factor to explain the surprising conductivity of the interface between the insulators LAO and 

STO. The LAO/STO heterointerface is special as here charge neutral layers and charged 

layers adjoin. From Fig. 1.19, clearly, this is an unfavorable situation because polarity is 

unfavorable. 
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Figure 1.19: Illustration of the polar catastrophe occurring between LAO and STO. Here ρ is the 
net charge of the layers, which leads to the electric field E, that produces the electric potential V. 
(a) the unconstructed n-type interface (TiO2/LaO stacking) leads to a diverging potential V due to 
the polarity discontinuity (b) if electrons are redistributed such that half an electron enters into 
the last TiO2 plane the potential stays finite. Taken from [74].  

         The consequences of such sequencing were first discussed by G. A. Baraff et al. [75] 

and W. A. Harrison et al. [76] in the 1980s for semiconductor Ge/GaAs heterojunctions. 

Consider first the heterostructure with a TiO2/LaO stacking sequence at the interface as 

shown in Fig. 1.19a. The charged sublayers produce an electric field E, which leads to an 

electric potential V that diverges with the thickness of the LAO film. For semiconductor 

heterostructures with charge neutral sheets followed by charged sheets it was shown that the 

system can avoid this so called polar catastrophe by redistributing the atoms at the interface, 

which causes roughening of the interface. An analogous argumentation explains why crystals 

with polar planes need to have atomic reconstructions at their surface. Conventional 

semiconductor ions have a fixed valence, so a spatial redistribution of ions, which leads to a 

roughening of the interface, is their only option to avoid the divergence of the electrostatic 

potential. But the complex oxides, like LAO and STO, have an additional option. The mixed 

valence states available allow for charge compensation by moving electrons, which happens 

if it is energetically favorable compared to a redistribution of ions. The effect of rearranging 

the electron distribution is shown in Fig. 1.19b. Briefly, one can construct the system from 

neutral atoms and then transfer half an electron from the LaO layers to those above and 

below. During this reconstruction the total structure remains charge neutral with Ti at the 

interface becomes Ti3.5+. This redistribution eliminates the divergence of the electrostatic 

potential V. The resulting V oscillates around a finite value. In other words some insight into 

the possible sheet charge densities at a LAO/STO interface can be seen from the following 

considerations, which relate to an intrinsic doping mechanism. Since SrTiO3 consists of 
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charge neutral SrO and TiO2 layers, whereas the AlO2
− and interface charge equal to half that 

of the last plane, if no other reconstructions take place. Indeed a neutralizing charge at the 

interface is required to avoid a polarization catastrophe that arises due to this net interface 

charge. If left uncompensated, the energy associated with this polarization grows indefinitely 

as the thickness of the LAO layer increases. Therefore, electrons have to be promoted to the 

conduction band of LAO at some point. The charge that is necessary to prevent this 

polarization catastrophe is equal to half an electron per unit cell, or 214102.3 −× cm . Note that 

this estimate applies only for perfectly stoichiometric LAO and in this sense is an 

approximate upper limit in the intrinsic case; any defect may reduce this number or increase. 

In any event, clearly this line of reasoning cannot explain the very large charge densities 

observed. Indeed, this simple model provides a good explanation on how electronic 

reconstructions can lead to a metallic interface in the LAO/STO heterostructure. However it 

seems to be oversimplified, as, e.g., the insulating behavior of the p-type interface observed 

experimentally is not captured in this approach. Therefore, more sophisticated models and 

calculations are needed. To add few more words, during the past few years interfaces 

between different, in some cases even correlated systems have been theoretically studied, e.g. 

LaTiO3/SrTiO3 (LTO/STO) heterostructures [77, 78]. Materials that are governed by 

correlations offer of course a large potential for fundamental physics, due to their 

susceptibility to all kinds of perturbations. At the LAO/STO interface, the stacking of LaO on 

top of TiO2 equals a unit cell of LTO, which is a correlated material. The presence of one 

unit cell of LTO at the interface might bring correlation effects into the transport properties 

of LAO/STO heterostructures. Finally in the bilayer configuration, however, as it is shown 

by Thiel at al. [79], there exists a critical thickness of ≥ 4 u.c. of LAO grown on TiO2 

terminated STO above which the 2D electron gas appears. 

1.10.3 Extrinsic doping 

         Although the polar catastrophe scenario remains the main paradigm of interpretation of 

the properties of the LAO/STO system, yet, it is contradicted by some experimental and 

theoretical results. Other competing models have been proposed, based on the ease of 

extrinsic doping in STO. Infact, STO can be readily doped by either oxygen vacancies or rare 

earth substitution, both of which are possible (or even likely) at the LAO/STO interface.  
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It is important to note here that electronic 

reconstruction mechanism is not the only 

one contributing to novel properties of 

the interface, and that the deposition 

conditions, namely oxygen partial 

pressure during deposition plays an 

important role in determining the final 

state of the interface was shown by 

Brinkman [80].  

The deposition oxygen partial pressure is 

strongly connected to the concentration 

of oxygen vacancies in STO, thus 

influencing electronic properties of the 

substrate and the grown system. 

According to ref. [80] there exist three 

regions, in view of the value of deposition oxygen pressure that leads to different electronic 

and magnetic properties for LAO/STO interface (Fig. 1.20): 

� for the low deposition pressures when mbarPO
610

2

−≤  the high conductivity is 

measured [1]; 

� for intermediate pressures mbarPmbar O
45 1010

2

−− ≤≤  the superconductivity 

emerges [81, 82]; 

� for intermediate pressures mbarPO
310

2

−≥  the insulating and magnetic behavior 

appears [80]. 

This data show that oxygen vacancies can not be ruled out when addressing the electronic 

properties of the interface, but they also do confirm the role of electronic reconstruction since 

the conducting state is always present, even at high oxygen partial pressure. 

1.10.3.1 Oxygen vacancies 

         The high sheet conductivities and carrier densities can also be explained by an extrinsic 

doping mechanism, i.e. the charge carriers are generated in the synthesis process itself. The 

carrier densities reported in the first work [1] can not be explained by an electronic 

reconstruction. According to A. Kalabukhov et al. [83], one likely cause of charge carriers 

are oxygen vacancies in the STO substrate. Because of the relative stability of the +3 valence 

 
Figure 1.20: The role of the oxygen pressure used 
during the deposition on the final state of 
LAO/STO:TiO2 (001) interface. Reproduced from 
[80]  
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state of the Ti ion, STO has a large oxygen ionic mobility and is stable even if the quantity of 

oxygen vacancies approaches 10% of the total oxygen. These vacancies can be the 

result of high energy particle bombardment 

during the PLD process (at low pressure and 

high temperature, oxygen vacancies are easily 

generated) used so far by all researchers in the 

field to make these heterostructures. At the same 

time vacancies that are created will be filled by 

oxygen coming from the target and from the 

background gas. Fig. 1.21 shows schematically, 

the flow of oxygen in and out of the substrate.  

         In literature one can find several reports about oxygen vacancies. In a recent article, 

Yunzhong Chen et al. [84], reported that metallic interfaces can be realized in amorphous 

STO-based heterostructures by introducing oxygen vacancies near the STO substrate surface, 

suggesting that the redox reactions on the surface of SrTiO3 substrates play an important 

role. The significance of negative ions (O -) for PLD oxide thin film growth is recently 

reported [85] for La0.4Ca0.6MnO3 films grown in different background conditions on (001) 

STO where the best structural properties coincide with the largest amount of negative plasma 

species. The plume composition reveals a significant contribution of up to 24% of negative 

ions, most notably using a N2O background. C. W. Schneider et al. [86], have demonstrated 

that the oxygen substrate contribution has to be taken into the overall oxygen balance when 

growing oxide thin films. They noted a substantial oxygen transfer between substrate and as-

grown thin film, which indicates that the initially formed film is oxygen deficient and a 

chemical gradient is in favor of supplying oxygen via the substrate. 

1.10.3.2 Lattice distortion 

         Since the unit cell of STO is slightly larger than that of LAO, one might expect a 

decrease of the out-of plane lattice constant for LAO films heteroepitaxially (i.e. 

pseudomorphically) grown on STO. In fact, a dilatation at the interface was observed by 

Maurice et al, using high resolution transmission electron microscopy (HRTEM) [87]. They 

argued that a Jahn–Teller like distortion is the reason for the elongation, which minimizes the 

electron energy: the two atomic sublayers LaO and TiO2 across the interface form a unit cell 

of LaTiO3, which has a larger lattice constant (by 0.065 Å for pseudocubic bulk unit cells). 

The dxz and dyz orbitals of the t2g states are therefore lowered in energy compared to that for 

 
Figure 1.21: Illustration of the flow of oxygen in 
and out of the substrate. 
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the dxy state. Implicit in this explanation is the trivalent nature of the titanium ion in this 

single LaTiO3 monolayer.  

Vonk et al measured the initial structure of LAO on STO films for a deposition of less than 

one monolayer, using surface x-ray diffraction (SXRD) [88]. For a half occupied first 

monolayer of LAO, the displacements are qualitatively similar to those in the HRTEM 

results. A comprehensive SXRD study was performed by P. R. Willmott et al. [89], who 

studied a five-monolayer thick film. This study also confirmed the interfacial dilation. They 

explained the lattice deviations by simple ionic considerations of intermixed cations at the 

interface, described below. 

1.10.3.3 Cationic intermixing 

         So far, we have considered the interface as abrupt and atomically perfect. The same 

chemical properties which make the perovskite structure so versatile, able to readily form 

solid solutions with different cations, are a liability in this case, because near the LAO/STO 

interface La and Sr cations can in principle intermix, doping the last STO layers with La+3 

impurities. Although there are reports about the cation intermixing [90], recent measurements 

from our group [91] show that cation intermixing and oxygen vacancies are not the dominant 

cause of conductivity. As an example, the High-angle annular dark-field (HAADF) image 

shown in Fig. 1.22 was acquired using a NionUltraSTEM operating at 100 kV and resolves 

both cations and oxygen columns. This data attribute a minor role to oxygen vacancies and 

cation intermixing. 

 

Figure 1.22: LAO/STO interface imaged by HAADF in a NionUltraSTEM operated at 100 kV. 
The inset is an enlarged portion of the image (raw data) with color coded circles indicating the 
position of each atomic column (red = Ti, blue = Al, yellow = Sr, green = La,cyan = O). The 
dashed region is the region used to calculate the atomic column positions. Taken from [91]  
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         In this chapter, I have presented a contextual survey of the current experimental results 

and theoretical predictions obtained during the last years, concerning the Physics of transition 

metal oxides. In particular, an in depth review of the general characteristics of Pr1-xCaxMnO3 

(PCMO) manganite compound and novel conducting interfaces of transition metal oxides 

(TMO) was described. The physics presented in this chapter provides the theoretical 

foundation necessary for understanding of the results presented in the remaining part of the 

thesis. 
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Chapter 2 

 
Experimental Techniques 

 
 

2.1 Introduction 

         A number of experimental techniques and characterization methods are used for the 

research work described in this thesis. TMO thin films can be characterized, using traditional 

solid state physics techniques, from the structural, electrical, magnetic and optical point of 

view. For most of the devices based on the epitaxial perovskite-type thin films and 

heterostructures, high-quality surfaces and distinct interfaces in between the constituent 

layers are usually prerequisite for good device performance. Therefore, the deposition of high 

quality TMO thin films and heterostructures and understanding the growth mechanism is 

very important. Epitaxial thin films characterized in this thesis work were grown by a special 

PVD technique called Pulsed Laser Deposition (PLD). Moreover, the growth can be 

monitored in real time by insitu Reflection High-Electron Energy Diffraction (RHEED), 

which makes it possible to examine the precise stack of the layers. The transport 

characterization of the thin films, after the fabrication process, was performed by using 

variable temperature four and two point methods in dark and under light irradiation. In this 

chapter, principles and descriptions of those experimental methods are given. First, I briefly 

describe the effect of strain in epitaxial TMO thin films. Next, I present the pulsed laser 

deposition technique and system used. Finally, electrical and optical characterization 

techniques are described. 

2.2 The role of substrate 

                 When manganites or other TMOs are prepared as an epitaxial film, the 

crystallographic structure can differ from that of the parent distorted bulk, often assuming a 

pseudo-cubic or a tetragonal structure. This is due to the biaxial stress imposed by the 

substrate that results in a strained film structure. This type of stress affects many physical 

properties of these TMO; hence the choice of the substrate is of primary importance. A 

substrate can have the following properties for the epitaxial growth: (i) it must be 

monocrystalline; (ii) crystallographic lattice match with the Mn compound; (iii) similar 
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thermal expansion coefficient; (iv) absence of chemical interactions with the material to be 

deposited; (v) surface quality; (vi) mechanical and chemical stability at the temperature and 

pressure conditions during the growth [92].  

         Oxide substrates with a square-planar surface orientation, as the (001) face of a cubic 

oxide crystal (see Fig. 2.1b), are ideal for films of compounds with cubic, pseudo-cubic and 

orthorhombic crystal structures. Other cuts may be also considered, for instance (110) is 

another face often used for deposition (Fig. 2.1b). Typically, the in-plane lattice spacing of 

the oxide film should closely match that of the substrate or exhibit a reasonably close near-

coincidence site lattice match, such as by rotating 45o with respect to the principal axes. The 

popular perovskite substrates used for the growth of manganites films, are SrTiO3, LaAlO3, 

and NdGaO3 to name a few. 

 

Figure 2.1: The crystal planes of STO (a) crystal lattice, (b) (001) plane with double termination and (c) (110) 
plane with double termination. 

2.1.1 Strain effect in epitaxial oxide thin films 

         For the thin film deposition, a crucial role is played by the mismatch between film and 

substrate, inducing a strain on the growing film. Initially, a layer-by-layer growth takes place. 

Then, the thicker become the film, the higher is the elastic energy due to the strain. Beside 

this, the main difference should be between homoepitaxy and heteroepitaxy growth. In the 

first case, the substrate and deposited film compounds are the same and the substrate 

crystalline structure extends into the film during the growth. For the case of heteroepitaxy, 

the materials of film and substrate are different, with different lattice parameters. Such lattice 
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mismatch gives rise to a strain, tensile or compressive. The stress (strain) accommodated by a 

perovskite structure is mainly by using the internal degrees of freedom of the lattice, i.e. by 

rotation of MnO6 (BO6) octahedra, or small modifications of the Mn-O (B-O) bond lengths, 

leading to JT distortions. Since, an elastic energy increases with increase in the film 

thickness. When the thickness reaches a value, called critical thickness (dC), the elastic 

energy stored in the structure is enough to create structural defects, or cracks. This dC is 

related to the small lattice mismatch ( δ ): 

                                                     ( ) subfilmsub aaa /−=δ                                                  (2.1) 

where asub and afilm are the in plane lattice parameters of substrate and film, respectively. The 

higher is the mismatch, the smallest is the critical thickness. Generally, the strain can be 

elastic, and a deformation of the in plane lattice parameter produces an out of plane 

deformation of the cell, too. When δ > 0, it means that tensile strain on the deposited film is 

in plane while strain is compressed in out of plane axis. For δ < 0, the strain is compressive, 

causing the lattice to be compressed in plane, but expanded out of plane. Finally, if asub ≈ afilm 

no strain is applied (see Fig. 2.2). 

 

Figure 2.2: Effect of strain in thin films; (a) absent (δ = 0), (b) compressive (δ < 0), and (c) tensile (δ > 0). 

2.3 Growth technique 

         In order to achieve future technological devices based on manganite thin films or 

oxide heterostructures, the control over film fabrication and to understand their properties is 

of primary importance, since most technological applications require high quality crystalline 
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films and multilayers. Scientists have benefitted from different deposition techniques 

developed during the last years, and this resulted in the standardization of various methods, 

like sputtering, molecular beam epitaxy (MBE), metal–organic chemical vapour deposition 

(MOCVD), and pulsed laser deposition (PLD), to name a few. Although PLD has been used 

to make films since the 1960s, successful fabrication of a superconducting YBa2Cu3O7 

(YBCO) epitaxial film, giving a good critical current, during the years 1987-88, led to rapid 

development of this method [93, 94]. Since then, PLD has been extensively used to fabricate 

epitaxial films of superconducting, metallic, ferroelectric, ferromagnetic oxides and their 

multilayers. The basic principle of the laser ablation process is briefly described in the 

following section. 

2.3.1 The Pulsed Laser Deposition (PLD) technique 

         Pulsed-laser deposition (PLD) has gained a great deal of attention in the past few years 

for its ease of use and success in depositing materials of complex stoichiometry. The basic 

concept of the laser ablation is the following [94]. A pulsed highly energetic laser beam, with 

a duration of tens of nanoseconds, hits a target of the desired material. If the laser energy 

density is sufficient for ablation of the source target, the material (highly ionized and 

energetic particles) evaporates, perpendicular to the target surface, forming a gas plasma with 

a characteristic shape that is called plume (see Fig. 2.3). 

 

Figure 2.3: The plasma plume (a) photograph (b) expansion from the target (right) to the substrate 
(left). This image (b) is taken by the ICCD camera of the MODA system. 

         The plume consists of a mixture of atoms, molecules, electrons, ions and clusters. 

During its expansion, internal thermal and ionization energies are converted into the kinetic 

energy (several hundreds eV) of the ablated particles. The kinetic energy is then attenuated 
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due to multiple collisions occurring during expansion into the background gas. For oxides, 

the background gas is usually oxygen at a typical pressure in the range 0.01 - 0.5 mbar. 

Finally, the plume condenses on a heated substrate placed in front of the target, forming a 

thin film on it. Briefly, the thin film formation by PLD, can be divided in the following four 

stages.  

1. Laser radiation interaction with the target 

2. Dynamic of the ablation materials  

3. Deposition of the ablated material on the substrate  

4. Nucleation and growth of a thin film on the substrate surface  

         The physical quantities that are controlled are the fluence of the laser on the target, the 

background oxygen pressure, the distance between target and substrate and the temperature 

of the substrate. Both the temperature of the substrate and the oxygen partial pressure 

influence the size and the shape of the plume, and consequently the deposition rate, while the 

choice of the energy and the repetition rate of the laser determine the energy of the atoms and 

ions that impact the substrate [94, 95]. 

2.4 The experimental set-up 

         The performance and lifetime of oxide based electronic devices depend upon their 

purity, structural perfection, homogeneity, and the flatness and abruptness of the layer 

surfaces and interfaces. This indicates the importance of the control over the growth mode 

during the thin film deposition which determines the layer and surface perfection. Therefore, 

an atomically controlled fabrication process is needed for top performance in new 

applications. This can be accomplished by pulsed laser deposition assisted by reflection high-

energy electron diffraction. Infact, the fast development in the performance of thin film based 

devices forces the characterization of the thin films, during and after the deposition, to be 

performed with the highest precision. After the relevant phenomenology and constituent 

materials have been described in the previous sections, now the experimental methods 

employed for fabrication, structural and transport characterization of the TMO samples will 

be presented. The results obtained will be discussed in the subsequent chapters in detail. 

2.4.1 MODA system 

         The TMO thin films (like manganites, Pr1-xCaxMnO3) and interfaces, characterized in 

this thesis, were fabricated by a PLD technique, using RHEED-assisted laser ablation in a 
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complex experimental setup named  MODA (Modular facility for Oxides Deposition and 

Analysis) complex system (figure 2.4) at the CNR-SPIN laboratory, Naples, Italy. 

         This facility is a system for pulsed laser deposition (PLD) of oxide thin films and for 

the in situ analysis of their properties. From figure 2.4, it is seen that several surface science 

techniques have been setup: Reflection high-energy electrons diffraction-RHEED, fast 

Intensified Charge Couple Device -ICCD camera, Spot Profile Analysis-Low energy 

electrons diffraction-SPA-LEED, X-ray Photoemission Spectroscopy-XPS, Scanning Tunnel 

Microscopy-STM and Atomic Force Microscopy- AFM. The ablation plasma is produced by 

focusing the output beam of a KrF excimer laser on stoichiometric targets. 

         This system mainly consists of two major parts: thin film growth chamber and the 

analysis chamber. More details about these two parts are presented elsewhere [96, 97]. Here, 

I briefly describe the growth chamber. 

 

Figure 2.4: MODA facility in Naples, Italy, schematic top view (up) and photo (down). 
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2.4.1.1 The growth chamber 

                 Thin film growth in MODA takes place in a vacuum chamber devoted to the pulsed 

laser deposition process (PLD). It is equipped with an excimer laser, a multistage rotating 

carousel on which it is possible to mount up to six different targets, a heater and a special 

High Pressure Reflection High Energy Electron Diffraction (HP-RHEED) set-up, allowing 

the in-situ growth monitoring also at high oxygen pressure (Fig. 2.5). 

 

Figure 2.5: PLD growth chamber in MODA system; (a) sketch of growth chamber, and (b) internal zoom 
view, RHEED, plume and targets are clearly visible. 

         The base pressure in the chamber is in the range of 10-9 mbar. UHV conditions are 

maintained by means of mechanical and turbo-molecular pumps. It is isolated from the other 

part of the UHV system by valves and long channels that are used for the transfer rods but at 

the same time they introduce high vacuum resistance, making it possible to keep different 

UHV conditions in different parts of the MODA system. A separated load-lock chamber for 

the target introduction is also present, making it possible to introduce new targets without 

influencing UHV conditions (breaking the vacuum) in the growth chamber. 

         For the deposition, the substrate is glued on a sample holder (with silver paste) and 

introduced into the growth chamber. Then it is radiatively heated from the back using a 

heater based on wire made of a platinum alloy (or, alternatively, special alloys such as Kantal 

or Nicrofer are used). The deposition temperature is read by a thermocouple (calibrated by 

pyrometer) and controlled by means of an electronic feedback system. The maximum 

deposition temperature is 1000o C. When growth substrate temperature is reached and the 
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geometrical position of the substrate regarding the target is set by means of step-motor 

positioning system, the deposition process starts. The motion of the heater, the pressure, the 

laser, the temperature, the loading and motion of the target carousel (selection of the targets) 

are fully software controlled. 

         After attaining growth substrate temperature, depositions are performed in a fully 

software controlled mode. The geometrical degrees of freedom of the substrate holder, 

equipped with five independent software controlled stepper motors (xyz-rotation stage, tilt 

angle θ and the azimuth angle ϕ), are able to change at any time, even during the 

experiments, the positioning of the substrate in the plume. When depositing oxide films, 

control of the oxygen pressure is of great importance. It influences the dynamics and shape of 

the plume (and also the transport properties of the grown films) but at the same time is of 

great importance for keeping the deposited films well oxygenated. The PLD of complex 

oxides is performed using 99.999% oxygen as a deposition gas. 

         The laser ablation is done by KrF excimer laser Coherent COMPEX 200 operating at   

λ = 248 nm, tpulse= 25 ns full width half maximum, spectral width 1pm, laser energy per pulse 

400-600 mJ, repetition rate 1-50 Hz. A mask is used to select the homogeneous central part 

of the laser beam. The mask is projected at an inclination of 45o on the target by means of a 

focusing lens (the focal length is 50 mm). Moreover, each target was mounted on a rotating 

holder, to avoid drilling phenomena that may cause the ejection of big clusters from the 

target during ablation. 

2.4.1.2 Reflection high-energy electrons diffraction (RHEED) 

         In the MODA growth chamber, deposition process is monitored in-situ by a high 

pressure Reflection High Energy Electron Diffraction “RHEED” (zoom view in Figure 2.5 

(b)) that operates also in the regime of high dynamic oxygen pressure due to the differential 

pumping mechanism allowing the filament, that produces electrons, as well as accelerated 

electron optics, to be at the low base pressure while the deposition is done in dynamic O2 

pressure. RHEED allows to determine in-situ the growth mechanism and to monitor the 

evolution of the surface structure with sub-monolayer sensitivity [98, 99]. This technique 

uses elastic diffraction of electrons by surface atoms (there is no energy transfer from the 

electrons to the surface) with high kinetic energy (typically in the range of 5-50 keV) and low 

impact angle (typically less than 5) from the solid surface to provide information about the 

periodic rearrangement of the surface atoms. The reflected electrons than impinge on the 

phosphorous screen reveling a pattern that depends on the structure, morphology and 
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roughness of the sample surface. The pattern represents the intersection of the reciprocal 

lattice of the two dimensional surface layer (ideally a lattice of rods) and the equi-energetic 

sphere in k space (Ewald sphere).  

         With a RHEED experimental set-up, two types of measurement can be performed: the 

analysis of the RHEED pattern spots intensity variation (oscillation) during the film growth 

(Figure 2.6 (a)), and the study of the RHEED pattern of a well defined surface, before and 

after the deposition (Figure 2.6 (b) and (c)). As an example, a cross sectional view along the 

white line of RHEED pattern after 6uc deposition of NGO film is shown in figure 2.6 (c). 

The typical RHEED pattern tells that, in the case of a single domain crystalline, clean and 

atomically flat surface, the diffraction pattern results in sharp streaks lying on concentric 

circles (Laue circles). While in case of a three dimensional surface, the RHEED diffraction 

pattern is a rectangular pattern of spots. Beside the structural analysis of the planar surface 

symmetries, the intensity of specular spot (rod) depends on the film roughness making it 

possible to monitor the film growth in the layer by layer growth regime by observing the 

oscillation of the intensity. A single oscillation is completed when a complete atomic layer is 

deposited as represented in zoom view of figure 2.6 (a). The intensity of the specular spot 

decreases by increasing the number of layers, an indication of a progressive roughening of 

the surface that it is common in the epitaxial growth. 

 

Figure 2.6: The RHEED oscillation of the specular beam during the growth; (b) RHEED pattern after 
6uc deposition of NGO film; (c) cross section along the white line of Fig.2.6 (b). 
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         As, the control of the film surfaces and interfaces is strongly related to in-situ 

monitoring of the film growth to get optimal properties for possible technological 

developments of the oxide based devices. Hence, the control of the interfaces at the micro 

and nano-scale is of enormous relevance, in order to achieve the best performances in such 

structures. Indeed, the higher degree of control has a cost in terms of easiness, because the 

RHEED-assisted PLD is far more complex than standard PLD. 

2.4.2 Device characterization laboratory 

         A schematic view of the device characterization laboratory in Naples, Italy is shown in 

Fig. 2.7. It mainly consists of a Janis closed cycle refrigerator (CCR) system along with 

Keithley’s standard instruments for sample biasing and voltage and current read out.  

 

Figure 2.7: Device characterization lab. in Naples, Italy, photo (up) and top schematic view (down). 
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Besides this, during my PhD tenure, I was also involved in setting up of the following 

instruments which resulted in the up-gradation of the existing transport setup.  

(a) an homemade magnetic field setup that can provide up to 15 mT field both in-plane 

and out of the plane geometry (Fig. 2.8a and b). This setup is suitable for performing 

a speedy check on some of the samples which are sensitive to the external magnetic 

field environment. 

(b) another homemade unit is the setup for photoconductivity measurements, consisting 

of an Hg (A) lamp model 3660 by ORIEL instruments with lamp supply (20 mA), 

fully shielded to avoid any free exposure to the air/eyes (Fig. 2.8e and f). 

A group photo of all the accessories that are part of the device characterization laboratory is 

shown in Fig. 2.8 below, along with an Agar sputter coater and an ultrasonic bonder. 

 

Figure 2.8: Other accessories in the device characterization laboratory, magnetic field setup (a) field in the 
sample plane (b) field out of the sample plane, (c) Agar sputter coater (d) an ultrasonic bonder (e) 
photoconductivity setup fully shielded, and (f) Lamp used in Fig. 2.8 (e) 

2.4.2.1 Closed-cycle Refrigerator System (CCR) 

         The closed cycle refrigerator (CCR) system, combined with an automatic temperature 

controller, is a powerful tool for studying the properties of materials over a wide range of 

temperatures (with base temperature ~ 10 K). Temperature sensors are standard items in the 

CCR systems. There are commonly two types of standard sensors used (installed on the cold 
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finger): First, a silicon diode is the most common and used often for low temperature 

measurements (attached with our setup). The second, a platinum resistor is used for high 

temperature measurements. In a few cases thermocouples are also used, but they are 

exceptions. The temperature controller is another standard piece of the CCR system. We use 

the Lakeshore model 331 as a temperature controller with our measuring setup that can 

supply 1 ampere of heater output.  

         The CCR system, as the name implies, require no liquid helium or liquid nitrogen as a 

source of cooling. Instead, a closed loop of helium gas is compresses and expanded, based on 

the Gifford-McMahon (G-M) thermodynamic cycle (see Appendix 1). Furthermore, during 

the expansion phase of each cycle, heat is removed from the cold finger, on which the sample 

is mounted. A compressor is used to provide the high pressure helium gas needed for the 

cycle to the cold head. It can be either air cooled or water cooled. Flexible stainless steel gas 

lines deliver the compressed helium gas to the refrigerator, and return the low pressure gas to 

the compressor for recirculation. The refrigerator includes two cold stages, one for cooling 

the sample and one for cooling a radiation shield that surrounds the sample (see Fig. 2.7).  

2.4.2.3 Setup for photoconductive measurements 

         Fig. 2.9 shows a schematic of a homemade photoconductivity setup used in this study. 

This set-up was developed for electrical and photoconductivity measurements (in both 

constant current and pulsed current regimes) in the temperature range from 10 to 300K.  

 

Figure 2.9: Schematic diagram of setup for  photoconductivity measurements. 
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         Our set-up for photoconductivity (PC) measurements consists of three main parts, each 

one of which can be modified depending on the experimental tasks to be performed. These 

are: optical part, detecting part (scheme of the electrical connection and sample biasing as 

described in Fig. 2.11) and cryogenic part (see Fig. 2.7), which include a sample holder and a 

cryogenic system for measurements in the temperature region from 10 to 300K.  Here, the 

illuminating source consists of an Hg (A) lamp model 3660 (Fig. 2.8 (e) and (f)) with lamp 

supply (20 mA) by ORIEL instruments, fully shielded to avoid any free exposure to the 

air/eyes. The lamp supply is capable of providing dc and ac current to bias the lamp. There is 

a small fan mounted inside the protection shield box capable of removing the heat produced 

inside the box and serve as a cooling source for the Hg (A) lamp. When the lamp is turned 

ON, after few seconds, it fully illuminates the box internally, and the light emerges through a 

small hole made in the box. There is a small path (~ 6 inch copper pipe), that provides a 

passage for the light to reach the device under test (DUT), which is placed in the vertical 

position on the sample holder inside the CCR system. 

2.5 Measurement techniques 

         This section briefly describes the experimental techniques used to characterize TMO 

thin films and heterostructures. Special care needs to be taken in case the sample is 

susceptible to photo induced carriers, which can be minimized by keeping the sample before 

and during the measurement in a dark environment. 

2.5.1 Electrical contacts  

There are numerous reported methods that claim to create ohmic contacts with the 2DEG: 

some that require complicated procedures and some that are very simple. I have attempted to 

create ohmic contacts by the following means: silver epoxied copper wires, thermally 

evaporated silver contact pads, and aluminum wire-bonding. The very first attempt to create 

contact pads was done using silver paint (paste) to connect fine gauge copper wires to the 

surface of the film. This procedure worked rarely for the insulating manganite thin films 

(e.g., PCMO), and worked once out of dozens of attempts for the interfaces to allow 2DEG’s 

sheet resistance to be measured. Secondly, I deposited silver contact pads using an AGAR 

scientific sputter coater (Fig 2.8c). A contact shadow mask, manufactured by a laser 

machine, was used for this purpose that created four 0.1 mm diameter contact pads on the 

5x5 mm sample. This method, promising from reported success, also worked very well for 

our insulating manganite (PCMO) thin films. 
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2.5.2 Wire-bonding: probing the buried interface 

         The electrical contacts were obtained by ultrasonic bonding of Al wires on silver stripes 

spaced 0.1 mm apart (for PCMO). The most tedious part of measuring the transport 

properties of the 2DEG between polar perovskites and STO is creating contact with the 

buried interface. Ultrasonic wire-bonding proved to be the most successful way to 

reproducibly make contact with the buried 2DEG. We use Kulicke & Soffa Industries Inc 

model 4523, manual aluminum wedge-wedge wire-bonder (Fig. 2.8d). This type of wire 

bonder operates by pressing a thin gauge wire onto a surface, then ultrasonically heating the 

wire, which creates the bond. The theory behind the wire-bonder’s success is that the 

ultrasonic energy supplied to the wire-bonder’s tip creates micro-cracks in the film and thus 

allows the melted aluminum to penetrate to the buried interface.  

 

Figure 2.10: This is a side view of the wedge-wedge wire-bonder; (a) 3-d view of needle, and (b) 
schematic diagram  

         The downside to this method is that the operation of the wire-bonder requires a lot of 

practice. A schematic of the wire-bonder’s tip is shown in Fig. 2.10, where the fine wire of 

Al or gold (diameter 25 µm) enters from the rear of the setup and is held in place via a 

pneumatic clamp. For the wire-bonding process, a home made sample holder with thin 

copper base that has a cavity size of 6 x 6 mm is used. This holder holds the substrate in this 

cavity, has 16 gold (as well as copper) contact pads specifically intended for wire-bonding, 

which makes the connections to the different probes very easy. For good thermal contact, 
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thermal grease is used to avoid the temperature gradient and different cooling rates between 

the copper block and the sample.  

2.5.3 Electrical transport measurements 

         The transport measurements were carried out in standard two-probe and four-probe 

configurations with in-line geometry. The resistance vs. temperature R (T) was measured in 

the current-pulsed mode, by biasing the samples with an active current source (Keithley 238) 

and measuring the voltage drop with a nano-voltmeter (Keithley 182). The temperature 

measurement was done using a Lakeshore temperature controller model 331. The four-point 

method involves using four leads attached at different parts of the sample (Fig. 2.11a). Two 

external pads supply current (if Ag-pads are considered), while other two inner pads measure 

the voltage drop. Furthermore, in order to perform electrical transport, we employed the Van 

der Pauw four-point method. Taking into account the van der Pauw formula, the sheet 

resistance RSheet was calculated by Eq. 2.2; 

                                                                   
2ln

R
RSheet

π=                                               (2.2) 

         The highly resistive samples like PCMO require use of the two-point probe method to 

measure resistances down to a low temperature scale provided narrow contact pads are 

deposited on it, as shown in  Fig. 2.11b below. 

 

Figure 2.11: Measurement techniques with circuit diagrams; (a) four-point probe, and (b) two-point 
probe methods. The geometry of the silver contact pads on the sample is also shown schematically. 

 



Experimental Techniques 
_________________________________________________________________________ 
 
 

 

2 0 1 1             M u h a m m a d  R I A Z  -  P h D  T h e s i s  
 

Page 48 
Page 48 

         By using a 4-point configuration (as opposed to only 2 contacts), there should be no 

contribution to the measured resistance from the wire-silver pad interface, the so-called 

contact resistance. The measured resistance R was then converted into resistivity ρ values by 

using Eq. 2.3, where A is the cross-sectional area that the current flows through and l is the 

distance between the voltage contacts.  

                                                                                 
l

AR=ρ                                          (2.3)  

                 There is some degree of ambiguity as to the appropriate cross-sectional area to use 

in Eq. 2.3, as the value will depend on the precise path the current takes through the film. 

Throughout this work, it has been assumed that the current flows uniformly throughout the 

width of the film. The resistivity values obtained should be treated an upper bound, as the 

area the current travels through may be restricted, e.g. if there is phase separation. However, 

it should be noted that the main aim of the electrical transport measurements was to 

determine the temperature (if any) of a transition from an insulating state (defined as dρ/dT < 

0) to a metallic state (defined as dρ/dT > 0). This can be done from resistance values alone, 

but the absolute resistivity values are included for comparison with other materials. In 

addition, it was possible to apply an external magnetic field of up to 12 mT while performing 

R (T) to perform a quick check on some of the suitable samples. Temperature dependent 

resistance measurements are recorded during the cool down as well as warm up. To add few 

more words, cooling down to 10 K was done over the course of at least 1 ½ hours, and 

warming up to room temperature was done over the course of 4-6 hours (fast warming is also 

possible when internal heater is turned ON). The slow warm up ensures that the temperature 

gradient between the copper block and the sample is minimized. The cooling, heating rate 

and the applied magnetic field were all computer controlled by a LabView™ code. 

2.6 Experimental difficulties 

         There are many experimental difficulties encountered in this part of the experiment. 

First, creating good contact with the interfacial 2DEG using the wire-bonder is difficult to 

achieve. Wire-bonding is an extremely tedious process that requires precision and patience, 

and, most importantly, the ability to feed the fine gauge wire into the hole (shown in Fig. 

2.10) at the back of the wire-bonder’s needle tilted of 30°, when things go wrong. So one has 

to hold the wire tilted with the same orientation for insertion. Furthermore, once the contacts 

are made, sometimes the checking of two wire resistances (can be measured between wire-
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bonds) by using a digital multimeter (DMM) give unpredictable results. One side of the 

sample show higher values of resistance than the other side. This is likely due to a high 

contact resistance between the wire-bonded lead and the 2DEG, and repeated (more bonds) 

wire-bonding can sometimes remedy the problem. Also, during the warm up path of a 

resistance measurement, turning the internal heater ON creates jumps in the sheet resistance 

data. Thus these measurements are simple in principle but can be tricky in practice. 
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Chapter 3 

 
Transport properties of narrow band manganite thin films 

 
 

3.1 Introduction 

         In this chapter I will discuss the transport properties of the epitaxial films of 

Pr0.7Ca0.3MnO3 grown on (110) and (001) STO substrate. The main objectives behind this 

research work are, firstly, to see how far the transport properties of this complex compound 

(i.e., PCMO) can be qualitatively modified by the application of an external perturbation 

(e.g., biaxial stress imposed by the substrate or photon field). Another related issue regards 

the study of the transport mechanisms of thin Pr0.7Ca0.3MnO3 films on (110) and (001) STO, 

and their comparison with the bulk ones and to assess whether the epitaxial strain brings 

PCMO_110 to a metallic or to an insulating FM single phase. Finally effect of UV light will 

be discussed. 

3.2 Brief background 

         Transport and magnetic properties of PCMO show dramatic changes at temperatures 

around the combined ferromagnetic-paramagnetic and metal-insulator transitions. The 

ferromagnetic phase is usually explained by introducing the double-exchange mechanism, in 

which hopping of an outer shell electron from a Mn3+ to a Mn4+ site is favored by a parallel 

alignment of the core spins. Beside double-exchange, a strong interaction between electrons 

and lattice distortions plays a vital role in this compound. Furthermore, for the Mn3+ site, 

with three electrons in the energetically lower spin triplet state gt2 and the mobile electron in 

the higher doubletge , a Jahn–Teller distortion of the oxygen octahedron can lead to splitting 

of the doublet and the trapping of the charge carriers in a polaronic state influencing the 

transport properties in the high temperature phase. Additionally, small distortions of the unit 

cell have dramatic effect on PCMO, opening the perspective of tuning its transport 

(electronic) and magnetic properties by depositing epitaxial films on different substrates, i.e., 

under different biaxial stress conditions as shown in Fig. 3.1.  

         The substrates choice is based on the phenomenological observation that the unit cell 

deformation imposed by the biaxial stress for manganite films grown on (110) and on (001) 



  Transport properties of narrow band manganite thin films 
_________________________________________________________________________ 

 
2 0 1 1            M u h a m m a d  R I A Z  -  P h D  T h e s i s  

 
Page 51 

perovskitic substrates is quite different. The choice of the STO (110) substrate was dictated 

by different considerations. Firstly, both compressive and tensile growth of PCMO on a 

(001)-oriented cubic substrate would have resulted in tetragonal elongated or compressed 

PCMO, with stabilization of the AFM phase, in the guise of A type (or CE-type) and C-type 

structures, respectively [100].  

 

Figure 3.1: Sketch of the different biaxial tensile stress applied by (001) STO (on 
the left) and (110) STO (on the right) on a matched pseudocubic perovskite with 
lattice spacing shorter than as = 0.3095 nm.  

         At contrast, deposition on STO (110), while putting the c lattice parameter of the Pbmn 

cell under tensile strain [see e.g., Ref. 101], thus inhibiting the compression along the [001] 

orthorhombic direction necessary for the A-type or CE-type AFM structures to set in, at the 

same time retains the PCMO orthorhombic symmetry, which allows mixed occupancy of 

both d(x2-y2) and d(3z2-r2) eg orbitals, a condition favorable to isotropic ferromagnetic 

superexchange. Secondly, if strain along [001] in PCMO is at least partially accommodated 

via bond angle modification, deposition on STO (110) will promote the opening of the Mn-

O-Mn bond angle and, by consequence, the widening the eg band at least along kz, favoring 

DE.  

3.3 Experimental 

3.3.1 Materials 

         The samples chosen for this work are two sets of Pr0.7Ca0.3MnO3 (PCMO) epitaxial 

films on the basis of their thickness (i) t~150 nm) and (ii) (t~10 nm), respectively, grown by 

pulsed laser deposition on (001) and (110) SrTiO3 (STO) substrates. In the following, the two 

samples above will be respectively called PCMO_001 and PCMO_110. Bulk PCMO is 

orthorhombic, with lattice parameters nma 5426.0= , nmb 5478.0=  and nmc 7679.0= . The 
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substrate lattice spacing,  0.3905=sa nm, is matched to PCMO, being 

sac 2≈ and saba 2≈≈ . This kind of pseudocubic orthorhombic film can be accommodated 

on STO in several ways [101, 102]. All the samples were fabricated in (MODA lab.) Naples, 

Italy. 

3.3.2 Methods 

         The epitaxial Pr0.7Ca0.3MnO3 films were deposited by pulsed laser deposition in the 

complex multichamber system. The films are grown in a 0.1 mbar oxygen atmosphere, at a 

rate of 2 unit cells per minute, by resorting to a Kr-F excimer laser (248 nm) that radiates a 

2.4 mm2 spot on the target with a fluence of 2J/cm2. The transport measurements were carried 

out in standard two-probe and four-probe configurations with in-line geometry. The R (T) 

was measured in the 4-probe mode (current-pulsed mode), by biasing the samples with an 

active current source and measuring the voltage drop with a nano-voltmeter. In addition 2-

probe mode (constant voltage) was also employed. The electrical contacts were obtained by 

ultrasonic bonding of Al wires on silver stripes spaced 0.1 mm apart. 

3.4 Electrical transport in narrow band manganite thin films  

         Narrow bandwidth manganites are, usually, insulating over the entire temperature range 

studied (e.g., see Fig.1.9). A list of samples characterized for this thesis work is shown in 

Table 3.1. 

Table 3.1: A list of samples characterized for this thesis work consisting of several PCMO_110 and 
PCMO_001 samples. 
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         As shown in Fig. 3.2, the resistivity of PCMO reveals an activated semiconductor like 

character over the whole measured range (~ 400K - 90K) in dark and without any external 

perturbation. The dashed regions containing noisy behavior (Fig. 3.2a) and drop (bend) in 

resistivity (Fig. 3.2b) are not considered here but will be discussed in coming section. 

 

Figure 3.2: Temperature dependence of resistivity for several PCMO_110 and PCMO_001 samples (of different 
thickness), all showing insulating behavior; (a) 2-probe method and (b) 4-probe method. Dashed region is not 
included. 

         Infact, the above data (Fig. 3.2) was obtained in both 2-probe and 4-probe 

configurations, which show qualitatively similar insulating behavior in a quite broad range of 

temperature, but from here on I prefer to show data in this section with 2-probe method. 

Furthermore, Fig. 3.2 show data which consists of R (T)s of several samples of PCMO_110 

and PCMO_001 also as a function of difference in thickness (Table 3.1). Before showing the 

main results, let us briefly describe the main models describing electric transport in 

manganites. 

3.4.1 Thermally activated hopping/Arrhenius 

         In literature [103], one can find the generalized form of resistivity for activated-hopping 

conduction as, 

                                                                     
n

O

T

T
/1

exp 






∝ρ                                       (3.1) 
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Here, n=1 correspond to the Arrhenius mechanism, n=2 is hopping by coulomb interaction 

and n=4 for variable range hopping [104, 105]. Arrhenius mechanism is generally used to 

model activated behavior. I will be confirming the type of hopping involved in our samples 

by finding this value of n. 

3.4.2 Mott variable range hopping (VRH) 

         Mott variable range hopping (VRH) theory describes the low temperature behavior of 

the resistivity in strongly disordered systems where states are localized. If the activation 

energies for hopping to neighbouring atoms are not the same, then it may be that hopping to a 

non-nearest neighbour has a smaller activation energy. This is particularly true at low 

temperatures [106]. This variable range hopping is potentially more complicated to describe 

quantitatively (for derivation refer to [107]). From Eq. 3.1, one can write the VRH formula 

as, 

                                                               
4/1

exp 






= ∞ T

TOρρ                                        (3.2) 

 where T0 
is a characteristic temperature. One drawback of this model is that the values of T0 

are often implausibly high, (e.g. in the range of ~ 108
 

K). Another drawback with VRH is that 

it was originally proposed for short distance hopping at low temperatures. Furthermore, the 

mechanism may depend on the type of sample (single crystal, polycrystalline, or thin film). 

3.4.3 Thermally activated hopping of small polarons (TAP) 

         The resistivity formula for polaron hopping conduction can be written as,  

                                                                    







∝

Tk

E

T B

a
s

exp
ρ

                                        (3.3) 

Here, s=1 correspond to adiabatic polarons and s=3/2 means non-adiabatic polaron 

conduction. Since small polarons exist in the paramagnetic phase, it seems natural to adopt a 

small polaron model to describe the resistivity. Also strong electron-phonon coupling in 

narrow band manganites gives rise to the formation of small polarons, and the resistivity is 

governed by the thermally activated hopping (TAP) of small polarons. From Eq. 3.3 we can 

write, 

                                                





= Tk
ET

B

aexp0ρρ                                          (3.4) 
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Where the prefactor 0ρ  is only a weak function of the temperature and the activation energy 

Ea does not depends on T. The hopping energy Ea corresponds to half of the polaron 

formation energy, and kB is the Boltzmann constant. The applicability of Eq. 3.4 is limited to 

temperatures greater than half of the Debye temperature DΘ  [108, 109]; 

                                       KT D 172162
2

1 −≈Θ≥         (for PCMO)                 (3.5) 

         Because of the incorporation of variable interplays among charge, spin and lattice, 

these compounds exhibit complex transport behaviour and offer an unusual research 

opportunity for condensed matter physics. Many experimental results have provided strong 

evidence to suggest the presence of small polarons in the paramagnetic phase. Although it is 

becoming generally recognized that the presence of small polarons plays a key role in the 

peculiar transport properties for mixed-valence manganites [110], the true nature and the 

exact transport process in the paramagnetic phase for mixed-valence manganites is attractive 

but still controversial. 

3.5 Strange features in early transport measurements 

         Before describing the main results, let me make few comments on the transport 

properties of PCMO (also concerning dashed region in Fig. 3.2). For the very early 

measurements (year 2008-09) on this complex PCMO compound, it was frequently observed 

some strange features in the R (T) data consisting of jumps (around 200-250K) and noisy 

behavior followed by a drop (bend) in the resistance around 130-150K (depending upon 

thermal history or aging of the sample) as shown in Fig. 3.3. Quite interestingly, these 

features were appearing at the points where phase transitions are reported in the phase 

diagram for bulk PCMO i.e., charge ordering temperature TCO and the Néel 

temperature or magnetic ordering temperature , TN, as shown by dashed lines in Fig. 3.3. 

Indeed, based on our measurements alone, we were unable to make any specific comment 

about the origin of these features. Because, on the one side these features in the R (T) data 

were very fascinating, but on the other hand in literature reported resistivity data were quite 

clean and smooth (at least down to 150 K) making above scenario more puzzling for us (see 

e.g., Fig. 1.8). 

         Moreover, the noisy behavior in the R (T) curves just before and after the drop in 

resistance (between 100-150K) look similar to what reported for single crystals below 40K, 

that was interpreted as temporal fluctuations between low and high resistance states [6]. 
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There are also reports about colossal dielectric response and multiferroic nature in charge-

ordered rare earth manganites in the above temperature window [111, 112, 113]. 

 

Figure 3.3: A set of early transport measurements (R vs. T) on several PCMO samples, showing jumps 
and noisy behavior.  

         A survey of the literature, however, made things more complex at that time. As an 

example see Fig. 3.4, for a quick comparison (with Fig. 3.3 or Fig. 3.6), which is taken from 

Refs. [114, 115], these authors reproduced this figure in several articles [114, 115], and 

reported that the ρ (T) s of the films with two different thicknesses are practically identical 

and show an obvious exponential behavior in the high-temperature region (T > TN). 

However, in the low-temperature range (T < TN), an abrupt change is observed in the 

temperature dependence of the resistivity, and that change can be interpreted as an 

appearance of the metallic phase. Moreover, they emphasized that, although the complete 

transition into the metallic phase is not seen, a forerunner of such a conversion is distinctly 

observed. After several measurements on PCMO samples, we found that this is a false FM 

transition (highlighted by dashed rectangle) and infact PCMO is seen insulating in R (T) 

measurements without any external field. 
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Figure 3.4: Temperature-variation of resistivity for PCMO films showing a drop in resistivity at 130K, 
the authors interpreted this drop (bending) in resistivity as an appearance of the metallic phase. Taken 
from [Refs. 114, 115]. 

         After performing several tests (see appendix 2 for further details) in order to make a 

consensus that whether the system responds intrinsically or impedance is an issue, we 

decided to probe further the implications of our measurement procedure for the measured 

value of resistivity; the most important being the time delay between current application and 

voltage measurement. 

3.5.1 Effect of time delay 

         In view of above context, we devised a test experiment hoping that if the system 

intrinsically has a temperature- and phase-transition-dependent response time feature, the 
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final result of the measurement might change with the delay. At the end of the day, indeed it 

does (see Fig. 3.5) (see Appendix 2).  

 

Figure 3.5: (a) Delay effect on the 4-probe resistivity of PCMO_001 (150 nm) thin film, and (b) comparison of 
delay effect on the 2-probe resistivity of PCMO_110 and PCMO_001 (150 nm) samples.  

         As an example, Fig. 3.5a shows 4-probe data for PCMO_001 (150 nm) sample. When 

we increased the delay between the application of current (in pulsed mode) and the voltage 

measurement to 0.2- 1s the features started to show suppression. This change was really 

remarkable; subsequent measurements performed on same sample (all other PCMO samples 

shown in Table 3.1 were also tested) demonstrated that the resistance was slowly smoothing 

with increase in delay time (e.g., at 6s, R(T) reached ~ 80K). The above experiment was a 

success as it has enabled us to go down in temperature window of the order of ~ 70K more  

(i.e., from 160K (before delay) - 90K (after delay)). In Fig. 3.5b another test experiment is 

shown which make a comparison of delay effect on the 2-probe resistivity of PCMO_110 and 

PCMO_001 (150 nm) samples. The following procedure was used for this short test 

experiment; the measurement was started with short delay time (200 ms) during cooling path 

(solid arrows) and after observing the start of noisy behavior the delay time was changed to 

loner value (1000 ms), interestingly measurement became smooth. The warming paths 

(broken arrows) were performed keeping the longer delay time, clearly, the noisy regimes 

were completely wiped out in this experiment. 

         In Fig. 3.6, a comparison of 2-probe and 4-probe resistivity data between PCMO_110 

and PCMO_001 (both 150 nm) films, is shown (after delay modifications in measurements). 

Indeed, this data appear similar to what is reported in usual literature. These measurements 
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show qualitatively similar insulating behavior, with drop in resistance (4-probe), but there is 

no FM transition seen in contrast to dashed rectangular part shown in Fig. 3.4. 

 

Figure 3.6: Comparison of 4-probe resistivity data between PCMO_110 and PCMO_001 (both 10 nm) 
thin films. Inset show 2-probe data for the same samples. 

 

3.6 Results and discussion 

         As shown in Fig. 3.7a, the resistivity of PCMO reveals an activated semiconductor like 

character over the whole measured range (400K - 100K) for both samples. No evident feature 

is present at the expected charge ordering temperature as reported in bulk (TCO= 230 K). 

Moreover, our experience on transport characterization and other studies in literature showed 

that [108], if the bias current is small (i.e., small electric field) then the two and four point 

measurement modes yield the same results for increasing and decreasing values of 

temperature.  

         In Fig. 3.7b, the logarithmic derivative of resistivity against T allows to highlight a 

change of slope due to charge ordering which is very feeble in Fig. 3.7a. The stress applied 

by the substrate, in principle, may set a difference between film and bulk properties. 
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However, in spite of the different structural details, PCMO_110 and PCMO_001 show a 

similar overall transport behavior.  

 

Figure 3.7: (a) Temperature dependence of resistivity for samples PCMO_110 and PCMO_001 
showing insulating behavior with feeble traces of CO, (b) logarithmic derivative plot shows better signs 
of CO. 

         Additionally, in these samples the electric transport is characterized by an activated 

mechanism. Here the carriers are polarons, i.e., holes dressed by the interaction with the 

lattice, so that the activation mechanism enables the displacement of polarons from one site 

to the other. Meanwhile, the I-V characteristics show a slight nonlinearity (see Fig. 3.8). 

 

 
Figure 3.8: I vs. V curves for PCMO_001 (150 nm) sample at different temperatures. 
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         Fig. 3.9 shows a plot of 11)(ln −− TversusTρ  for the samples PCMO_110 and 

PCMO_001; in Fig. 3.9a data obtained by 2-probe and 4-probe methods is shown for a 

comparison. After analysing several samples (see Appendix 4) it was found that both 

configurations give qualitatively similar overall transport behavior as well as values of Ea. 

Therefore, I preferred to choose 2-probe data which is replotted in Fig. 3.9b. The dashed 

lines represent fits to Eq. 3.4, while vertical dashed lines are guide to the eyes showing fit-

limit of the TAP model. These fits remarkably agree with the experimental data.  

 

Figure 3.9: 11 )(ln −− TVsTρ for the samples PCMO_110 and PCMO_001, (a) data obtained by 2-probe 

and 4-probe methods, (b) same date replotted for 2-probe method. The dashed lines are the fitting to Eq. 
3.4, while vertical dashed line is a guide to the eyes showing fit-limit of the TAP model down to 140K. 

          The Ea value obtained from the fitting of Eq. 3.4 for PCMO_110 sample was 161 meV, 

while for and PCMO_001 it was 147 meV, an overview is given in Table 3.2. These values 

are strongly in accordance with previous reports [108, 109].  

Table 3.2: Ea values obtained by Eq. 3.4 and linear fitting (from slope) are shown for the two samples 
PCMO_110 and PCMO_001. 
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         Let’s now address the VRH model. According to reference [116], to identify the type of 

VRH conduction a usual practice is to plot ( ) 2/12/1ln −− TversusTρ or 

( ) 4/1ln −Tversusρ to obtain a straight line. In Fig. 3.10, we plotted our data in the same 

way. However, from Fig. 3.10a and 3.10b it is clearly seen that the principal features are the 

same for both plots.  

 

Figure 3.10: The resistivity data, for the two samples PCMO_110 and PCMO_001, versus (a) 2/1−T , 

and (b) 4/1−T . The dashed lines represent fits to a linear function, while vertical dashed line is a guide 

to the eyes showing fit-limit for VRH model down to ~ 210K from room temperature. 

         Furthermore, the fitting range is restricted to above 210K, clearly seen from the vertical 

dashed line that is a guide to the eyes. In this kind of situation an effective method for 

identification of the type of VRH hopping is to examine the local activation energy locE  

defined by, 

                                                                   
( )

( )Td

d
kE Bloc /1

ln ρ=                                         (3.6) 

Aheading a step forward, untill now Eq. 3.4 (TAP model) gave the best fitting as well as Ea 

values of our data on PCMO films as compared to other models like VRH and simple 

thermal activation model; I will take into account numerator of Eq. 3.6 and replace it by 

( )T/ln ρ .  Indeed, a similar formula can be found in Ref. [108] where the apparent activation 

energy Q  deduced from the logarithmic derivative of the resistivity (i.e., Eq. 3.4) is used for 

the evaluation of narrow band manganite PCMO thin films. It is defined by, 
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( )

( )Td

Td
kQ B /1

/ln ρ=                                     (3.7) 

Where KB is the Boltzmann constant having value 8.6173×10-5 eV K-1. 

 

Figure 3.11: Temperature dependence of Q for the two samples PCMO_110 and PCMO_001, (a) 
calculated from Eq. 5, and (b) same date replotted in logarithmic form, shows a clear linear regime 
marked by dashed lines (linear fit) below TCO, which correspond to the slope -1. 

         In Fig. 3.11a, I show the plot for Q  against temperature. Recent studies on PCMO thin 

films [108] showed that, for small polaron hoping Q  should equal the temperature-

independent hopping energy Ea if the bias current is small. Interestingly, this is confirmed in 

our samples down to temperature of 150K (i.e. full valid range for hopping model, see Eq. 

3.5) and the plot in Fig. 3.11a agrees very well with the Ea value obtained from fitting of Eq. 

3.4 for PCMO_110 and PCMO_001 samples (i.e., 161meV and 147 meV respectively). 

Moreover, we do not see an anomaly in Q  at the charge ordering (CO) temperature except 

feeble traces on PCMO_001 sample, this strengthens the TAP model. In order to get a further 

insight into the physical properties of PCMO, a further check regarding the type of hopping 

mechanism is the evaluation of a quantity l defined in the references [103, 116] by, 

                                                                    
( )

)(ln

/ln

T

TkQ B=l                                            (3.8) 

This l  is related to generalized form of activated-hopping in Eq. 3.1 by l = - 1/n. The slope 

of the linear dependence of the ( )TKQ B/ln  on ln (T) gives the value of l . Indeed, this is 
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observed from Fig. 3.11b where the linear regime marked by dashed lines below CO 

temperature gives a slope of -1 for both characterized samples. Therefore, the data are clearly 

in favour of the TAP model in our PCMO thin films. 

         In summary for this section, the effect of substrate induced strains on the transport 

properties of PCMO films has been investigated. No evident feature is present at the expected 

charge ordering temperature as reported in bulk (TCO= 230 K). In spite of the different 

structural details, PCMO_110 and PCMO_001 show a similar overall transport behavior and 

there is no FM metallic phase present in the R(T) data, the drop (bend) in resistance with 4-

probes are false that can be removed by increase in delay time. Fits based on the VRH model 

were not satisfactory while TAP model fits nicely over a broad range of temperature from 

400K to 150K. The observed experimental results suggest that, the thermally activated 

hopping (TAP) of small polarons model is more suitable for describing the temperature 

dependence of resistance for the PCMO thin films down to 150K than the VRH conductivity 

model. 

3.6.1 Ferromagnetic insulating phase in PCMO 

         In this little sub-section, I will briefly discuss the epitaxial stabilization of the 

ferromagnetic phase and the concomitant suppression of the antiferromagnetic one in PCMO 

films grown on (110) STO, in contrast to the bulk-like features of samples grown onto (001) 

STO. In a very recent article by our group in Naples, Italy, A. Geddo Lehmann et al. [101], in 

an effort to acquire a homogeneous FM metallic state in PCMO, reported that it is indeed 

possible to destabilize the AFM component of PCMO and to stabilize a robust, nonbulklike 

and single phase ferromagnet, by growing pseudomorphic epitaxial films on a (110) cubic 

plane of the substrate STO. 

3.6.1.1 Effect of biasing 

         Let us start with Fig. 3.12 taken from [Ref. 117], where the temperature variation of the 

resistance of a PCMO (x = 0.3) film deposited on Si (100) is shown for different values of 

the dc current.  Here with increase in current the film showed an I–M transition in the low 

temperature range. The inset on left shows non-ohmic behavior in I–V curves, while right 

side inset shows a behavior similar to what we have observed in our thin films (see Fig. 3.6). 

Since the inset show data similar to our R(T) (i.e., drop in resistance), I decided to repeat this 

experiment, but again no metallic state was observed. 
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Figure 3.12: R (T) for PCMO sample showing a drop (bend) in resistance for 
different values of the current, inset shows similar behavior we observed. Taken 
from [Ref. 117]. 

         In Fig. 3.13a, R (T) for different values of the current measured in 2-probe mode is 

shown for PCMO_110 sample. In Fig. 3.13b, ρ (T) for different values of current measured 

in 4-probe mode for another PCMO_110 sample is shown. 

         From Fig. 3.13, it appears that on increasing current I (or current density j), the charge 

localization process is weakened and progressively eliminated. As displayed in the R (T) 

curves at a temperature around 250 K, a slight difference in the resistance is seen already at 

low values of current (upto 1 µA) in PCMO_110 samples. The same current induced melting 

of the polarons, slightly below the charge ordering temperature, was reported in thick relaxed 

films of Pr0.7Ca0.3MnO3 [108]. We observe, however, that in PCMO_110 (10 nm) the low 

resistance state is achieved under a very low current (current density) if compared with the 

one of thick sample or with the bulk. 
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Figure 3.13: (a) R(T) for different values of the current measured in 2-probe mode, (b) Temperature-
variation of resistivity for different values of current measured in 4-probe. Both films are on (110) STO 
substrate. 

 
         In Fig. 3.13, it appears that on increasing current I (or current density j), the charge 

localization process is weakened and progressively eliminated. As displayed in the R (T) 

curves at a temperature around 250 K, a slight difference in the resistance is seen already at 

low values of current (upto 1 µA) in PCMO_110 samples. The same current induced melting 

of the polarons, slightly below the charge ordering temperature, was reported in thick relaxed 

films of Pr0.7Ca0.3MnO3 [108]. We observe, however, that in PCMO_110 (10 nm) the low 

resistance state is achieved under a very low current (current density) if compared with the 

one of thick sample or with the bulk (see Appendix 3).  

         In summary, we have shown that the robust, nonbulk like FM phase obtained by the 

pseudomorphic epitaxial deposition of PCMO on (110) STO (PCMO_110) under low electric 

field does not undergo a transition towards a metallic state. Therefore, as it happens in the 

bulk, the metallic DE phase remains hidden in PCMO_110 as well. We showed that, 

analogously to the bulk, the charge transport occurs in PCMO_110 through hopping of small 

polarons, the activation energy Ea of which depends on electric field and current density. We 

found that a low resistance state can be achieved slightly below TCO under threshold values 

of electric current (current density) and electric field reduced with respect to the ones 

required in bulk massive samples or bulklike films. Our results suggest that the biaxial stress 

imposed by STO (110), though not sufficient to promote in PCMO a metallic ground state, 

however manages to weaken the electron-lattice interactions which compete in the bulk with 

double exchange. 
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3.7 Transport properties under light irradiation 

         In this section, I present the photoresponse of as-prepared hole-doped PCMO ultrathin 

films, emphasizing on photoresponse of PCMO_110 sample showing huge transient 

photoconductivity (TPC) and that the hidden insulator-metal transition is retrieved under 

light irradiation. The dependence of the photoconductivity on temperature, time and intensity 

will be described. 

3.7.1 Background and motivation 

         As already stated, the peculiarity of the insulating state of PCMO is quite spectacular 

since it adjoins a hidden metallic state, characterized by enormous changes in resistivity, that 

can be reached by application of external stimuli ( like, magnetic, electric, pressure, or 

radiation fields (x-rays or visible light)). Any of these perturbations drives the system to the 

conductive state, associated with the melting of the CO and OO state. Actually, light induced 

conductivity phenomena have attracted great interest after a report about photon exposure in 

the x-ray range on to a Pr0.7Ca0.3MnO3 bulk crystal [9]. The effect was shown to be induced 

in the same compound also by infrared-to-visible photons. Miyano et al. [118], have reported 

an insulator to metal transition triggered by the photocarrier injection into the charge-ordered 

state of a thin slice of a Pr0.7Ca0.3MnO3 single crystal. However in that case, the light 

excitation was a short pulse of 5 ns so no steady state or dc resistance was measured. 

Furthermore, most of the experiments were done in the IR range. Nonetheless, those findings 

triggered a variety of investigations on different manganites under various illumination 

conditions.  

         Recent reports by M. Rini et al. [119], demonstrated that resonant excitation of the Mn–

O phonon vibration in Pr0.7Ca0.3MnO3 single crystal drives the system on a femtosecond 

timescale into a metastable, nanosecond-lived, high conductivity phase at 30K. In another 

study, D. Polli and M. Rini et al. [120], reported femtosecond optical reflectivity 

measurements on Pr0.7Ca0.3MnO3 single crystal at 77 K and 300K which resulted in a time 

dependent pathway towards metallic phase. A very recent article by H. Ichikawa et al. [10], 

about PLD grown epitaxial thin film of a charge and orbitally ordered Nd0.5Sr0.5MnO3 

(NSMO) on (011) STO (resembling our case of PCMO_110), reported the photoinduced 

change in the lattice structure using picosecond time-resolved X-ray diffraction emerging a 

‘hidden insulating phase’ distinct from that found in the hitherto known phase diagram. The 

photoinduced state is structurally ordered, homogeneous, metastable and has crystallographic 

parameters different from any thermodynamically accessible state. Theoretically, systems 
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with competing degrees of freedom predict the formation of transient hidden phases that can 

be accessed by optical stimulation in the dynamical processes of photoinduced phase 

transitions (PIPTs) [12]. In this regard, strongly correlated TMO are promising in searching 

for PIPTs because they are likely to have hidden phases that are energetically almost 

degenerate but thermally inaccessible. Many studies have investigated PIPTs and related 

phenomena, including hidden phases. Furthermore, most of them used dynamic 

spectroscopic measurements to probe the local structural and electronic changes caused by 

transient states, and a complete picture in the form of R (T) is lacking in those reports.  

         Several types of phenomena and microscopic mechanisms are still under debate, 

however, until now there is no general understanding of the physical mechanisms which 

determine the photoresponse of manganites. In a more general framework, the present 

investigation may be considered as an attempt to add a tile to the wide mosaic of the physics 

of inhomogeneous states in manganites, the ground state of which is indeed, in a broad 

region of parameter space, a nanoscale mixture of phases, with unavoidable disorder at phase 

boundaries. In our view, Pr0.7Ca0.3MnO3 shows up as a case study of the role of such 

disorders. 

3.7.2 Experimental 

3.7.2.1 Materials 

         In the following sections, we present the effect of light irradiation on the resistance of 

as-prepared hole-doped PCMO ultrathin films (10 nm thick) on (001) and (110) oriented 

SrTiO3 substrates prepared by PLD. The main results presented here are obtained on, 10-066: 

PCMO_110 (10 nm) ultrathin sample. It is worth mentioning here that the PC experiments 

were performed also on other samples shown in Table 3.1. In addition, a test experiment was 

also carried out on different substrates (e.g., NGO, LAO, (001) STO and (110) STO) all 

having dimensions of 5 × 5 × 0.5 mm. 

3.7.2.2 Methods 

         Briefly, the electrical resistance was measured in the temperature range of 300K to 10K 

in the standard four and two probe configurations. The light irradiation on the sample was 

provided by a standard mercury-argon Hg(A) lamp 6035 by Oriel Instruments, broadband 

spectrum (350 nm < λ < 700 nm), which illuminated the whole sample through an optical 

window of the closed cycle He-cryostat.  
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3.7.3 Results and discussion 

         In order to investigate the photoconductivity (PC) effect, the following procedure was 

adopted. The samples were carefully kept in dark, and a first transport characterization was 

performed. Then, they were exposed in a controlled and reproducible way to the UV 

radiation (by standard Hg (A) lamp) at 10K while performing a second run of measurements 

(cooling in dark and warming in UV radiation). Significant reduction of the resistance is only 

observed in the low temperature region, while high temperature region show no change under 

UV radiation. We stress that the effect of light irradiation is reversible. 

         In Fig. 3.14 temperature dependence of the sample resistance R (T) in dark and under 

illumination (maximum intensity) is compared for ultrathin PCMO_110 (10nm) sample, 

measured in the 2-probe mode (V = 5V). During cooling in dark, the resistance shows an 

insulating thermally activated behavior (no intrinsic I-M transition) down to 120K, and its 

transport properties are well described by TAP thermally activated hopping of small polarons 

model [109].  

 

Figure 3.l4: Comparison of temperature dependence of the resistance in dark and under UV 
irradiation for PCMO_110 (10 nm) thin film. At 10K the sample was irradiated by UV radiation 
(standard Hg (A) lamp). The irradiation triggers ≈ 5 orders of magnitude drop in resistance as 
indicated by vertical arrow. The sample was then heated back to room temperature in photo-
illumination. The resistance after illumination indicates a metallic regime between 10K and 100 K. 
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         For T < 120 K, the sample resistance exceeds the input impedance of the nanovoltmeter 

(as shown by saturation of noisy behavior) the so called voltage limit (V-limit) of the 

measurement setup in use. At 10K, the sample was irradiated with Hg (A) lamp, and the 

resistance which was estimated at several hundreds of G ohms in darkness, falls down to 

several hundreds of K ohms under illumination. Hence, the sample resistance dropped by ≈ 7 

orders of magnitude upon exposure to UV radiation. While the electrical state of the material 

after photo-irradiation is metallic as can be seen from the positive dR/dT of the resistance 

curve on warming the sample, the photo-induced metallic state is non persistent, i.e., after 

switching off the UV lamp resistance returns back to its original state. Exemplarily, the 

measurements were performed both in usual daylight and by covering the cryostat windows 

to achieve complete darkness inside the chamber where sample is placed. The resistance did 

not show any change in both cases, thus we strongly believe that daylight does not induce 

any nonpersistent photoconductivity in these narrowband manganite thin films. 

         Under illumination by an Hg (A) lamp, the resistivity does not change for T > 120K up 

to room temperature. Furthermore, in the invalid region i.e., 85K > T > 120K, the sample 

became extremely resistive that its exponential growth is truncated by the issue of V-limit. 

However, below 80 K, the resistivity decreases abruptly by several orders of magnitude 

showing a huge transient I-M transition which traces the same path during warming and 

cooling (it is reproducible).  

         Before moving further, I would like to stress here that D. Polli and M. Rini et al. [120], 

claimed a room temperature I to M transition under light irradiation, and described their 

findings in these words, “We now turn to the most provocative observation of our paper, that 

involving the dynamics of the phase change when initiated in the room-temperature phase. 

Above TCO = 220 K, Pr0.7Ca0.3MnO3 behaves as a small-polaron insulator with no longrange 

Jahn–Teller distortion. In this phase, no colossal negative magnetoresistive behaviour is 

observed. However, with photoexcitation we still observed the formation of a metallic state 

for approximately the same excitation fluence as that found at low temperatures. The 

observation of a photoinitiated metallic phase is quite remarkable, and it is indicative of the 

existence of a competing conducting phase all the way to room temperature. Presumably, 

colossal negative magnetoresistance does not occur because of the low energy scale of 

magnetic fields, whereas the ‘barrier’ between the two phases can be overcome with photo-

excitation” [paragraph taken from Ref. 120]. 

         In order to explore this metallic phase claimed in Ref. [120], I tried PIPT experiment on 

07-102: PCMO_001 (50 nm) sample by selecting infra red (IR) and green wavelengths of  
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the pulsed laser (type: Q-switched (pulsed) Nd:YAG) with power~ 95 mJ/pulse at 1064 nm 

(IR) and 88 mJ/pulse pulse at 532 nm (green), having repetition rate of 0.1 Hz, respectively, 

from room temperature down to 150K, but we saw no sign of it. The outcome of this 

experiment resulted in no change in the resistance except very feeble traces of heating effects 

in this temperature window. Furthermore by performing above simple experiment with UV 

lamp it was possible to record resistance values at each and every temperature but still it was 

seen that the resistivity does not change for T > 120K up to room temperature. This confirms 

again that there is no I to M transition in this temperature range. 

         In order to further investigate the observed photoconductivity effect, as a function of 

the lamp intensity, R (T) data was acquired under UV exposure (during warming) with 

selected intensity values by using different bias currents from power supply of Hg (A) lamp. 

Fig. 3.15a shows a set of R (T) characteristics, obtained under UV lamp exposure at selected 

current bias values of 4 mA, 8 mA, 12 mA, 16 mA and 20 mA, respectively, which are 

linked to the intensity of the lamp.  

         For comparison, the R (T) curve without illumination (cooling in dark) has been 

replotted and the effect of photoillumination between 300K-10 K is shown in Fig. 3.15a. The 

resistance drops instantaneously upon exposure to lamp light. The drop is substantial, even 

the lowest intensity of the Lamp (4 mA), clearly, “turning on” the IMT. In addition, Fig. 

3.15b shows that, this light induced transition has typical “peaks” (marked by arrows 1, 2 and 

3) as already seen elsewhere [121] for other type of manganite (compound). 

 

Figure 3.15: (a) Resistance versus temperature measured in darkness and under illumination with different lamp 
intensities for the PCMO_110 (10 nm) sample. (b) Low temperature zoom view of data shown in (a). 
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         With increasing lamp intensity this effect becomes more pronounced in the sense that 

the effective peak temperatures shift towards right side (i.e., to higher temperature range). 

Starting from the left side of Fig. 3.15b, arrow-1 which specifies the location of first set of 

peaks shows a small increment in temperature from 25k to 29K, however the peaks seem to 

be suppressed as the intensity increased. Arrow-2 in the mid specifies the location of second 

set of peaks moving from 41K to 47K, that are pronounced as the intensity is increased, 

respectively. In addition, the photoinduced transient conductivity also shows a big increase in 

this temperature range. Finally, arrow-3 near to the V-limit shows a shift in temperature from 

74K to 80K, with increasing intensity of the lamp. 

         In our view, the above behavior is attributed to the tensile strain imposed by (110) STO 

substrate in the film. We can not attribute this behaviour as an artefact due to the heating 

effects. To support our measurements, we emphasize the following reasons: 

 i)  the I-M transition is induced by very low level (intensity) light irradiation,  

ii)  fixing the light intensity and decreasing the temperature results in a resistivity decrease, 

and  

iii) resistivities almost equal to the room temperature resistivity can be obtained in this 
fashion.  

Finally, above 120 K light has no effect on the resistivity, which rules out heating effects.  

         Fig. 3.16 shows the decrease of the resistance versus illumination time at 12K of the 

10-066: PCMO_110 (10 nm) film. In this experiment the resistance was monitored as a 

function of time under isothermal conditions. The horizontal dashed line separates the figure 

in two parts; firstly, below this line measurements are fine and show typical temporal 

behavior of photoresistance. Secondly, the region above the dashed line is considered as 

invalid region (i.e., voltage limit in dark) because of immeasurable high resistance of the 

sample under investigation (additionally, compliance indicator of the electronic instruments 

show continuous blinking). Arrows indicates the switch ON and OFF moments of the Hg (A) 

lamp. The temporal behavior shows that, there is a sharp decrease of the resistance at the 

beginning of the illumination followed by a small decrease after a long time until a saturation 

value arises. The lamp turned ON between 0 - 300 s, and then again between 900 - 1200 s. 

This photoconductivity effect is non persistent since the resistance return back to original 

insulating state between 300 s and 900 s ( ~ long time). This TPC effect vanishes around T ≥ 

120 K. 
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Figure 3.16: Resistance vs. time in dark and under light exposure for 10-066: 
PCMO_110 (10 nm) sample at 12K. 

3.7.4 Substrate issue 

         An important issue concerning possible origin of the photoinduced resistance change is 

carrier injection from the substrate for films thinner than the absorption length of light. Thus 

not only the film but also the substrate is optically excited. Hence, the possible change in 

doping resulting from carrier injection from the substrate is an open point for most 

experiments on illuminated manganite films with a thickness of several 10 nm. To clarify 

possible origins of the photoconductivity the transport behaviour of bare STO substrates is 

also studied. The temperature-dependent resistance in dark and under illumination for a bare 

STO substrate subjected to temperature and vacuum conditions of growth is shown in Fig. 

3.17, which was measured with the same photon flux and electrode configuration used for the 

film shown in Fig. 3.14. Moreover, from Fig. 3.17, it is seen that below 25K, STO resistance 

changes by only one order of magnitude while in this temperature range resistance of 

PCMO_110 sample falls down to several hundreds of K ohms under illumination (i.e., a drop 

by ≈ 5 orders of magnitude), which was estimated at several hundreds of G ohms in darkness. 

E. Beyreuther et al. have conducted a reference experiment on a bare substrate indicating that 

the photoconduction of bare SrTiO3 is not similar to the observation for the thin-film sample 

[122]. 
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Figure 3.17: Temperature dependence of resistance measured in dark (solid arrows) and under illumination 
(dashed arrows) for, (a) STO (110) substrate and (b) STO (001) substrate. The measurements were done in 2-
probe constant voltage (V= 5V) mode by resorting to ultrasonic bonding on silver (sputtered) contacts of 0.1 
mm apart. 

         As a final comment, I present Fig. 3.18 which shows several PCMO_001 (10 nm) 

samples characterized under the same conditions as for PCMO_110 sample shown in Fig. 

3.14. In spite of the fact that STO is the common substrate in each case, surprisingly all the 

samples on (001) STO have shown no PC effect. Therefore, it is hard to hypothesize that for 

PCMO_110 substrate is playing the crucial role, while for PCMO_001 does not. We believe 

that the biaxial tensile strain imposed by (110) orientation of the STO seems to play a role. 

 

Figure 3.l8: R(T) data for several PCMO_001 samples in dark (solid arrow) and  under 
illumination (dashed arrow), showing no signs of PC. 
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         In summary, we have shown that UV light irradiation is an interesting tool which can 

change the doping of manganites with a gradual and reversible change of the carriers 

concentration using the same sample. Hence, irradiation is a good tool to explore the rich 

phase diagrams of manganites. UV Light may induce a transition to the hidden metallic 

phase in PCMO thin films which have no metallic state in the darkness. So, the manganite is 

rendered metallic by illumination but the effect is non persistent. Furthermore no PC effect is 

seen at room temperature. We showed that, while the ultrathin PCMO_110 (10-066: 

PCMO_110 (10 nm)) film is photoconductive and the insulator-metal transition which had 

been hidden in normal scenario is recovered under illumination, in contrast the PCMO_001 

(10 nm) do not show this effect. This behavior cannot be associated to the bulk response of 

STO. We tested that an STO crystal remains insulating under identical irradiation conditions. 

This slightly opens up the possibility for the observation of a fascinating phenomenon, i.e., 

the photo- induction of ferromagnetic behavior by light, in FMI state of PCMO at low 

temperature. Our data show that it was possible to induce, only on samples grown on (110) 

oriented SrTiO3 substrates, a colossal insulator to metal transition with a decrease of the low 

temperature resistance of about ten orders of magnitude. Our data clearly demonstrate that 

light affects the transport properties of PCMO only under the Curie temperature. Light allows 

therefore to undisclose the ferromagnetic metallic state, common to most manganites, but 

normally “hidden” in PCMO because of a competing ferromagnetic insulating state 

presumably related to charge and/or orbital ordering. The absence of any photoconductance 

effect above the Curie temperature of manganites shows that light effects should not be 

envisaged as simple photodoping but analysed in the framework of competing ground states 

in an intrinsically complex system. However, at present, the mechanism of the photo-induced 

metal-insulator transition is not clearly understood. 

 

 

 

 

 

 

 



  Transport properties of transition metal oxide interfaces between oxide band insulators 

_________________________________________________________________________ 

 
2 0 1 1          M u h a m m a d  R I A Z  -  P h D  T h e s i s  

 
Page 76 

 

Chapter 4 

Transport properties of transition metal oxide interfaces between 

oxide band insulators 

 

 

4.1 Introduction 

In this chapter the attention will be mainly concentrated on the comparison of the 

transport properties of high quality gallate-based and LAO/STO heterostructures, all hosting 

a two dimensional electron gas at the interface. The experimental results of transport 

characterization and the effects induced by UV light illumination will be discussed. 

4.2 Polar catastrophe concept in polar/non-polar oxide interfaces 

         Untill now, a number of key features of this puzzling phenomenon have been well 

documented. Briefly, to name a few, LAO/STO heterostructures are conducting only if the 

interface shows a (LaO)+ / (TiO2)0 stacking provided the thickness of the LAO layer is at 

least 4 unit cells (≥ 4 u.c), otherwise they are insulating. In addition, the charge carriers are 

found to be localized in an interfacial layer that is only few nanometers thick. The so-called 

“polar catastrophe” mechanism, a sudden electronic reconstruction taking place to 

compensate for the interfacial ionic polar discontinuity, is currently considered as a likely 

factor to explain this surprising interfacial conductivity between LAO/STO heterostructures. 

The wide band gap of LAO is considered as crucial in this approach, because it determines 

the capability of the polar film to transfer charges over the band gap of STO. Ideally, half an 

electron per areal unit cell is expected to be transferred at the TiO2–LaO interface, partially 

filling the 3d Ti levels of the STO conduction band overlayer [123, 124].  

4.2.1    New polar/non-polar oxide interfaces 

         The above approach seems to provide an appealing explanation for many important 

features has certainly some significance, but there are issues left unresolved [125] and, 

therefore, other mechanisms may contribute as well to the observed phenomenology. The 



  Transport properties of transition metal oxide interfaces between oxide band insulators 

_________________________________________________________________________ 

 
2 0 1 1          M u h a m m a d  R I A Z  -  P h D  T h e s i s  

 
Page 77 

first scenario is envisaged to the creation of oxygen vacancies in the STO crystal (near the 

interface) used as substrate during pulsed laser deposition (PLD) [126, 127]. Actually, it is 

reported that the electrical transport properties of the heterostructure are affected both by 

oxygen pressure during PLD growth of the LAO overlayer (typically ~ 10−6–10−3 mbar) 

[128, 129, 130, 131], and by the application of an oxygen postanneal [131]. Moreover, 

studies [e.g., see Ref. 129] demonstrated that at 10−6 mbar, a large number of dislocations 

and of oxygen vacancies are generated, which may be connected with the impact of high 

kinetic energy species with the substrate. Alternatively, this linked with the second possible 

scenario: if energetic La ions hit the STO surface, some cation intermixing (a substantial La 

substitution for Sr) may also take place, resulting in a chemical doping of the STO surface 

with potential effect on the 2DEG formation driving the insulating surface of the STO into a 

conductor [130, 132]. 

         Aheading a step further, in this perspective, our group in Naples, Italy started the 

search of novel heterostructures based on different overlayers. On this basis, we identified 

LaGaO3 (LGO) and NdGaO3 (NGO) as two gallate based test materials both polar, wide 

band gap and pseudocubic perovskites respectively [133, 134]. Hence, the “internal” 

relaxation of the dipole field, by displacing electrons from negative to positive ions (i.e., 

from valence to conduction band), has a high energy cost. Actually, the electrostatic potential 

determines a band bending in STO. This is schematically represented in the Fig. 4.1 below.  

 

Figure 4.1: Polar catastrophe sketch 



  Transport properties of transition metal oxide interfaces between oxide band insulators 

_________________________________________________________________________ 

 
2 0 1 1          M u h a m m a d  R I A Z  -  P h D  T h e s i s  

 
Page 78 

         The dashed line delimits the VB of STO that is far from the interface. This energy level 

is equal to that of the free surface of LAO. The band bending determines a potential well at 

the interface. The band bending effect is related to the mechanism of charge injection, in the 

sense that the STO bands bend only after the critical thickness of LAO has been reached. 

Moreover, the depth and the width of the potential well are related to the value of the injected 

charge (σe) and so to the number of LAO layers. 

4.3 Experimental 

The samples chosen for this work are comprises of LAO, LGO and NGO films (12 unit cell 

thick) grown onto STO (001) substrates with TiO2 plane termination, chemically treated in 

de-ionized water and buffered-HF [135]. A further comparison among all the structures is 

shown in Table 1 for clarification. 

Table 4.1: A comparison of different characteristics observed among STO, LAO, LGO and NGO compunds 
[Tolerance factor t, taken from Ref. 136]. 

 

         All the samples used in this thesis work were fabricated in MODA laboratory, Naples, 

Italy. Fabrication parameters are same as described before. Briefly the substrate was 

positioned at a distance of about 30 mm from the target surface, and its temperature was 

fixed at 800 °C and different oxygen pressures within the 10-2–10-4 mbar range were used 

(for recent studies see section 4.5.1). Furthermore, the samples were cooled to room 

temperature in the same oxygen pressure employed for the deposition. It is worth mentioning 

here that films of LAO on STO (001) presented regular RHEED oscillations typical of layer-

by-layer growth and a final pattern reminiscent of a single crystal surface, whereas both LGO 
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and NGO films on STO (001) showed damped and less regular oscillations, and a streaky 2D 

pattern at the end of the growth (results not shown here) [133, 137]. The transport 

measurements were carried out by standard four-probe configuration (resembling van der 

Pauw) in standard Hall bar geometry, both in dark and under light irradiation. The sheet 

resistance vs. temperature (Rsheet (T)) was done in the current-pulsed mode, by biasing the 

samples with an active current source and the voltage across the sample was measured with a 

nano-voltmeter. The electrical contacts were obtained by resorting to ultrasonic bonding of 

Al wires on 5×5 mm samples. The benefit behind this technique is that the wire-bonding 

process itself cracks the surface and makes contact to the deeper layers. Further details on the 

growth mode, structure, electrical transport and optical properties of the above three types of 

structures– based interfaces are reported in the recent articles from our group in Naples, Italy 

[133, 134, 137, 138]. 

4.4 Results and discussion 

4.4.1 Transport properties an overview          

         The oxides hetero-interface is usually elaborated by pulsed laser deposition (PLD) in an 

oxygen atmosphere, and it is generally considered that layer-by-layer growth and conductive 

interfaces occur only when the oxygen pressure is between 10−6 - 10−3 mbar. Unfortunately, 

such low pressures have two drawbacks. First, STO is doped by oxygen vacancies, which act 

as donors. Even though post annealing treatments decreases the amount of such vacancies in 

STO, doubts remain that the conductivity of the interface is due to local oxygen deficiency. 

Second, at low pressure the kinetic energy of cations in the ablation plume is higher. As 

stated in chapter 1, it was then argued that some cation intermixing at the interface may take 

place due to La subplantation. However, a recent study indicates that the relevance of such a 

mechanism is considerably reduced at an oxygen pressure of 5×10−2 mbar [139]. As a 

consequence, oxygen vacancies and interface disorder can be drastically reduced by an 

oxygen pressure increase during deposition. 

         Therefore, it is motivating to investigate if high quality, conducting oxide hetero-

interfaces can be deposited at still higher oxygen pressure. Our group in Naples has recently 

shown that two-dimensional (2D) growth of LAO and LGO on STO can be achieved by PLD 

at 10−1 mbar [140]. Here, I report a novel result (first time reported) from our group [141] on 

conducting interfaces made up of 12 uc thick LGO/STO and LAO/STO samples grown at an 

oxygen pressure of ≈10−1 mbar, and the results of RSheet (T) are shown in Fig. 4.2.  
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Figure 4.2: RSheet (T) of LGO/STO and LAO/STO interfaces grown at oxygen pressure of 10-1 mbar. 

         The samples exhibit a clear metallic conducting behaviour in both cases and the values 

of the resistance are similar to those obtained at low pressure (see Fig. 4.3). At such a high 

oxygen pressure, one can consider that the contributions of  

(i) oxygen vacancies STO doping,  

(ii)  oxygen diffusion from STO to the growing film [142] and redox reactions on the 

surface of STO, recently suggested [143], are minor. 

From now onwards, I will report my experimental results only on those samples which were 

prepared at oxygen pressure of 10-3 mbar. 

4.4.2 Transport characterizations of buried interfaces  

         The motivation behind this experimental work was, indeed, to explore novel 

heterostructures based on different overlayers, and in this context two gallate based polar 

perovskites were chosen. First we created epitaxial films of both LGO and NGO on STO to 

reproduce the known behavior of these polar perovskites just like the case for LAO/STO. For 

the Rsheet (T) the samples were kept in dark for 24 h before the measurement, and a first 

transport characterization was performed. In Fig. 4.3, the transport measurements of Rsheet (T) 
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(in dark), of all the characterized interfaces are shown and they are compared with each 

other. The Rsheet (T) curves of NGO/STO and LGO/STO are qualitatively similar to that of 

LAO/STO. Room temperature resistance values are often in the range of 5-15 kΩ s for 

LAO/STO and LGO/STO samples with a thickness in the range 4–12 u.c, while NGO/STO 

generally shows sheet resistance slightly higher than LGO/STO. In all the three cases there is 

a clear metallic behavior in a wide range of temperature; a slight upturn (resistance minima) 

is sometimes observed at low temperature (Fig.4.2 and Fig. 4.3b). Moreover, LGO/STO is 

characterized by a lower residual resistivity among the others. Measurements verify that all 

the three structures have metallic interfaces.  

 

Figure 4.3: The sheet resistance vs temperature of 12 u.c. LAO, LGO, NGO and LMO based 
interfaces grown at the similar conditions on STO (001). 



  Transport properties of transition metal oxide interfaces between oxide band insulators 

_________________________________________________________________________ 

 
2 0 1 1          M u h a m m a d  R I A Z  -  P h D  T h e s i s  

 
Page 82 

         Before moving onto the other results, I would like to highlight the metallic nature of 

2DEG in the framework of the present debate about the origin of interface conductivity in 

oxides. Therefore, I present and compare in Fig. 4.2, Rsheet (T) for a LaMnO3 (LMO) sample 

(12 u.c. thick) grown over STO (001) with TiO2 plane termination at the same deposition 

condition of NGO, LGO and LAO. This LMO sample showed an insulating behavior, with 

an immeasurable high resistance value below 170 K, which we attribute to the intrinsic 

resistivity of LMO. This result revealed, at least, that having a La-based, polar perovskite 

grown on Ti terminated STO is not a sufficient condition for the 2DEG formation. 

4.4.3 Hysteretic effects 

         At this point, I would like to shed some light on an interesting hysteretic effect 

observed routinely in our heterostructures as described in Fig. 4.4.  

 

Figure 4.4: (a) Extra features show up in the RSheet (T) during warm up than during cool down. These 
peaks have been observed in multiple samples and always occur at the same temperatures. 
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         Indeed, we observe pronounced hysteretic effects between cooling and warming in all 

three kinds of structures (irrespective of the thickness) whenever they have the upturns at low 

temperatures (resistance minima). In addition, it is usually accompanied by two peaks 

(maxima) but sometimes only one is realized at lower temperatures. These features 

consistently appear at the same temperature, but only during warm-up. As a function of polar 

layer thickness (with 4 u.c., and 20 u.c.) we observe the same qualitative behavior as for the 

case of 12 u.c. sample. Based on the characterization of dozens of samples (see Appendix 4), 

a clear correlation between increased RT samples resistance, increased step size and low 

temperature upturns is found. 

         A survey of the recent literature [144, 145] tells only minor details about these features 

appearing in the transport data. Interesting information is deduced from the reports of W. 

Siemons et al. [144, 145], who have seen these features in their samples with high sheet 

resistance (which they attribute to thickness and presumably to dielectric relaxations) and 

low carrier densities. Additionally, they are magnetic field dependent, and during warm-up 

stopping at the maximum of one of these features the resistance returns to the value measured 

during cooling over the course of hours. The peaks appear at 80K and 168K in our samples.  

         In order to better define the above temperatures and show they are all the same, I 

display in Figure 4.5 the hysteresis effect observed for a set of multiple samples along with 

their corresponding double derivative test (d2RSheet/dT2) to find point of inflection (inset 

shows the basic concept of this test). In Fig. 4.5a, two NGO samples are showing hysteretic 

effect and to find where exactly these curves start to bend I plotted the double derivative of 

same data in Fig. 4.5b. Similar behavior is also seen with multiple samples of LAO (Fig, 4.5c 

and d) and LGO (Fig, 4.5e and f). From this analysis, we observe two points of inflections, 

one around 82K and the other at 172K in all the three structures. Hence these values are the 

same as stated above, which confirms the uniqueness of these temperatures values. 
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Figure 4.5: Hysteresis effect shown for multiple samples along with their corresponding double 
derivative test (d2RSheet/dT2) to find point of inflection in; ((a)-(b)) two NGO samples, ((c)-(d)) three LAO 
samples, and ((e)-(f)) two LGO samples. 
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4.5 Photoconductivity experiments 

         In order to further investigate the transport behavior in these structures, I have 

characterized them under light irradiation. In all three kinds of heterostructure significant 

decrease of the sheet resistance was observed even at room temperature. In this section, 

experimental results on transport properties of TMO interfaces characterized under light 

irradiation are shown and discussed. 

4.5.1 Effect of UV irradiation  

         The following procedure was adopted to determine photoconductivity (PC) 

measurement in our samples. The samples were kept in dark for some days, and a first 

transport characterization was performed. During the second run of measurements the 

samples were exposed to the UV radiation, provided by a standard Hg (A) lamp. NGO is 

more subject to degradation (e.g., thermal cycling or aging) when compared with LAO or 

LGO, hence, high quality growth for NGO finds some difficulty. In view of our experience, 

this is due to a higher sensitivity to the substrate-surface perfection. As a consequence, 

NGO/STO with high Rsheet and semiconducting behaviour is occasionally obtained. A 

comparison between sheet resistances of these gallate-based interfaces in dark and under UV 

radiation with LAO/STO is shown in Fig. 4.6, where only cooling curves are displayed. 

         On the basis of my experience on transport characterization of these interfaces (see 

Appendix 4), I prefer to present experimental results in two sets of samples, (i) low Rsheet (≤ 

105 Ω/sq at RT) samples as shown in Fig. 4.6a, and (ii) high Rsheet (≥ 105 Ω/sq at RT) samples 

as in Fig. 4.6b. The bold symbols represent measurements in dark, while open symbols stand 

for measurement under continuous UV illumination. By comparing set (i) and set (ii) in Fig. 

4.6, I draw following findings. On average, NGO take up the highest Rsheet and LGO holds 

the lowest Rsheet, while LAO has intermediate Rsheet values. Additionally, Photoconductivity 

(PC) is more prominent in high Rsheet samples (Fig. 4.6b) than low Rsheet samples (Fig. 4.6a). 

Moreover, it is seen that a significant reduction of the resistance under light is observed in 

the low temperature region, where the increment of conductivity suppresses the resistance 

upturn (resistance minima). This strong temperature dependency of the PC is already a hint 

that the origin of the effect is not a simple increase in charge carriers but rather complex. 
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Figure 4.6: Sheet resistance vs temperature under UV irradiation of, (a) set (i) low resistance samples in dark 
NGO/STO (solid black triangle), LAO/STO (solid red circle) and LGO/STO (solid blue square), effect of UV 
irradiation is also clear (open symbols), (b) similar behavior with set (ii) higher resistance samples, which show 
bigger drop in resistance under light irradiation. 

4.5.2 Time evolution of photo resistance 

        In order to further explore the properties of the PC effect in these heterostructure, I 

performed a study on the measurement of time dependence. PC is clearly observed at room 

temperature for all the three structures, however, it relies very much on the intrinsic nature of 

the sample’s resistance. As stated before (see Fig. 4.6), the effect of UV irradiation is strong 

for highly resistive samples when compared with low resistive ones. In this view, a 

comparison of time dependence of photoresponse for gallate based interfaces is shown in Fig. 

4.7a. For this part, two NGO/STO samples (S_1) and (S_2) both having different RSheet 

values were chosen, together with one LGO/STO sample (S_3) having low resistance value 

at room temperature (298K), respectively. The arrows show the ON and OFF moments for 

the UV irradiation. In addition, it can be seen that they all show clear long-term relaxations 

which are more elongated when the sample has higher resistance values. 
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Figure 4.7: Comparison of; (a) time dependence of photoresponse for two NGO samples (S_1) and 
(S_2), and an LGO sample (S_3) having different resistances at 298K, (b) same data for (S_2), showing 
a stretched-exponential behavior, solid dots are the experimental data (dashed lines are fits of Eq. 4.1 
and 4.2). 

 
    As clearly seen from Fig. 4.7a, the highest resistance sample (S_3) has not retained its 

initial resistive state (i.e., before UV irradiation) even after 5×104 seconds, while (S_1) has 

regained its initial state well before. Some highly insulating samples showed persistent 

photoconductivity (PPC) effect i.e., the sample has not retained its initial state after light 

exposure, where (dark exposure) time was on the scale of months. Let’s stick to ‘ordinary’ 

photoresponse seen in conducting interfaces (as in Fig. 4.6), postponing a wider discussion of 

PPC to a separate section. In this context, I would like to add few more words on long-term 

relaxation, by taking data for NGO/STO sample (S_2) plotted in Fig. 4.7b. This does not 

follow a true exponential function; instead it can be better described by the stretched 

exponential relations of the form; 

One can write for lamp ON, 
                                                 RPC (t) ∝ exp [− (t / τ) β]                                  (4.1) 

and for lamp OFF 

                                          RPC (t) ∝ ( 1− exp [− (t / τ) β] )                                (4.2) 
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Where τ is time constant and β (usually < 1) is the stretching parameter whose fitting values 

were 0.22 and 0.43 respectively for Eqs. 4.1 and 4.2. Fits shown in Fig. 4.7b, verify that the 

data approximates a stretched exponential after an initial transient. 

         In addition to the above, a test experiment was performed on NGO sample, i.e., time 

evolution of photoresistances at different temperatures, keeping the time interval fixed. As 

shown in Fig. 4.8. 

 

Figure 4.8: Time evolution, for NGO sample at various temperatures, of (a) photoresistance decay 
(Lamp ON) and (b) photoresistance recovery (Lamp OFF). (c) Same data re-plotted as ∆R/R in light 
(Lamp ON), extra feature is seen at 125K (orange curve) and (d) in dark (Lamp OFF).  

         In Fig. 4.8, time evolution of photoresistance decay in light (Fig. 4.8 a) and 

photoresistance recovery in dark (Fig. 4.8 b) is shown. The arrows at t = 0, shows the ON 

and OFF moments for lamp. Actually, with the closed cycle refrigerator (CCR) setup it is 

quite difficult to obtained time evolution data for longer time intervals as the temperature 
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changes quickly. Therefore, this data was obtained for upto 90 s, during warming path when 

the measurement is relatively slower than cooling path. In Fig. 4.8 (c, d), same data is re-

plotted in the form of ∆R/RUV and ∆R/Rdark respectively. Overall, photoresistance decay 

shows feeble traces of increase photo response with variable temperature, that are better seen 

with ∆R/R, for example an extra increase is seen at 125K (orange curve). In Fig. 4.9, 

percentage change in ∆R/R (%) vs. T of the above data (Fig. 4.8) is shown for both in dark 

and UV irradiation (for fixed time). It is seen that ∆R/R (%) increases with decrease in 

temperature, interestingly, abrupt changes are seen in the vicinity of STO’s 110K and 55K 

phase transitions (in this case 125K and 50K). The other comment is that the carriers’ 

recombination process does not seem to be thermally assisted since the time constant seems 

to be independent on temperature. 

 

Figure 4.9: Percentage change in ∆R/R (%) vs. T of NGO sample, bottom curve (black open 
circle) is in dark, while top (red solid sphere) is irradiation with UV lamp. 
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4.5.3 Effect of different wavelengths 

          Indeed, this photoconductive behavior cannot be associated to the bulk response of 

STO, we tested that a STO crystal remains insulating under identical irradiation conditions 

(see Fig. 3.17). In Fig. 4.10, RSheet (T) of a NGO/STO sample named N1 irradiated by light of 

different wavelengths is shown. 

 

Figure 4.10: RSheet (T) of sample N1 at various wavelengths (sources of light), bottom curve (violet) is 
irradiation with UV lamp; from bottom to top, measurements are performed with increasing 
wavelength sources. 

         The sample measured in dark (solid black circle) showed semiconducting/insulating 

behavior down to 100K, where the sheet resistance becomes immeasurably high. When 
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illuminated by an ordinary bulb (bold red square)), the sample showed an insulator-metal 

transition with a metallic character under 200K. When a blue LED was used (blue solid 

triangle) the sample showed a further decrease in RSheet and an increase in the transition 

temperature (> 200K).  Aheading a step further, a violet LED was used (solid green star) for 

exposure, which showed even stronger effect in decreasing RSheet and pushing the insulator-

metal transition further in the higher temperature range (~ 250K). It is worth mentioning here 

that, after exposure to the respective light sources, every time the sample was kept in the 

darkness (24 hrs) and during this course of time sample was able to retrieve its initial state in 

dark (i.e., top solid black circle) or sometimes even a higher value (e.g., see Fig. 4.11a). 

Infact, all above measurements performed in the visible range of the spectrum (ordinary 

white light to violet) show nonpersistent (or reversible) insulator-metal transition with a 

strong dependence on wavelength (and intensity). Finally, I would like to make a short 

comment on the bottom curve (open violet circle) which was irradiated with UV (provided 

by standard Hg (A) lamp), the sample turned to metallic at room temperature (i.e., the slope 

of RSheet (T) was positive at any temperature). This change was irreversible (more details on 

such PC effect are described in next section 4.6).  

 

Figure 4.11: (a) RSheet (T) of sample N1 showing insulating behavior and hysteresis effect in dark, (b) same data 
shown in Fig. 4.10 plotted in linear mode to see the phase transition (insulator to metal) under light exposure. 

         In Fig. 4.11a, the cooling and warming paths for the NGO sample (N1) in dark showing 

insulating behavior (up to the voltage limit of the setup) are described. A hysteresis effect 

during warming is seen again in this case, the peak is at the same temperature (~ 180K) as 

mentioned before in the section 4.4.3. In Fig. 4.11b, same data plotted in linear mode to point 
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up the insulator-metal behavior under light also as a function of decreasing wavelength or 

increase in photon energy.  

         These results show that photon energy even less than the STO band gap energy (3.2 

eV) was able to induce a change in resistance and then finally a metallic behavior. This 

suggests that there might be possibility of some traps states. In addition, the electrostatic 

potential determines a band bending in STO. The band bending determines a potential well at 

the interface. In the presence of a potential well at the interface, the process of PC can be 

triggered, since an electron can be promoted to the conductive band by light, and afterwards 

it goes to the interface, so moving away from the gap (supposed to be fixed); or PC can be 

triggered as well because the gap is annihilated by an electron injected from LAO. Here, we 

did not discuss in detail the presence of photoconductance effects for photons well below the 

direct STO gap. This might be a hint for charge transfer from the valence band of the polar 

material. Also the possible interpretation of PPC as due to excitons excite across the interface 

should be discussed in this context. 

Figure 4.12: Data comparison; (a) Hysteretic effect in RSheet vs. T on warming, effect of magnetic field is also 
shown [145], (b) Our data showing peaks exactly at the same values, (c) hysteretic effect in our data is 
smoothens by UV irradiation, (d) insulating NGO sample N1 showing hysteresis in darkness. 
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         Fig. 4.12 shows an overview of our data in comparison with recent studies by others on 

these oxide interfaces [145]. On the left hand side (top) an interesting hysteretic effect in 

oxide interfaces is shown in (a), taken from Ref. [145], together with a comparison of our 

data displayed in (b) to (d). As seen from Fig. 4.12a, these peaks (maxima) in hysteresis 

show magnetic field dependence, i.e., increasing the magnetic field (e.g., upto 9T) tend to 

increase the peaks and consequently the resistance, while in our case the photon filed 

smoothes them completely as in Fig. 4.12c. Dashed lines are guide to the eyes pointing out 

that these peaks appear always at the same temperatures. The peaks (maxima) in RSheet 

besides the low temperature upturn could be possibly due to structural changes in the 

Polar/STO interface during cooling and warming; perovskites often experience small 

transitions from cubic symmetry due to rotation and tilts of oxygen octahedra. In a recent 

study by Bark et al. [146] concluded that the charge transfer can be influenced by the lattice 

mismatch in LAO/STO. Moreover, it was shown that the LAO/STO system is conducting if 

the STO is under tensile strain but the carrier density is decreased exponentially by very 

slight compressive strain (induced by preparing LAO/STO interface on different substrates). 

A very recent paper by W.M. Lü et al. [147], clearly demonstrated a metal-insulator 

transition at a depleted LAO/STO interface, making an evidence for charge transfer induced 

by STO phase transitions. In view of their argument [147], the difference of the charge 

transfer at the interface is originating from the lattice mismatch strain at the LAO/STO 

interface. Actually, at room temperature there is likely to be a significant strain at the 

LAO/STO interface, as, STO is cubic while LAO is orthorhombic. At 110 K, STO undergoes 

a cubic to tetragonal phase transition while LAO remains unchanged. The c/a ratio of STO 

changes from 1 to 1.00056 during the phase transition [148]. This results in a reduced lattice 

mismatch between the overlayer LAO (polar) and STO substrate. Based on the above 

mismatch large charge transfer into the channel is predicted. On the other hand at the 55K 

phase transition the STO undergoes tetragonal to rhombohedral phase transition of reduced 

symmetry which may enhance the strain at the interface between LAO/STO (with c/a ratio is 

now 1.0004) which will increase the mismatch between the overlayer LAO and the STO 

substrate. This represents an increase of the lattice mismatch of 0.01% which will reduce the 

charge transfer to the interface, accounting for the metal to insulator transition (e.g., see Fig 

4.11b).  

         In the end, I conclude this section by saying that there are recent reports about the 

complexity and phase separations in oxide interfaces which are tightly linked to the external 

perturbations like, magnetic field, light or biaxial stress imposed by the substrate. In this 
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section, I tried to show that there might be a possibility (just like manganites) that STO-based 

conductive interfaces exhibit phase competition between metallic and insulating phase at 

critical doping levels. Curiously there are recent reports [4] claiming about possible 

magnetism in the insulating phase of STO-based interfaces. Our experiments show that light 

can switch the system to metallic phase, with long recovery times. I link the hysteresis peaks 

appearing in the dark and smoothening by light to the phase transitions of STO and to the 

possibility of electronic phase separation scenario [4]. These results were reproducible in 

dark and under light irradiation. 

4.6 Persistent photoconductance: the case of highly resistive samples 

         As mentioned before, when compared to LAO, NGO is more subject to degradation (as 

due to thermal cycling or aging). Achieving a high quality growth for NGO also seems less 

easy. On the basis of our experience, this is due to a higher sensitivity to the substrate-surface 

perfection. As a result, NGO/STO with high sheet resistance and non-metallic behaviour is 

occasionally obtained. The effect of UV irradiation on RSheet (T) of such kind of two NGO 

samples (that we call N1 and N2 respectively) is shown in Fig. 4.13. 

 

Figure 4.13: (a) RSheet (T) of sample N1 at various delay times after light exposure, bottom curve (violet) is for as-
irradiated sample; from bottom to top, measurements are performed after increasing exposure to dark; (b) similar 
behavior seen with  another sample N2. 
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        In Fig. 4.13a, RSheet (T) of sample N1 at various delay times after light exposure is 

shown, bottom curve (in violet) is for as-irradiated sample; from bottom to the top, 

measurements are performed after increasing exposure to dark. Under exposure to UV 

radiation (in this case, provided by a standard Hg (A) lamp), the sample turned to metallic 

(i.e., the slope of RSheet (T) was positive at any temperature). This change was irreversible; 

subsequent measurements performed in dark demonstrated that the resistance was slowly 

increasing with time (on the scale of days). After several months (Dark-3 (4 months), (in 

red)), however, the room temperature resistance was still at least ≈ 3 (or 4) times smaller than 

the as-made sample (Dark-1 (in black)). This behavior shown by sample N1 was reproduced 

with another NGO sample N2 as described in Fig. 4.13b. Here, delay time after light 

exposure was two months (Dark-2 (in green)). 

4.6.1 Discussion 

         Here we describe a model for log time response. In association to Fig. 4.14, similar 

permanent photoconductivity (PPC) is frequently observed in semiconducting 

heterostructures (see ref. [149], and references quoted therein). Among them, of particular 

interest for the present work is the case of structures that host a 2DEG (such as AlGaN/GaN). 

PPC is there determined by the transfer of photo-excited electrons from the deep level donors 

of the charge reservoir to the conduction band of the other side of the junction.  

 

Figure 4.14:  Model for log time response; (a) long-living electron-hole pair generation by photon is possible 
only if electron is injected into STO, (b) charge transfer process from a slab of non-negligible thickness 

l and potential barrier d. 
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         A photon can create a long-living electron-hole pair only if the electron is injected in 

STO, while the hole remains trapped in NGO (or polar layer). This process implies that free 

electrons are injected into STO through a tunnelling barrier. The number of photo-induced 

carriers that have been injected at time t, coming from a slab with thickness dx at distance x 

(as in Fig. 4.14a), is: 
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characteristic length scale a; Ndx is the total number of trapes that are created in the slab. 

These values depend on the light intensity and it is regulated by the local processes of 

recombination. 

         As stated before, for semiconducting structures hosting a 2DEG, their PPC is 

determined by the transfer of photo-excited electrons from the deep level donors of the 

charge reservoir to the conduction band of the other side of the junction. Thus, recombination 

is then prevented by the potential barrier that separates the two slabs. In other terms, the 

observation of PPC is a signature of the charge transfer at distance, across a potential barrier 

of width d, from a slab with non-negligible thickness l  (see inset of Fig. 4.13 or Fig. 4.11b). 

The total number of injected carriers is: 
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where l  is the effective NGO thickness that is involved in the process. After trivial 

calculation, we get: 
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  Under this circumstance, theory foresees that both the onset and the decay of PPC follow 

a logarithmic law [150]. A logarithmic dependence is also observed in the case of NGO/STO, 

as demonstrated in Fig. 4.15 (a) and (b). 

 

 

Figure 4.15: (a) time dependence of photoresponse, arrows indicate the on and off moments of lamp; (b) same 
data replotted in log-linear scale. 

        

         Indeed, this behavior cannot be associated to the bulk response of STO. Indeed, we 

tested that a STO crystal remains insulating under identical irradiation conditions (see Fig. 

3.17). Furthermore, the relaxation of STO after UV irradiation has been thoroughly 
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investigated, demonstrating a complex dynamics but excluding logarithmic decays [151, 152, 

153]. By extrapolating the plots, it is possible to determine two characteristic times t1 ≈ 10s 

and t2 ≈ 104s, that describe respectively the delay after which the log behavior starts, and the 

saturation time. Within the standard models of PPC [150],  

         






τ≈
a

d
expt o1                                                         (4.8)  

 

and                                     
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where a is the length scale of the electronic orbitals (i.e., of the order of the Bohr radius) and 

0τ is a characteristic time of formation/ annihilation of an electron-hole pair; 10 ≈τ  ns for 

both STO (a value that we consider typical for perovskites) [150], and for GaAs [154]. By 

the data, we get 6≈d unit cells and 2≈l  unit cells. That is, a slab with thickness of the 

order of 2 u.c. of NGO is involved in the process of injection. Assuming s9
0 10−≈τ (as for 

GaAs) we get that the minimum distance where carriers are injected from is ad 25≈ , that is 

of the order of 6≈d u.c. of NGO.  

         Finally, we add a few comments on PPC. First, we notice that PPC also appears in 

insulating LAO/STO and LGO/STO (e.g., samples prepared at high oxygen pressure, as in 

ref. [155]). Thus, it may be regarded as the typical photoresponse of insulating polar 

interfaces. In the PPC, electrons are effectively promoted to the conduction band by light, 

determining a sensitive variation of conductance. This is different from the “ordinary” 

photoresponse, as illustrated, e.g., by Fig. 4.6 and Fig. 4.7. According to the described 

analysis of data, the injection seems to regard electrons that are formerly far away from the 

interface. Under this respect, PPC may have some connection with the electric field effect: 

when a negative gate voltage is applied to an insulating (i.e. 3 u.c. thick) polar layer, 

electrons are injected at the interface [154,156]. In this case, the injection is determined by 

light. 

         In summary, we probed the transport properties and the effects induced by UV light 

irradiation on highly epitaxial NdGaO3/SrTiO3, LaGaO3/SrTiO3 and LaAlO3/SrTiO3 

heterostructures. The metallic nature was confirmed by electric transport measurements even 

at 10-1mbar which is a novel result from our group in Naples. We demonstrated the 
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conducting nature of 2DEG formation at the interface in above structures is related to the 

intrinsic electronic reconstruction scenario, and their transport properties qualitatively similar 

to those of LaAlO3/SrTiO3. This also shows that neither Al nor La plays any crucial role in 

the underlying mechanism.  Additionally, these results show a possibility of charge transfer 

to the q2DEG layer is influenced by the interface strain, which accounts for the reduced 

charge transfer to the polar/non polar interface. Interestingly, some major photoconductance 

effects were found also for photon energies well below the STO gap, strongly suggesting a 

situation in which the photoinduced long lived excitons have the hole in the polar layers and 

electrons in STO. Furthermore, all the three types of structure characterized under UV 

irradiation show strong intrinsic tendency of photoconductivity. Under suitable conditions, 

the effect in NdGaO3/STO (polar/non polar) may be permanent. Last but not the least, our 

procedures and techniques were capable of reproducing the known results to a high degree of 

accuracy. Finally, I would like to comment for possible future directions, measurements on 

these interfaces both in magnetic filed (upto several Tesla) together with UV light switched 

ON will be interesting. 
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Summary and conclusions 

 

A number of systems based on the transition metals Mn and Ti were analyzed in the course 

of this work by means of variable temperature resistance measurements, also as a function of 

light irradiation and of an applied magnetic field. The research activity was especially 

dedicated to two quite outstanding cases of transition metal oxide based systems, i.e.: 

         a)  Pr1-xCaxMnO3 (PCMO), a narrow band manganite showing an insulating behaviour 

across it’s whole phase diagram; 

         b) polar-non polar oxide interfaces, where the formation of a high mobility 2-

dimensional electron gas (2DEG) in SrTiO3 is triggered by the deposition of a polar 

overlayer. In particular, I demonstrated the 2DEG formation within the novel 

NdGaO3/SrTiO3 heterostructure, aside to the celebrated LaAlO3/SrTiO3 heterostructure and 

to the more recent LaGaO3/SrTiO3. 

 Recent literature discussed in this work shows that not only narrow band manganites 

but also polar-non polar conductive interfaces exhibit phase competition between metallic 

and insulating phases at critical doping levels. Curiously, magnetism if found in the metallic 

phase of manganites and – as recently suggested - in the insulating phase of STO-based 

interfaces. Our research was therefore addressed to a better understanding of the nature of 

transport in the unperturbed samples and then of the light-induced effects.  

 

Summary of experimental results 

In chapter 3, the effect of the substrate induced strain on the transport properties of PCMO 

films has been investigated. No evident feature is present at the expected charge ordering 

temperature as reported in bulk (TCO= 230 K). In spite of the different structural details, 

PCMO_110 and PCMO_001 show a similar overall transport behavior and there is no FM 

metallic phase evident from the analysis of the R (T) data. The drop (bend) in resistance with 

4-probe data are indicative of false transition (FM) that can be get rid of by increase in delay 

time. The observed experimental results suggest that, the thermally activated hopping (TAP) 

of small polarons model is more suitable for describing the temperature dependence of 
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resistance for the PCMO thin films down to 150K than the VRH conductivity model. It was 

shown that the robust, nonbulk like FM phase obtained by the epitaxial deposition of PCMO 

on (110) STO (PCMO_110) under low electric field does not undergo a transition towards a 

metallic state. Therefore, as it happens in the bulk and PCMO_001 films, the metallic DE 

phase remains hidden in PCMO_110 films as well. Finally, we have shown that UV light 

irradiation is an interesting tool which can change the doping of manganites with a gradual 

and reversible change of the carriers concentration using the same sample. UV Light has 

induced a transition to the hidden metallic phase in PCMO thin films which have no metallic 

state in the darkness. So, the manganite is rendered metallic by illumination but the effect is 

non persistent. Furthermore no PC effect is seen at room temperature as claimed by others. 

We showed that, while the ultrathin PCMO_110 (10-066: PCMO_110 (10 nm)) film is 

photoconductive and the insulator-metal transition (FM) which had been hidden in normal 

scenario is recovered under illumination, in contrast the PCMO_001 (10 nm) do not show 

this effect. This behavior cannot be associated to the bulk response of STO. We tested that an 

STO crystal remains insulating under identical irradiation conditions. This slightly opens up 

the possibility for the observation of a fascinating phenomenon, i.e., the photo- induction of 

ferromagnetic behavior by light, in FMI state of PCMO at low temperature. By changing the 

doping with light, probably we pass from the FM insulating to the FM metallic phase 

supporting the scenario of phase coexistence (phase separation) in complex oxides.  

       In chapter 4, the attention was mainly concentrated on comparison of transport properties 

between high quality NdGaO3/SrTiO3, LaGaO3/SrTiO3 and LaAlO3/SrTiO3 heterostructures, 

all hosting a two dimensional electron gas at the interface. I have investigated the transport 

properties and the effects induced by UV light irradiation on these heterostructures and 

confirmed their metallic nature by electric transport measurements. A novel result in the form 

of conducting nature of these interfaces is obtained at 10-1 mbar. I showed the conducting 

nature of 2DEG formation at the interface in above structures (grown at 10-3 mbar) and their 

transport properties qualitatively similar to those of LaAlO3/SrTiO3. In addition, I purposed 

on the basis of transport data that the interface strain between STO and LAO or between 

gallate based films and STO to be responsible for modulating the charge transfer from top 

polar layer to STO. Finally, all the three types of structure characterized under UV irradiation 

show strong intrinsic tendency of photoconductivity. Under suitable conditions, the effect in 

NdGaO3/STO (Polar-non polar interfaces) is permanent. Regarding effect of UV irradiation, 

it was shown that photoconductivity (PC) is more prominent in high Rsheet samples than low 
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Rsheet samples. Moreover, significant reduction of the resistance under light is observed in the 

low temperature region, where the increment of conductivity suppresses the resistance upturn 

(resistance minima). The fits of the low temperature region upturn (by a formula usually used 

for magnetic impurities) were suggestive that there might be a hidden magnetic phase (which 

is insulating, in contrast to the case of manganites). The strong temperature dependency of 

the PC is already a hint that the origin of the effect is not a simple increase in charge carriers 

but rather complex and possibly a phase separation scenario also in these complex oxide 

interfaces. The transport data was analysed and discussed in context of an interesting 

hysteresis effect seen in the R (T) data showing peaks during warming path. These peaks are 

magnetic and photon field dependent but with opposite effects i.e., increasing the magnetic 

fields tend to increase the peaks and consequently the resistance, while in our case the peaks 

decrease with increase in photon field (i.e., by modifying wavelength or intensity) and 

vanished under UV, we did not discuss in detail the presence of photoconductance effects for 

photons well below the direct STO gap. This might be a hint for charge transfer from the 

valence band of the polar material. Also the possible interpretation of PPC as due to excitons 

excite across the interface should be taken into account in this context. In addition, a possible 

robust coupling between the structural phase transitions of STO and the transport properties 

of the q2DEG in polar/non polar oxide heterostructures was described, which gives evidence 

for charge transfer variations from the polar layer to the polar/non polar interface. The results 

were reproducible and so were the phase transitions and hysteretic effects on the transport 

properties. Finally, all the three types of structure characterized under UV irradiation show 

strong intrinsic tendency of photoconductivity. The photoinduced conductance in formerly 

insulating NdGaO3/STO (polar/non-polar interfaces) was found to be persistent on the 

timescale of months. 

 

Conclusions 

         In conclusion,  the transport properties of epitaxial thin films of two different transition 

metal oxide based correlated systems were analysed by resorting to variable temperature 

resistance measurements in dark and under UV light.  

         Thin films of the narrow band manganite PCMO showed an insulating behaviour at all 

temperatures, that we attribute to thermally activated hopping of small polarons, in spite of 

the strong strain-induced magnetism previously found on samples grown on (110) oriented 

SrTiO3 substrates. Our data show that it was possible to induce, only on samples grown on 
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(110) oriented SrTiO3 substrates, a colossal insulator to metal transition with a decrease of 

the low temperature resistance of about ten orders of magnitude. Our data clearly 

demonstrate that light affects the transport properties of PCMO only under the Curie 

temperature. Light allows therefore to undisclose the ferromagnetic metallic state, common 

to most manganites, but normally “hidden” in PCMO because of a competing ferromagnetic 

insulating state presumably related to charge and/or orbital ordering. The case of epitaxial 

polar-non polar heterostructures is even more complex, since our analysis on previously 

metallic or insulating samples showed a remarkable sample-to-sample dependence. Persistent 

photoconductivity was found with decay times that increased for the most highly resistive 

samples up to values of the order of months or more. Interestingly, some major 

photoconductance effects were found also for photon energies well below the SrTiO3 gap. 

We argue in our discussion that such data strongly suggest a scenario in which the 

photoinduced long-lived excitons have the hole in the polar layers and electrons in SrTiO3.  

In both cases, our experiments show that light can switch the system to the metallic phase, 

with recovery times that differ by orders of magnitude in the two systems.  

         The absence of any photoconductance effect above the Curie temperature of 

manganites shows that light effects should not be envisaged as simple photodoping but 

analysed in the framework of competing ground states in an intrinsically complex system. 

Understanding in detail the nature of the photoconductance effect in previously conducting or 

insulating STO-based interfaces, a still relatively unexplored field of research, would require 

more extensive efforts to master the complex phenomenology and the sample-to-sample 

dependence.   
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A1: Appendix 1 

 

A1.1 Gifford-McMahon (G-M) thermodynamic cycle 

                 The (G-M) thermodynamic cycle scheme used by the CCR setup has helium gas as 

the refrigerant. The gas compressor (operating near room temperature) and the cryogenic 

expansion cylinder (cold head) are thermally linked by a regenerator or thermal storage 

device. The gas is driven through the 4-step cycle shown in figure A1.1. 

 

 

Figure A1.1: The Gifford-McMahon Refrigeration Scheme used by the CCR setup 
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A2: Appendix 2 

A2.1 Transport characterizations of PCMO thin films 

         In this section, I would like to make few comments on the R (T) characterizations of 

PCMO. In the very initial measurements (year 2008) it was frequently observed some strange 

features in the R (T) data consisting of jumps (around 200-250K) and noisy behavior 

followed by a drop (bend) in the resistance about 130-150K (depending also upon thermal 

history or aging of the sample) as shown in Fig. A2.1a, while Fig. A2.1b shows a set of 

recent smooth measurements. On the basis of my experience, this bend is always 

accompanied by compliance indicator of the bias generator blinking and interchange of the 

voltage signs in this sequence; 

For positive voltage −+ → VV  and  

For negative voltage −+− →→ VVV   

(it can be seen on the front panel of the nano-voltmeter).  

 

Figure A2.1: (a) A set of early transport measurements (R vs. T) for several PCMO samples, showing jumps 
and noisy behavior. (b) A set of recent transport measurements ( ρ vs. T ) showing smooth data (see text for 
more details). 

         It was difficult to analyse this data in a sense that these features were appearing at the 

points where phase transitions are reported in the phase diagram for bulk PCMO i.e., charge 

ordering temperature TCO and the Néel temperature or magnetic ordering temperature , TN, as 

shown by dashed lines in Fig. A2.1a. Indeed, based on our measurements alone, we were 
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unable to make any specific comment about the origin of these features. Because, on the one 

side these features in the R (T) data were very fascinating, but on the other hand in literature 

reported resistivity data were quite clean and smooth (at least down to 150 K) making above 

scenario more puzzling for us (see e.g., Fig. A2.1b that resembles with the usual data shown 

in literature). Moreover, the noisy behavior in the R (T) curves just before and after the drop 

in resistance (between 100-150K) look similar to what reported for single crystals below 

40K, that was interpreted as temporal fluctuations between low and high resistance states [i]. 

In addition within this noisy region, the I-V curves showed strange elliptical loops. There are 

also reports about colossal dielectric response and multiferroic nature in charge-ordered rare 

earth manganites in the above temperature window [ii, iii ]. Finally, a survey of the literature 

had made things more complex at that time. For example see Fig. 3.4, for a quick comparison 

(with Fig. A2.1), which is taken from Ref. [iv] reporting that in the low-temperature range (T 

< TN) an abrupt change is observed in the temperature dependence of the resistivity which 

they claimed as an appearance of the metallic phase. 

         It is important to stress that we tried several steps, e.g., checking internal wiring of the 

setup (for the possible artifacts), investigating measurement techniques (2-probe and 4-probe 

methods), replacing measuring devices (Kithley and Agilent) and performing different tests 

regarding bonding (or contacts). Indeed, the measurement setup was working nicely (in 

healthy condition) because the measurements obtained for other compounds like, LaMnO3 

(LMO), YBCO, LSMO, LAO/STO and LSMO/YBCO/STO multilayers, to name a few, were 

in excellent agreement with the reported data in literature. Moving a step further to make a 

consensus that whether the system responds intrinsically or impedance is an issue, we 

decided to probe further the implications of our measurement procedure for the measured 

value of resistivity; the most important being the time delay between current application and 

voltage measurement. 

A2.1 Issue of time delay 

         In view of above context, we devised a test experiment hoping that if the system 

intrinsically has a temperature- and phase-transition-dependent response time feature, the 

final result of the measurement might change with the delay. At the end of the day, indeed it 

does (see Fig. A2.1b or Fig. A2.2). As an example, when we increased the delay between the 

application of current (in pulsed mode) and the voltage measurement to 1- 2s the features 

started to show suppression. This change was really remarkable; subsequent measurements 

performed on e.g., PCMO_001 (150 nm) sample (all other PCMO samples shown in Table 
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3.1 were also tested) demonstrated that the resistance was slowly smoothing with increase in 

delay time (~ upto 6s) down to 70K. The above experiment was a big success in a sense that, 

it has enabled us to go down in temperature window of the order of ~ 70K more (i.e., from 

160K (before delay) – 90K (after delay)). 

          

 

Figure A2.2: (a) Delay effect on the 4-probe resistivity of PCMO_001 (150 nm) thin film, (b) voltage 
dependence on the temperature for different delays recorded during the measurements shown in (a) for 
PCMO_001 (150 nm) sample. (c) Temperature dependence of 2-probe resistivity (inset shows 4-probe) for 
several PCMO samples of different thickness. (d) Delay effect on the 2-probe resistivity of PCMO_110 and 
PCMO_001 (150 nm) samples.  

In view of above context, let me describe the Fig. A2.2 in the following few lines together 

with brief comments. In (a), two main issues are highlighted; 

(i) Firstly, a comparison between 4-probe measurements performed in two different 

biasing modes namely, constant voltage and constant current. It is clearly seen 

that, the temperature window where PCMO is known to show magnetic 

transitions the data also show strange behavior. For example the characterization 

of PCMO in constant voltage bias typically shows a noisy behavior (whether 4-

probe or 2-probe) whenever entering this regime (see also Fig. A2.2c, and A2.2d), 
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while the case of constant current (in pulsed mode) shows, typically, a drop 

(bend) in resistance (which is always accompanied by compliance indicator of the 

bias generator blinking). 

(ii)  Secondly, for the case of 4-probe (pulsed current mode) measurement performed 

on PCMO_001 (150 nm) sample the effect of increasing delays (from 200 – 2000 

ms) is described. Quite interestingly, the usual drop in PCMO’s resistance around 

150K-120K (e.g., green curve for the short delay case) become smoother in the 

longer delay measurement (blue curve) and shifted to 90K. 

The effect of voltage dependence on the temperature for different delays ranging from 200- 

2000 ms are shown in Fig. A2.2b, that were recorded during the measurements shown in Fig. 

A2.2a for the same PCMO_001 (150 nm) film. In Fig. A2.2c, the temperature dependence of 

2-probe resistivity in constant voltage bias (= 5V) for several PCMO samples of same 

thickness (10 nm) is shown, where all samples begin to show noisy behavior around 150K, 

while inset shows dropping of resistances with 4-probe pulsed current mode in the same 

temperature window. A similar behavior is also seen in Fig. 3.2, where 2-probe and 4-probe 

measurements were compared for all the PCMO samples. Fig. A2.2d, describes the delay 

effect on the 2-probe resistivity in constant voltage bias (= 5V) of PCMO_110 and 

PCMO_001 (150 nm) samples. The following procedure was used for this short test 

experiment; the measurements were started with short delay time during cooling path (solid 

arrows) and after observing the start of noisy behavior the delay time was changed to loner 

value, interestingly measurement became smooth. The warming paths (broken arrows) were 

performed keeping the longer delay times, clearly, the noisy regimes were completely wiped 

out in this experiment.  

         Now coming back to the point, i.e., of making a consensus about the intrinsic response 

of the system (i.e., PCMO), we recorded the voltage output separately for the forward and 

reverse currents as a function of temperature (see Fig. A2.2b). For the case of short delay 

(200 ms), as the temperature is lowered below 130 K the positive voltage output (V+, dark 

green) starts to decrease and change its sign (i.e., V-) below 110K and stays negative after on. 

Indeed, the negative voltage output (V-, light green) does the opposite, but below 100K it 

regains its original negative sign. It is worth mentioning here that for even lower delay values 

(20 ms) the voltage starts to decrease around 200K and reverse its sign at about 180K and 

stays negative after wards (not shown here). Now, both voltages stay negative and do not 

change sign even though the current is reversed in the short delay case (in my opinion 
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perhaps this causes to blink compliance indicator of the generator). Considering the case of 

longer delay (2000 ms), both voltages stay negative without changing their sign below 70K. 

Infact, the approximate symmetry between the voltages signals for forward and reverse 

currents, which is clearly seen in the longer delay case over the entire temperature range, is 

seen to be lost even at temperatures as high as 180 K in the short delay case. 

         Lastly, I would like to make few comments. A typical bell shaped hump observed in the 

capacitance data [iii, v ] or a sharp peak observed at the CO transition in the magnetization 

data [vi] is not reflected strongly in the resistivity measurement, simply because the 

resistance value in this temperature range is small and therefore the RC time constant is 

smaller than the measurement delay. Moreover, when we increased the width of the forward 

(and reverse) current pulse, once again we obtained a dependence without the sharp drops at 

the transition points. We also measured the resistivity by two-probe method (only positive 

current direction), in this case again we get a featureless dependence similar to that shown in 

Fig. A2.2. Finally, these data appear similar to what is reported in the literature usually. 

         L. V. Saraf et al. [v], have performed a study on the capacitive effect and made a 

correlation of large dielectric response with the ordering transitions PCMO (x=0.33) thin 

films grown onto (100) oriented LAO substrate by PLD. Based on their results, these authors 

attribute the occurrence of upward and downward jumps in their capacitance data (i.e., 

capacitance is high) at temperatures close to the CO and spin ordering temperatures, to the 

existence of magnetic disorder (frustration) in the multiphase system. Indeed, it seems that 

the resistivity drop (bending) or initiating of noisy behavior (Fig. A2.2) in our case, also 

observed by others [iv, vii ], and capacitance jumps [iv] are seen at the transitions when the 

system is driven faster than a specific time scale indicate that relaxations and reorganizations 

of polaronic and magnetic clusters are playing a key role. The above scenario can be easily 

explained on the basis of the circuit response effect [v], controlled by the impedance of 

PCMO film. For this purpose a graphical representation for the impedance of PCMO film, 

actually, controlling the circuit response effect is sketched in Fig. A2.3. 

         Assume a circuit element having, inherent, resistive and capacitive character (like, the 

case of PCMO film), driven repeatedly by currents in pulsed mode in the form of a wave 

form (red square wave) as shown in Fig. A2.3. For the case of a short delay measurement, the 

time positions are denoted by )(1 shortt  and )(1 shortt′ , while )(2 longt and )(2 longt′  are positions for a 

measurement with longer delay. Now, if the RC time constant of the sample is comparable or 

longer than the pulse width of the current signal, the voltage attained (dashed blue) after 
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forward current will take time to reverse under current reversal. Thus, a short delay 

measurement (i.e., )(1 shortt  and )(1 shortt′ ) would show the same sign of the voltage although it 

may decay in magnitude over the pulse width. This effect would be diminished or get rid of 

by enhancing the delay (e.g., )(2 longt and )(2 longt′ ). 

 

Figure A2.3: A graphical representation of the impedance of PCMO film controlling the 
circuit response effect. 

         In Fig. A2.4, a comparison of recent 4-probe resistivity data between PCMO_110 and 

PCMO_001 (both 10 nm) thin films (after delay modification), taken in constant voltage 

(5V) and constant current (pulsed current of 100 nA) modes, is shown. Inset show 2-probe 

data in constant voltage (5V) configuration for the same samples.  

 

Figure A2.4: Comparison of 4-probe resistivity data between PCMO_110 and PCMO_001 
(both 10 nm) thin films. Inset show 2-probe data for the same samples. 
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These measurements show qualitatively similar insulating behavior, with false drop in 

resistance (with 4-probe current pulsed mode) followed by starting of noisy behavior (with 4-

probe and 2-probe constant voltage mode). Moreover, the drop (bend) in resistivity and the 

starting of noisy behavior appear at the same locations for both samples. However, it is seen 

that on average PCMO_110 has higher resistivity and above features appear early in the case 

of PCMO_110 sample if a comparison is made between same thickness values of 

PCMO_001 samples (see Fig. A2.4 and A2.1b). 
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A3: Appendix 3 

A3.1 Transport characterizations of PCMO at different bias currents 

         In this appendix, I will briefly discuss the epitaxial stabilization of the ferromagnetic 

phase and the concomitant suppression of the antiferromagnetic one in PCMO films grown 

on (110) STO, in contrast to the bulk-like features of samples grown onto (001) STO. Indeed, 

the origin of the FM insulating (FMI) phase in PCMO is still controversial. Such a 

combination of magnetic and electronic properties is rare, but it occurs in several other 

manganites systems too, however in the lower doping regime x ≤ 0.25, where Jahn–Teller 

electron-lattice and superexchange interactions are stronger than DE and may result in a FMI 

ground state sustained by a suitable ordered pattern of eg orbitals. While the physical 

mechanism (i.e., the double exchange interaction) that leads to the FMM state in manganites 

is well known, the reason why an insulating state can persist in a DE system at higher 

doping, as it occurs in PCMO is less evident. The peculiarity of the insulating state of PCMO 

is quite spectacular since it adjoins a hidden metallic state, characterized by enormous 

changes in resistivity [viii ] that can be reached either by application of several external 

perturbations. However, while magnetic or pressure induced transitions seems to be 

homogeneous (e.g. they involve the whole bulk system), there is some evidence that electric 

and radiation fields (see section 3.7) may cause transitions in phase-separated regions of the 

system where nucleation of metallic patches in the form of filaments within the system body 

have been observed.  

         Let us start with Fig. A3.1 which is taken 

from Ref. [ix], where the temperature variation of 

the resistance of a PCMO (x = 0.3) film deposited 

on Si (100) is shown for different values of the dc 

current.  Here with increase in current the film 

showed an I–M transition in the low temperature 

range. The inset on left shows non-ohmic behavior 

in I–V curves, while right side inset shows a 

behavior similar to what we have observed in our 

thin films (see Fig. A2.1). Here, they interpreted 

this low temperature noisy behavior to temporal 

fluctuations between resistive states. Recall that 

 

Figure A3.1: R (T) for PCMO sample showing 
a drop (bend) in resistance for different values 
of the current, inset shows similar behavior we 
observed. Taken from [Ref. ix]. 
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the noisy behavior in the R (T) curve below about 130 K is similar to what reported for single 

crystals below 40K, which was interpreted as temporal fluctuations between low and high 

resistance states [x]. 

 

Figure A3.2: Temperature-variation of resistivity for different values of the current, (a) of a PCMO_001 (150 
nm) film, and (b) of a PCMO_110 (10 nm) film, inset shows similar data for PCMO_110 (10 nm). 
Temperature-variation of voltage for, (c) PCMO_001 (150 nm) and (d) PCMO_110 (10 nm) samples 
respectively. Temperature-variation of electric field for, (e) PCMO_001 (150 nm) and (f) PCMO_110 (10 nm) 
samples respectively. 
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         In Fig. A3.2, a comparison between PCMO_ (001) and PCMO_ (110) samples is 

presented. The temperature-variation of resistivity of a PCMO_001 (150 nm) film for 

different values of the current is shown in Fig. A3.2a, clearly showing that the large current 

values (upto 200 µA) were not able to decrease resistance. Likewise, in Fig. A3.2b the 

temperature-variation of resistivity for PCMO_110 (10 nm) film as a function of different 

values of the current (upto 5 µA) is shown, demonstrating that even a small current value was 

able to bring decrease in the resistance state. It is important to note the inset which shows that 

similar current values were not able to decrease resistance of PCMO_001 (10 nm) sample 

just like thick sample (PCMO_001 (150 nm)). Fig. A3.2c shows temperature-variation of 

voltage for the PCMO_001 (150 nm) sample, while Fig. A3.2d shows similar plot for 

PCMO_110 (10 nm) sample, respectively. Finally, Fig. A3.2e and A3.2f show data for 

electric field (E vs. T) for PCMO_001 and PCMO_110 samples respectively. 

         This data analysis also show voltage limit of the measuring device (reaching > 10 V) or 

consequently E > 105 V/m. Therefore, we need to further narrow down the spacing between 

voltage contacts (in this study we used ~ 100 µm) in order to reduce the electric field and 

concomitantly overcome the compliance issue which appears together with the drop (bend) in 

resistance with 4-probe. Furthermore, from Fig. A3.2, it also appears that on increasing 

current I (or current density j), the charge localization process is weakened and progressively 

eliminated. As displayed in the R (T) curves of Fig. A3.2b, at a temperature around 230 K, a 

slight difference in the resistance is seen already at low values of current (100 nA) in 

PCMO_110, while PCMO_001 do not show any change at these values of currents (inset Fig. 

A3.2b). The same current induced melting of the polarons, slightly below the charge ordering 

temperature, was reported in thick relaxed films of Pr0.7Ca0.3MnO3 [xi]. We observe, 

however, that in PCMO_110 (10 nm) the low resistance state is achieved under a very low 

current (current density) if compared with the one of thick sample (Fig. A3.2a) or with the 

bulk. Actually, the melting of the polaron solid and a crossover to a large polaron regime of 

metallic conductivity can be induced by sufficiently high E and j, as extensively reported [xi, 

xii ] since the pioneering work of Asamitsu et al. [x].         

         Finally, I would like to comment that the transport measurements of this highly 

complex material PCMO are quite tedious to obtain (in a sense that one has to sit all the day 

in front of the instruments looking at their front panels for the blinking of compliance 

indicator). Moreover, in Fig. A3.3, R (T)s for three different PCMO samples are shown, 

obtained by using 2-probe constant current mode. The initial warming path is shown by 
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dashed arrows, after 360K a clear increase in the resistance is seen, and the sample never 

returned back to the initial resistive stage. Therefore it is advisable to not heat too much the 

sample, specially, if one needs to make a comparison among the low temperatures 

resistivities. Moreover, it was also observed that the R (T) show a slow increase with time 

(moths) with respect to the first virgin run (e.g., performed after several months), and 

sometimes I noticed that the contacts also become diffused (dirty) i.e., clear aging effect. For 

the better results, however, I recommend long delays (e.g., 500-1000 ms) and the 

performance of the experiment in one single allotted time (e.g., 10 days) without taking the 

sample outside the CCR setup. 

 

Figure A3.3: Temperature-variation of resistance for showing increase in resistance upon heating, (a) PCMO_001 
(150 nm) film, (b) PCMO_110 (35 nm) film, and (c) PCMO_001 (10 nm) sample. Measurements done in 2-probe 
(constant current) mode. 

A3.1 Substrate issue 

         An important issue concerning possible origin of the photoinduced resistance change is 

carrier injection from the substrate for films thinner than the absorption length of light. Thus 

not only the film but also the substrate is optically excited. Hence, the possible change in 

doping resulting from carrier injection from the substrate is an open point for most 

experiments on illuminated manganite films with a thickness of several 10 nm. 

Consequently, all observed effects can, in principle, have their origin either in processes in 

the substrate or in the film, or in both. To clarify possible origins of the photoconductivity the 

transport behaviour of bare LAO and NGO substrates (also bare STO substrates) is studied, 

with the same photon flux and electrode configuration used for the thin film samples. In Fig. 

A3.4, R (T) for LAO and NGO substrates both in dark and under illuminations are shown. 

No signs of PC are seen with 4-probe and 2-probe configurations.  
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Figure A3.4: Temperature dependence of resistance measured in dark (solid arrows) and under illumination 
(dashed arrows) for bare, LAO and NGO substrates. The measurements were done in 2-probe constant voltage 
(V= 5V) mode by resorting to ultrasonic bonding on silver (sputtered) contacts of 0.1 mm apart. 
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A3.2 Low temperature resistance minima   

    Here, I would like to briefly discuss the low temperature resistance upturn. The variable 

temperature dependence of the sheet resistance is a nice tool which can provide further 

understanding the nature of the scattering in the n-type interfaces. In all the three kinds of 

heterostructures, in the temperature window of 90 K down to 20 K, is routinely seen a slight 

upturn in the sheet resistance data. This indicates, there is a possible metal-insulator (M-I) 

transition in this range.  

 

Figure A3.5: The sheet resistance vs. temperature in dark, from top to bottom; (a) of two 
different NGO/STO samples (black), LAO/STO (Red) and LGO/STO (blue), dashed lines 
are fits to Eq. A3.2, (b) same data fitted to Eq. A3.1.  

 
   This transition which is ascribed to localization could possibly be due to increased 

scattering effects, e.g., arising from the presence of impurity at the interface (or magnetic 

ions in the polar layer). Furthermore, under light irradiation a significant reduction of the 

resistance is seen in this region, where the increment of conductivity suppresses this 

resistance upturn. The scattering of conduction electrons from magnetic impurities and the 

presence of resistance minima at low temperatures is a well known phenomena ascribed to 

Kondo effect. The temperature dependence of the sheet resistance is found to be logarithmic 

over a wide range of temperature (~ 10 –50 K, see Fig. A3.5b). For a metallic sample having 

this effect in its resistivity, one can write a formula of the form  
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                                                           ρ = ρ0 − ρs ln (T)                                   (A3.1) 

 

where ρ0 is the residual resistance, and ρs is the contribution of spin-scattering due to the 

magnetic impurities. The overall sheet resistance can be described by 

 

                                          ρ (T) = ρ0 − ρs ln (T) + bT2 + cT5                                   (A3.2) 

 

    where the T2 and T5 terms are suggestive of electron–electron and electron–phonon 

scattering, relevant at higher temperatures. The logarithmic term used, is for the low 

temperature upturn. In Fig. A3.5a, we show fits to Eq. A3.2 for all the three structures. 

Clearly, NGO sample with high Rsheet value shows a very nice fit (dashed line), while there is 

a slight mismatch seen at low temperature for those samples where the upturn become less 

evident. Fig. A3.5b shows only the low temperature region, where low temperature resistance 

upturns are fitted to Eq. A3.1. This result is in consistent with previous reports on oxide 

interfaces [80]. 
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A4: Appendix 4 

 

A4.1 List of samples characterized by me during this PhD research work 

Serial number Sample name Substrate Material (s) 

   TMO interfaces 

1 10-024 STO (001) LTO (12 uc) 

2 10-043 STO (001) TiO2 

   NGO 

3 08-059 STO (001) NGO ( ?? uc) 

4 08-081 STO (001) NGO (07 uc) 

5 10-005 STO (001) NGO (12 uc) 

6 10-007 STO (001) NGO (12 uc) 

7 10-021 STO (001) NGO (11 uc) 

8 10-027 STO (001) NGO (12 uc) 

8 10-058 STO (001) NGO (12 uc) 

10 10-067 STO (001) NGO (12 uc) 

11 11-078 STO (001) NGO (06 uc) 

12 11-082 STO (001) NGO (12 uc) 

13 11-097 STO (001) NGO (12 uc) 

   LAO  

14 08-020 STO (001) LAO (04 uc) 

15 09-107 STO (001) LAO (12 uc) 

16 10-026 STO (001) LAO (12 uc) 

17 10-057 STO (001) LAO (17 uc) 
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Serial number Sample name Substrate Material (s) 

18 10-071 STO (001) LAO (?? uc) 

19 10-072 STO (001) LAO (?? uc) 

20 11-079 STO (001) LAO (12 uc) 

21 11-080 STO (001) LAO (21 uc) 

22 11-090 STO (001) LAO (12 uc) 

23 11-093 STO (001) LAO (12 uc) 

24 11-096 STO (001) LAO (12 uc) 

25 11-100 STO (001) LAO (10 uc) 

26 11-102 STO (001) LAO (05 uc) 

27 11-103 STO (001) LAO (11 uc) 

28 11-115 STO (001) LAO (12 uc) 

29 11-116 STO (001) LAO (12 uc) 

   LGO 

30 10-010 STO (001) LGO (12 uc) 

31 10-031 STO (001) LGO (12 uc) 

32 10-048 STO (001) LGO (20 uc) 

33 10-054 STO (001) LGO (12 uc) 

34 11-081 STO (001) LGO (20 uc) 

35 11-083 STO (001) LGO (12 uc) 

36 11-084 STO (001) LGO (20 uc) 

37 11-085 STO (001) LGO (20 uc) 

38 11-086 STO (001) LGO (20 uc) 

39 11-088 STO (001) LGO (12 uc) 

40 11-089 STO (001) LGO (12 uc) 

41 11-092 STO (001) LGO (12 uc) 
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Serial number Sample name Substrate Material (s) 

42 11-095 STO (001) LGO (12 uc) 

43 11-098 STO (001) LGO (12 uc) 

44 11-099 STO (001) LGO (12 uc) 

45 11-110 STO (001) LGO (12 uc) 

46 11-113 STO (001) LGO (08 uc) 

   LMO 

47 07-043 STO (001) LMO 

48 LMO-A STO (001) LMO 

49 LMO-B STO (001) LMO 

   HTc Superconductors 

50 10-001 STO (001) YBCO 

51 10-033 LAO (001) YBCO 

52 10-053 LAO (001) YBCO 

53 10-060 LAO (001) YBCO 

54 08-021 STO (001) YBCO 

   Manganite Multilayers 

55 09-010 STO (001) LSMO/YBCO (top) 

56 09-019 STO (001) YBCO/LSMO (top) 

    

57 08-145 NGO (110) LSMO(5 uc)/STO(15 uc) top 
layer 

58 08-149 NGO (110) LSMO(5 uc)/LAO(15 uc) top 

59 08-155 NGO (110) LSMO(5 uc)/PCMO(15 uc) top 

56 08-156 NGO (110) LSMO(4 uc)/PCMO(15 uc) top 

57 08-166 NGO (001) LSMO(4 uc)/PCMO(15 uc) top 
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Serial number Sample name Substrate Material (s) 

   PCMO (Manganites) 

58 06-104 STO (001) PCMO (10 nm) 

59 07-102 STO (001) PCMO (50 nm) 

60 08-017 STO (001) PCMO (11 nm) 

61 09-088 STO (001) PCMO (10 nm) 

62 09-110 STO (110) PCMO (35 nm) 

63 09-111 STO (110) PCMO (35 nm) 

64 10-018 STO (001) PCMO (150 nm) 

65 10-020 STO (110) PCMO (150 nm) 

66 10-022 STO (001) PCMO (150 nm) 

67 10-061 STO (001) PCMO (10 nm) 

68 10-066 STO (110) PCMO (10 nm) 

69 09-014 STO (001) LSMO 
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Fig. A4.1, showing R vs. number of u.c. at room temperature (300K) for several samples of 
NGO, LGO and LAO based interfaces grown on STO (001). 

 

 

Fig. A4.1: R vs. number of u.c. at 300K for NGO, LGO and LAO based heterostructures on STO (001). 
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Fig. A4.2, showing R vs. time at room temperature (300K) for two samples each of NGO, 
LGO and LAO based interfaces grown on STO (001), respectively. 

 

Fig. A4.2: R vs. time at 300K for (a, b)  two LGO/STO, (c, d) two NGO/STO, and (e, f) two LAO/STO samples 
respectively. 
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A5: Appendix 5 

 

A5.1 Photoinduced phase transition experiment on PCMO 

In order to explore this metallic phase claimed in Ref. [xiii ], I tried PIPT experiment on 07-

102: PCMO_001 (50 nm) sample by selecting infra red (IR) and green wavelengths of  the 

pulsed laser (type: Q-switched (pulsed) Nd:YAG) with power~ 95 mJ/pulse at 1064 nm (IR) 

and 88 mJ/pulse pulse at 532 nm (green), having repetition rate of 0.1 Hz, respectively, from 

room temperature down to 150K, but we saw no sign of it. The outcome of this experiment 

resulted in no change in the resistance except very feeble traces of heating effects in this 

temperature window (Fig. A5.1). 

 

Fig. A5.1: Room temperature PIPT test on PCMO sample 
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