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This dissertation is an inquiry into the characteristics of two representative transition metal 

oxides, cuprates and manganites.  

The pairing mechanism of cuprates is not yet fully understood. The origin of the normal 

state gap (a unique feature of high Tc superconductors) needs to be ruminated in various ways to 

understand its relation to the superconducting gap. We have performed point contact 

spectroscopy experiments using junctions between a normal metal (Pt-Rh) and electron-doped 

Pr2-xCexCuO4 (PCCO) films and single crystals. To probe the normal state at low temperatures 

(T =1.5 K), the superconductivity was suppressed by applying high magnetic fields (up to 31 T). 

From this experiment, we could infer that the normal state gap may not be the “pseudogap,” 

instead it originates from the presence of disorder in the complex transition metal oxide. 

Due to the comparable energies of co-existing phases, manganites exhibit unique 

dependencies on a variety of external parameters such as light, x-rays, mechanical strain, 

magnetic field and electric field. These properties not only demonstrate its importance in physics 

as a strongly correlated system but also mark the potential of this material for practical 

applications. We studied properties of phase separated hole-doped manganite thin films of (La1-

yPry) 0.67Ca0.33MnO3 grown on (110) NdGaO3 substrates using pulsed laser deposition (PLD).  

17 



 

18 

First, we found a giant positive magnetoresistance of about 30 % at magnetic fields less than 1 T 

in ultra-thin films (7.5 nm) of (La0.5Pr0.5)0.67Ca0.33MnO3 . Second, we were able to control the 

magnetic phase with an electric field in the out-of-plane direction using a specially designed 

nano-fabricated double layered structure with two different compositions of manganite, 

(La0.4Pr0.6)0.67Ca0.33MnO3 and La0.67Ca0.33MnO3. Last, we have studied the effect of strain and 

disorder on the phase-separated state in thin films of (La1-yPry) 0.67Ca0.33MnO3 (LPCMO, y = 0.4, 

0.5, 0.6). Our observations show that a small amount of strain (~10-4) can move the phase 

boundaries in the fluid phase separated (FPS) state. A reduction of the piezoresistance in the ion-

bombarded samples suggests that such extrinsic disorder can pin the phase boundaries and 

reduce the fluidity of the FPS state.



 

CHAPTER 1 
INTRODUCTION 

1.1 Characteristics of High Tc Superconductors 

By 1986, scientists believed the Bardeen-Cooper-Schrieffer (BCS) theory could explain 

almost all phenomena in superconductivity. The electron-electron attractive potential, which is 

responsible for the resistanceless motion of electrons in superconducting materials below the 

critical temperature, could be explained by the electron-phonon interaction. However, as soon as 

high Tc superconductors were discovered in copper-oxide based materials, known as cuprates, 

scientist faced new problems. Cuprates are made by doping certain kinds of Mott insulators. 

They have a common structure, which is composed of a plane of Cu and O separated by charge 

reservoir planes such as Pr, Y, Ba, La or Sr. Doping creates holes (or electrons) in the copper 

oxide plane. This destroys Anti-ferromagnetism in the Mott insulator and induces a change of 

ground state from the insulator to the superconductor.  

The reason, their critical temperature is so high and their pairing mechanism is not well 

understood is the fact that the d-wave symmetry appearing in high Tc superconductor (HTSC) 

can not have originated from the electron phonon coupling which requires zero angular 

momentum i.e. s-wave. Most importantly their strange normal state behavior (known as pseudo 

gap) could not be explained by the BCS theory [1, 2]. Figure 1-1[3] shows the phase diagram for 

hole doped and electron doped HTSCs. There are parts of the phase diagram, which are not very 

well understood due to the normal state gap, a unique feature of HTSCs. Optimistically hoping 

that this normal state gap in the superconducting dome will guide us to a clarification of the 

pairing mechanism of HTSCs, this feature will be focus of this dissertation. 

19 



 

 1.1.1 Origin of Pseudogap  

There are as many theoretical models for the pseudogap in cuprates as there are bamboo sprouts 

after rain. An attempt to categorize them into groups therefore seems to produce more confusion 

than clarification. There appears to be no clear-cut way to classify the different models. They are 

entangled like holes in a sea sponge. However, for convenience, I have sorted the models into the 

following six categories, which are resonance valence bond (RVB), magnetic order, strong 

coupling, phase fluctuation, semiconductor-superconductor model and interlayer coupling 

model.  

Resonance valence bond  

The insulating state with magnetic singlet pairs found in oxide superconductors was considered 

to be a resonating valence bond (RVB) state by Anderson[4]. These pairs induce a spin gap and 

this gap is the pseudogap in this model. If the doping is high enough, then the spinons can 

become holons, which Bose-Einstein condense (BEC) and form the superconducting state at Tc. 

Since these quasiparticle excitations are based on spin-charge separation, the transition 

temperatures for the spinon pairing state (RVB state) and holon pairing state (BEC state) can be 

different [5]. The pseudogap transport properties were predicted according to this model using 

Ginzburg–Landau theory [6]. This gauge theory suggests the possibility of a strong coupling of 

the spinons and holons in the superconducting state due to the gauge field fluctuations.  

 Magnetic scenario  

The dominant magnetic interaction between quasiparticles in cuprate superconductors is anti-

ferromagnetic spin fluctuation or spin density wave. The possibility that a pseudogap could exist 

in the electronic density of states for the cuprate superconductor due to antiferromagnetic spin 

fluctuations has been suggested [7]. The renormalized spin susceptibility with quasiparticle 

excitations shows strong fluctuations in the spin-density wave (SDW) state. The self-energy 
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between quasiparticles and the unstable SDW induces long range order which is called mode-

mode coupling at finite temperature. Quasiparticle excitations show marginal Fermi-liquid 

behavior near this SDW instability, and this can be considered to be a pseudogap state [8]. Due 

to the strong antiferromagnetic correlations between quasiparticles in the nearly 

antiferromagnetic Fermi liquids model in two dimensions, the normal state of cuprates can show 

distinct magnetic phases including a pseudogap in the quasiparticle density of states below a 

certain temperature. This feature is a precursor of the spin-density-wave (SDW) state. The peak 

of the dynamical spin susceptibility observed at Q =(π, π) arises due to the presence of two kinds 

of quasiparticles [9] viz. quasiparticles at the Fermi surface near the antiferromagnetic brillouin 

zone (or in short hot quasiparticles) and cold quasiparticles. Hot quasiparticles are strongly 

correlated to the antiferromagnetic spin fluctuation, which means it will be strongly scattered by 

fluctuations and induces the gap (pseudogap) at the hot spot in contrast to the cold quasiparticle 

[9]. In this model, superconductivity is achieved with the opening of a gap in the cold 

quasiparticle spectrum and only these cold quasiparticles contribute to the superfluid density. 

Therefore the magnitude of the pseudogap and pseudogap opening temperature has no relation 

with critical temperature for the superconducting gap. This means that magnetic order and 

superconductivity are not connected [10]. The theory that the pseudogap is due to microscopic 

phase separation between metallic stripes and insulating antiferromagnetic stripes will also be in 

this category [11]. In this scenario, a build up of the antiferromagnetic correlation induced spin 

gap is suggested to be the pseudogap.  

Strong coupling scenario (preformed pairs)  

In the strong coupling model, the pseudogap is formed in the ground state of a crossover from 

the BCS to Bose Einstein condensation (BEC) at finite temperature, which happens when kBTc is 
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much smaller than the pairing energy [12]. Cooper pairs without long range phase coherence due 

to a strong attractive interaction can be formed before the pairs condense and the material 

becomes superconducting. These pairs are called preformed pairs and this pairing correlation is 

the origin of the pseudogap in this model [13]. A finite temperature effect of this model suggests 

that in this crossover region from BCS to BEC, the order parameter and energy gap have 

different energy scales which allows the superconducting gap and the pseudogap to have the 

same energy scale as the temperature increases above Tc. On the contrary, in the ground state, the 

order parameter and the energy gap are the same [14]. The strong electron correlation effect 

induced pseudogap has the characteristics of excitations with an electron like nature [15]. 

Phase fluctuation scenarios  

This phase fluctuation model is also based on the strong coupling scenario for superconductivity. 

However, in this model, the pseudogap is induced by a strong superconducting fluctuation, 

which is accompanied by strong coupling superconductivity [16]. Cuprates have less phase 

stiffness than conventional superconductors and this induces classical and quantum phase 

fluctuations [17]. The low temperature properties of cuprates will be affected by this fluctuation. 

For a strong coupling superconducting case, it has been suggested that superconducting 

fluctuations induce pre-formed pairs and the pseudogap appears as a result of thermal excitation 

in these pre-formed pairs [16]. Long-range order will be disturbed by these phase fluctuations 

[18]. In a strongly correlated electron system, small fluctuations near the quantum critical point 

can result in a huge effect on the ground state of the system. This can induce the complex order 

parameter in one side (under doped side in the hole-doped cuprates case) of the quantum critical 

point. This imaginary part of the order parameter may be related to the pseudogap [19]. 

Semiconductor and superconductor model  
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That the pseudogap is a semiconducting gap with the possible existence of competing order 

parameters, for example a charge-density wave (CDW), was suggested by  Pistolesi and 

Nozières [20]. The existence of a quantum critical point at optimal doping supports the 

competing order parameter theory due to the formation of a CDW [21]. The effect of strong 

anisotropy (d-wave) in the order parameter for this semiconductor superconductor model with 

CDW, was investigated [22]. It predicts that the pseudogap will be dominated only in the 

antinode region and will be diminished around the node. However, the absence of a 

thermodynamic phase transition needs to be explained for this competing order parameter theory. 

Interlayer coupling scenario 

Another peculiar candidate for the origin of the pseudogap is the coupling between 

interlayers which form holons inducing a spin gap in bilayer cuprates [23, 24] This model 

predicts that the difference between the pseudogap opening temperature and the superconducting 

critical temperature will increase due to the interlayer coupling. 

1.1.2 Experimental Evidence for the Pseudogap 

The first experimental observation of the pseudogap in hole-doped cuprates was obtained from a 

nuclear magnetic resonance (NMR) experiment [25]. The magnetic field effect on the spin gap 

was studied on optimally doped Yba2Cu3O7-δ using NMR when the temperature T is near and 

above Tc [25]. It showed no magnetic field dependence. This result was interpreted as evidence 

for the independence of the pseudogap and superconducting fluctuations when this spin gap is 

considered to be the pseudogap. Later experiments related to charge channels (e.g. Tunneling, 

angle resolved photoemission spectroscopy (ARPES), optical conductivity etc.) also showed a 

pseudogap and demonstrated that the gap size was temperature independent [26]. The 

pseudogaps of Bi2212 and Hg Br2-Bi2212 were studied using intrinsic tunneling spectroscopy 

[27]. In this experiment, the pseudogap found along the c-axis, did not change with H or T, 
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contrary to the superconducting gap. This result was also interpreted as independence of the 

pseudogap and superconducting gap i.e. the two gaps had different origins. However, there have 

also been many attempts to understand those results assuming the pseudogap and 

superconducting gap are related. In the limit of strong coupling, it is possible that the 

characteristic magnetic field is too large near the pseudogap opening temperature to observe a 

magnetic field dependence of the pseudogap [28]. A more detailed model [29] explains the field 

dependence of the pseudogap in various doping ranges when the pseudogap phase is due to d-

density wave order. This model also is in the category of preformed pairing. In this model, as 

doping increases, sensitivity to the field increases until the pseudogap itself vanishes in the 

overdoped regime. The relation between the pseudogap closing field and the pseudogap closing 

temperature and the low field insensitivity in the underdoped regime was explained using the 

anisotropic lattice model with the pseudogap as a precursor to superconductivity [30]. Recently, 

the existence of vortex excitations above Tc was observed by Nernst effect experiments in hole-

doped cuprates. This supports the pseudogap as a phase disordered pairing due to the creation of 

thermal vortices. Pseudogap studies on electron-doped cuprates are not yet comparable to the 

wide body of research on the pseudogap in hole-doped cuprates but they are catching up rapidly. 

The pseudogap found in high-resolution ARPES experiments on electron-doped cuprates 

Nd1.85Ce0.15CuO4, cast doubt on the universal explanations of the pseudogap found in hole-doped 

and electron-doped cuprates [31]. In this experiment the origin of pseudogap was interpreted to 

be antiferromagnetic spin fluctuations in two dimensions [32]. However, the pseudogap was also 

observed as a negative magneto resistance in the electron-doped cuprate Sm2-xCexCuO4-  along 

the c-axis using a specially designed mesa structure suggesting a similarity of the pseudogap in 

hole-doped and electron-doped cuprates by interpreting a spin correlation as the origin of the 
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pseudogap found in both doped cases [33]. A unique feature of the n-doped cuprates is that it is 

possible to probe the normal state inside the superconducting dome for the entire doping range 

by driving the superconductor into the normal state with a field H greater than the upper critical 

field Hc2, due to the relatively low values of Hc2 (~10 T at low temperatures for the optimally 

doped compounds). Tunneling across grain boundary junctions and point-contact spectroscopy in 

magnetic fields H > Hc2 have clearly shown the presence of a normal state gap (NSG) in the 

density of states, which is comparable in energy scale to the superconducting gap and which 

increases in energy scale as the doping is decreased [34, 35, 36]. Alff et al. have mapped the 

region in the phase diagram where this NSG is observed [3]. The NSG observed in n-doped 

cuprates shows a similar behavior with doping as the pseudogap in p-doped cuprates [35, 3, 37]. 

If the NSG in n-doped cuprates is indeed analogous to the pseudogap in p-doped cuprates, then 

Alff et al. result suggests that the pseudogap in n-doped cuprates is present inside the 

superconducting dome and vanishes at a doping level close to the optimum value (x ~ 0.16), 

which supports the competing order parameter scenario [3]. However, Dagan et al. have 

performed tunneling spectroscopy measurements on thin films of Pr2−xCexCuO4 for the doping 

range 0.11 < x < 0.19 and have shown that the NSG is observed well into the overdoped region 

[38]. In fact, in the overdoped region (x > 0.17) the temperature T above which the NSG 

vanishes is approximately equal to Tc. This result provides strong evidence that the NSG is 

related to the superconductivity in PCCO and if the NSG is the pseudogap, supports the pre-

formed pairing scenario. 

With this background, in the next section I will describe the technique of point contact 

spectroscopy and in chapter 3, I will describe our point contact spectroscopy results on the 

electron-doped cuprate Pr 2-xCexCuO4.  
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1.1.3 Point Contact Spectroscopy 

Tunneling spectroscopy has proven to be a powerful technique for studying the electronic 

density of states (DOS) near the Fermi level in conventional BCS superconductors. However, the 

short coherence length in high-Tc cuprate superconductors (HTSC) means that tunneling 

spectroscopy, which probes the surface density of states, can provide information for only a few 

atomic layers beneath the surface. This imposes strict requirements for the quality of the sample 

surface. The best results are obtained on samples that have been cleaved in-situ before forming 

the tunnel junction. Hence, the most significant tunneling data have been obtained on 

Bi2Sr2Ca1Cu2O8, which has a very convenient cleavage plane. This leaves out the large set of 

other cuprates, which do not share this particular property. For such materials, it is useful to 

construct tunnel junctions using the native insulating layer formed on the cuprate as the 

insulating tunnel barrier. This can be done either by forming planar tunnel junctions or by 

performing point contact spectroscopy. Both scanning tunneling microscopy (STM) and point 

contact spectroscopy (PCS) might be used to study the electron excitation spectrum in metallic 

solids. Unlike STM, PCS is based on the formation of micro-channels, which means mechanical 

contact in between two materials. Therefore the conductance of a ballistic metallic PCS junction 

is 105 times larger than the conductance of a typical STM tunneling junction. For materials, such 

as the electron-doped superconductor Pr2-xCexCuO4 (PCCO), which are easily oxidized, making 

an insulating barrier on the surface of the film, STM is extremely difficult. But the fact that 

either the tip or the film go through the insulating barrier to make a micro-channel in PCS, makes 

this technique very useful to study high Tc cuprates. In addition to this, PCS is not significantly 

affected by external vibration, which is an important factor to consider when choosing a 

measurement method for the water-cooled magnets in the DC High Field Facility at the Magnet 

Lab. Contact size is very critical for PCS. First, for PCS or tunneling spectroscopy, the contact 
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size should satisfy the ballistic limit criterion (known as the Sharvin limit) since in that limit the 

energy resolution can be trusted. The main difference between tunneling spectroscopy and PCS 

can be explained by contact size. If the contact size 'a' satisfies le> a > 0.1ξ, where ξ is the 

coherence length and le is the elastic mean free path of the film, then the junction is in the 

Sharvin limit and suitable for PCS [39]. Since Andreev reflection starts to disappear gradually 

when a<0.1ξ, there the junction is in the tunneling limit. The main difference between the 

conductance features in the two different limits, are shown in Fig 2[35].  

Significant progress has been made in the fabrication of planar and point contact junctions 

and these experiments have given invaluable information about the DOS of HTSCs and other 

new superconductors. 

Why do we need to perform PCS at high magnetic fields? A theory for the phenomenon of 

high-Tc superconductivity has to explain the underlying pairing mechanism and why it happens 

at such high temperatures. Hence, one needs to understand the original state that was destabilized 

to give rise to superconductivity. We will call this non-superconducting state, the “normal state”. 

Hence, it is essential to understand the normal state of HTSC in order to explain the mechanism 

behind the high critical temperatures. The Tc (about 25 K) and upper critical fields (about 10 T at 

2 K) of n-doped cuprates are significantly lower than p-doped cuprates. Hence, it is possible to 

study the normal state of these materials at low temperatures at the National High Magnetic Field 

lab in Tallahassee (NHMFL) [40, 41]. 

The usefulness of PCS for studying superconductors is greatly enhanced by a theory 

developed by Blonder, Tinkham and Klapwijk (BTK), in which they discuss the dependence of 

the I-V (current-voltage) characteristics of a junction between a superconductor and normal 

metal on the strength of the barrier between the electrodes (denoted by a dimensionless number 
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Z) [29]. This theory enables us to extract information from PCS data. It also suggests that for 

large barrier strengths (Z >> 1), a point contact junction behaves similarly to a tunnel junction. 

The field dependence of the pseudogap was predicted by S.Chakravarty et. al [29], as the 

doping increases, the sensitivity increases which is in contrast to the fact that the gap itself 

vanishes as the doping increases towards the overdoped regime. Here, the pseudogap was due to 

the d-density wave order, which also indicates that the pseudogap has the same orbital symmetry 

as the superconducting gap and its field effect was considered as the broken symmetry of the d-

density wave order. The fact that the phase transition to the pseudogap will be suppressed by the 

presence of disorder was predicted [42].  

1.2 Characteristics of Manganite 

Manganite, a strongly correlated electron system, shows a variety of interesting features. It 

is sensitive to many external paramaters like light [43], x-ray [44], magnetic field [45-49], 

electric field (or current)[50, 51] and structural strain [52] etc. due to the complex entangled 

relationship between electron density, orbital ordering, spin and lattice structure. Several 

attempts have been made to explain these phenomena including the double exchange mechanism 

[53-55], Jahn Teller distortion and polaron theory. They could explain the low temperature and 

high temperature behavior separately and could be linked somewhat by consideration of the 

magnetic or structural effects on the electric transport properties. However it is necessary to 

study the microscopic features of this material for a complete understanding of the unsolved 

problems surrounding these materials especially those related to the competing ground states. 

The ground state of these phase-separated manganites is composed of a glass like nanoscale or 

grain like micron scale mixture of static or fluid phases with temperature dependent phase 

fluctuations in the presence of quenched disorder [56-59]. Therefore this dissertation is focused 
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on the static and dynamic phase separation of mixed valance manganite thin films and various 

possible methods for controlling this phase separated state.    

1.2.1 Crystal Structure of Manganites: Crystal Field Stabilizing Energy and Jahn Teller 
Distortion  

Figure 1-3 shows the basic structure of manganites which are composed of rare earth (Re) 

materials (La, Ce, Pr, Nd, Y, Eu ,etc), manganese (Mn) and oxygen (O). For the chemical 

stoichiometry of the compound ReMnO3, Mn can have only Mn3+ionization, which means the 

outermost orbital has 4 electrons. Since, most transport properties are decided by the 

characteristics of the Mn-O plane, we need to focus on the Mn-O structure. This octahedral 

structure of MnO6 is shown in figure 1-4. The Crystal field is induced by the Coulomb 

interaction between different electron orbitals. This octahedron consists of six oxygen ligands 

around a Mn ion and is one of the most common types of complex for this crystal field. 

Therefore this crystal field breaks the degeneracy of the energy of the d orbital and splits it into 2 

types of energy levels, which are eg (dz
2, dx

2
-y

2) and t2g (dxy, dxz and dyz). For the octahedron 

structure, the repulsion between the ligands and electron density states (dz
2, dx

2
-y

2) of eg are 

stronger than that between the ligands and states  (dxy, dxz and dyz) of t2g. This results in the eg 

state having a higher energy than the t2g state (it will be the opposite for the tetragonal structure). 

At the same time, we need to consider two types of energies, which are the repulsive energy 

between electrons in the same orbital and the crystal field splitting energy (Ecf in figure 1-5) of 

the degenerate states. In the MnO6 complex, the former energy is stronger than the later; 

therefore the system will prefer a high spin state i.e. instead of following the Aufbau principle, it 

will satisfy Hund’s rule as shown in figure 1-5 [60]. Another important type of crystal field 

effect for this octahedral complex with degenerate eigenstates is the Jahn-Teller distortion. Since 

either t2g or eg themselves are still degenerate and the eg orbital has an unoccupied state, a 
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geometrical distortion of the structure will result in a net gain of the total energy as shown in 

figure 1-5. Therefore, the relative energy of each state will depend on the direction of distortion 

in the structure. For example, if it was stretched along the z-axis, the dz
2 state will have a lower 

energy than the dx
2

-y
2 state in eg. Figure 1-6 shows the resultant structure of this Jahn-Teller 

distortion for LaMnO3. 

1.2.2 Double Exchange Mechanism 

Figure 1-7 shows one example of a hole-doped mixed valence manganite La1-xCaxMnO3 

(LCMO). This mixed valence electron configuration in the manganese ions gives a degeneracy 

of two spatially different manganite states by transferring electrons from one manganese ion site 

to the other manganese ion site through oxygen as described in figure 1-8.  During this process, 

the electron hopping probability depends on the core spin of each Mn ion due to the strong 

Hund’s coupling. First it was suggested by Zener that this exchange-induced hopping is possible 

only when these nearest two manganese core spins are ferromagnetically aligned. By estimating 

the splitting energy of this degenerate state to be kBTC , where TC is the curie temperature, the 

conductivity can be inferred to be σ~ χ e2/ah Tc/T  [53], where χ is Mn4+ fraction and a is the 

Mn-Mn distance 1-1. However, later Anderson and Hasegawa calculated this hopping 

probability for a more general alignment of the core spins by introducing a quantum mechanical 

view and it was shown that the conductivity and angle between core spins are related by cos(θ/2) 

when θ indicates the relative angle between two manganese core spins.  This double exchange 

mechanism gives an explanation of the relationship between magnetism and electron 

conductivity and it is proven by the experiment as shown in figure 1-9.  It is clearly shown for 

the mixed-valent manganese oxide La1-xCaxMnO3 that the ferromagnetic state is directly related 

to the conducting state of this material. The relationship, as explained by the double exchange 
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mechanism, between the conductivity and Mn-Mn distance in the ferromagnetic metallic region 

is not sufficient to deal with systems with different A-site cations. The relationship in these 

systems could be partially explained by introducing the tolerance factor f=(rMn+rO)/(rA site +rO), 

where rMn,, rO, and  rA site  indicate the averaged ionic size of  Mn, oxygen, and the A site cation 

respectively. This was shown by the experiment concerning manganites with a different A site 

cation radii with a fixed doping ratio [61]. This correction is necessary because of the Mn-O-Mn 

bond angle dependent Tc due to the effect of Jahn-Teller distortion.  This mechanism will be 

discussed in greater detail in the next section.  

1.2.3 A Mechanism in Addition to Double Exchange I: Electron –Phonon Coupling   

Phenomena such as the existence of the ferromagnetic insulating state, different types of 

orderings which are related to the different phases, the phase transition between different states 

or the coexistence of those phases states etc. are difficult to explain only by the double exchange 

mechanism. Therefore, a further explanation of the orderings and related phases and their 

dynamics for this mixed valent perovskite manganite is needed. 

Figure 1-10 [62] shows one possible origin of the new mechanism. This phase diagram 

strongly suggests that the effect of the electron-lattice coupling by showing distinctive 

characteristic features in phases with a doping ratio, x, that is a multiple of 1/8 other than x=0.25 

and 0.75. The electron-lattice coupling is directly related to the polaron formation, which is 

induced by the trapping of charge carriers due to Jahn Teller distortion of the MnO6 octahedron 

[63] and this is confirmed by the observation of the local Jahn Teller distortion (so called on site 

small polaron) in the metallic phase of La1-xSrxMnO3 (0<x<0.4) using pulsed neutron scattering 

[64]. The competition between this electron-phonon coupling and double exchange is considered 

to be the source of intrinsic phase separation in perovskite manganites. This electron-lattice 

coupling induces the charge ordered phase and orbital ordered phase, which can also be the 
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dominant phases in manganites. Figure 1-11 shows CE type antiferromagnetic (AFM) charge 

and orbital ordered phases. The charge ordering, which can be described by antiferromagnetic 

superexchange in this case, often appears as stripes of Jahn-Teller distorted Mn3+ when they are 

accommodated within the antiferromagnetic insulating phase [65]. This can be found in both La1-

xCaxMnO3 and Pr1-xSrxMnO3 with certain doping ranges as shown in figure 1-10 and 1-12[66].  

Orbital ordering plays an important role in the FM (ferromagnetic) phase to AFM phase 

transition for La0.5Ca0.5MnO3 [67]. The former FM phase is a phase-separated state consisting of 

orbital disordered AFM charge ordered insulating (COI) domains and charge disordered FM 

domains. And the later AFM phase is purely orbital disordered AFM COI. Therefore for this 

compound, the FM phase to AFM phase transition is primarily related to the orbital ordering 

rather than charge ordering.   

The size of the cation affects the phase diagram by introducing charge ordering or orbital 

ordering due to Jahn Teller distortion in the MnO6 octahedron as shown in figure 1-13 of Pr1-x 

CaxMnO3 (PCMO). If we compare figures 1-10 and 1-12, it could be observed that with the same 

doping ratio we can get different phases for different A site cations (La vs. Pr). Therefore, it is 

expected that if we include two rare earth materials with a fixed doping ratio (0.3 < x<0.5), we 

can study the effect of the electron-lattice coupling for the mixed phase state of manganite. For 

this reason, the manganite composition selected for this dissertation is  (LyPr1-y)0.67Ca 0.33 MnO3 

(LPCMO), which can have paramagnetic insulating (PMI), ferromagnetic metallic (FMM) and 

charge (orbital)-ordered insulating (COI) phases corresponding to pseudocubic, cubic and 

orthorhombic structures for the MnO6 bonding respectively. 

1.2.4 A Mechanism in Addition to Double Exchange II: Disorder and Strain 

Manganites are not a perfect crystal. Therefore, considering the effect of disorder in this 

material, especially, for mixed valence manganites is very appropriate. In addition to this, as a 
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strongly correlated electron system, structural strain can affect other properties of manganites as 

well. Disorder in this material is expected to suppress the mobility of the electrons and as a result 

it is expected to decrease the Tc and/or increase the residual resistivity [68] or suppress the 

magnetoresistance [69]. It is necessary to pay attention to the methods used to introduce disorder 

into the system to understand its mechanism. One possible way is by changing the doping ratio 

from the canonical double exchange system, La0.7Sr0.3MnO3, i.e. modifying the A-site ionic 

valences to control the electron density. The second way to control disorder is by using a 

different growth mode including oxygen annealing and using different substrates. This can 

induce different structural symmetry and/or different structural strain [70]. The third way is by 

changing the chemical pressure by substituting a doping component Sr to Ca or Ba with a fixed 

doping ratio x=0.3. This results in a modification of the length and angle of the Mn-O-Mn bonds 

and in this case the disorder can be quantified as the variation of the radius of the A-site cation 

(σ2=<r2>-<r>2)[70, 68, 69]. We will call the disorder induced using the methods discussed above 

“intrinsic disorder”. Due to the fact that experiments, in which this kind of intrinsic disorder is 

introduced, cannot distinguish between the effects of pure disorder and those of the strain itself, 

the role of disorder in the system, that is whether it acts as a scattering source for mobile 

electrons or magnons due to the presence of localized corresponding states [70] or it 

accommodates built in strain to localize electrons assisted by Jahn-Teller distortion, is not yet 

clear [69]. 

Now let us turn our attention to the effect of strain on manganite with a brief review of 

experiments related to this topic.  The thickness dependent magnetoresistance of La1 – xCaxMnO3 

on LaAlO3 substrates [72] and the thickness dependent transport properties of Nd0.5Sr0.5MnO3 

thin films on LaAlO3 substrates [73] were explained by lattice strain. Thin films of 
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La0.9Sr0.1MnO3 on SrTiO3 substrates showed an unexpected metal insulator transition due to the 

compressive substrate induced strain [74] and La0.7Sr0.3MnO3 films on different substrates 

LaAlO3 and SrTiO3, which induce compressive and tensile strain respectively, on the 

La0.7Sr0.3MnO3 structure, showed magnetization with a different direction [75].  In-plane 

anisotropy in the magnetic hysteresis loops of La0.7Ca0.3MnO3 films on NdGaO3 (NGO) 

substrates (low epitaxial stress) was suggested to have originated from the anisotropy of the in 

plane stress [76]. It was observed that variations in the oxygen content of single phase thin films 

of La1 – xCaxMnO3 on LaAlO3 (0.1 < x < 0.5) can result in different phases by inducing strain 

effects to the structure due to cationic vacancies [77]. Based on the theory of strain induced 

hopping amplitude change, phase competition in the phase-separated state will be affected by 

substrate-induced strain [78]. However, this conclusion is controversial.  Phase separation cannot 

explain an experiment on La2/3Ca1/3MnO3 on SrTiO3, which shows an anomaly of the transport 

properties, induced by biaxial strain, in which the film has metallic properties in the plane of the 

film and insulating properties in the direction perpendicular to the plane of film. This experiment 

suggests that strain accommodates orbital orderings and it results in orbitally ordered layers of 

ferromagnetic manganese oxide planes to form an A-type antiferromagnetic state [79]. The 

experiments suggested above can be categorized as thickness dependent, substrate dependent 

and/or oxygen content dependent magnetic and electric transport measurements. The 

experiments above, in which strain is considered, report results that are expected from the 

disorder effect on the films, which are a decrease of the transition temperature, an increase of the 

residual resistivity and an enhancement of the magnetoresistance at the Colossal Magneto 

Resistive (CMR) region etc. The main cause of ambiguity is that these experiments cannot 

distinguish the effect of disorder from that of strain. Therefore, this dissertation suggests new 
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methods to apply extrinsic disorder (more precisely increasing the electrically dead layers by 

creating defects) and mechanical strain separately to manganite thin film which grown on top of 

comparably small lattice mismatch substrate. We will compare the effect of two different type of 

disorder. 
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Figure 1-1: Phase diagram of a High Tc super conductor. Left for electron doped HTSC –
(La,Pr,Nd) Ce CuO4, right for LaSrCuO4( hole doped HTSC) [3]. 

 

 

Figure 1-2: Schematic graph of conductance for a metal like junction and a tunnel like junction 
are plotted [35]. 
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Figure 1-3: Model for the perovskite manganite. Re indicates a rare earth material, Mn indicates 
manganese and O indicates oxygen.  
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Octahedral MnO6 

Figure 1-4: MnO6 octahedral structure. O indicates oxygen and at the center of the octahedron is 
Mn. 
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Figure 1-5:Manganese ionization for Mn3+ and its outer most orbital (d-orbital) map suggested 

by density functional methods. The Energy band splits due to exchange, crystal field, 
and J-T interactions.  The eg orbital includes the dx

2
-y

2 state and dz
2 state and the t2g 

orbital includes dxy, dyz and dzx .  The Egain (Energy gain) induced by J-T distortion is 
approximately 0.25eV. The Jahn Teller distorted band splitting suggested by the 
figure above assumes the octahedral structure is compressed along the z-axis. The 
bandwidths are ~1.3 to 1.8eV[61].  
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Figure 1-6: Model describing a Jahn-Teller distorted LaMnO3 structure  
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Figure 1-7: Hole-doped mixed valence manganite La1-xCax MnO3. For certain doping (0.2< x < 
0.5) the structure is cubic.  
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Mn3+ Mn4+ O2-

Figure 1-8: Drawing for the double exchange process. A Mobile electron in the d-orbital hops 
from the Mn3+ site to the O2- and at the same time an electron in the p-orbital in the 
O2- hops to the Mn4+ eg state in the d-orbital. This exchange is possible only if the 
spin of the core electrons (t2g electrons) of both Mn3+ and Mn4+ are parallel. 
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Figure 1-9: Magnetization and resistivity of the LCMO film. It shows the coexistence of the 
ferromagnetic phase with the metallic phase and the insulating phase with 
paramagnetic phase, which supports the double exchange mechanism. 
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Figure 1-10: Phase diagram for La1-xCaxMnO3. CAF, FI, CO, FM and AF indicate Canted 
antiferromagnetic, Ferromagnetic insulating, Charge ordered, Ferromagnetic and 
antiferromagnetic respectively [63]. 

 

 

Figure 1-11: CE type charge ordering with orbital ordering, which appears in LPCMO. The 
dotted lines indicate that the Mn3+ and Mn4+ are ordered in stripes. 
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Figure 1-12: The phase diagram for Pr1-xCaxMnO3. COI, AFI, CAFI, FI and CI indicate charge 
ordered insulator, antiferromagnetic insulator, canted antiferromagnetic insulator, 
ferromagnetic insulator and canted insulator respectively. This shows that changing 
the A-site cation can result in a different phase for the same doping ratio of similarly 
doped manganites with different A-site cations [66]. 
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Figure 1-13: Schematic drawing for the Jahn Teller distorted PCMO due to the small size of the 
Pr ion.   



 

CHAPTER 2 
EXPERIMENTAL SETUP 

2.1 Temperature Control System and Magnet  

All of the measurements related to manganite in this thesis were done using ‘Blueman’, 

which is the nickname of the dewar (which includes a variable temperature insert, helium 

reservoir, American Magnet Institutes (AMI) superconducting magnet) in the Biswas lab. 

Therefore we start this chapter with a short guide on how to baby-sit Blueman. Four different 

experimental techniques will then be discussed. 

2.1.1 Janis Supervaritemp Insert with Dewar Description 

The dewar consists of an outer vacuum jacket, a helium reservoir, and a Janis 

Supervaritemp Insert inside the bore of the superconducting magnet. The variable temperature 

insert is composed of a sample tube and an isolation tube, which thermally isolates the sample 

tube from the outer helium reservoir. The sample probe used in each experiment will be located 

inside the sample tube. The helium from the reservoir can pass into the sample tube through a 

needle flow control valve and capillary tube. During this procedure, helium could be vaporized 

and heated by a heater, which is located at the bottom of sample tube. A Cernox CX-1050–SD 

sensor is in thermal contact with the capillary. Depending on the opening of needle valve, the 

heater can increase the vaporization rate or just increase the temperature of the helium vapor. By 

increasing the vaporization rate, we can increase the cooling speed of the sample when its 

temperature is greater than the temperature of liquid helium. We have an additional thermometer 

and heater for the sample for each probe and this is discussed in detail in the thermometry 

section.  
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2.1.2 Cooling Procedure 

At room temperature, we evacuate the sample tube by mechanical pump until the pressure 

reaches around 140mtorr through the 3/8” vent port, which is marked in the figure 2-1 and then 

backfill with He gas. Second we evacuate the helium reservoir until it reaches 55 mTorr and 

backfill twice. After removing air and moisture using the previous procedure, the helium jacket 

is cooled down to 77 K by transferring liquid nitrogen (LN2) to the reservoir until the resistance 

across the magnet drops to 18ohm. After finishing the transfer, LN2 was left in the reservoir until 

the resistance decreases to 17 ohm (about 30 minutes), which indicates the magnet has reached 

77 K. Next, we remove the LN2 from the reservoir. It is important purge all LN2 from the 

reservoir. For this we again evacuate the reservoir (down to 200 mTorr) and flush with He gas 

until we see the temperature start to increase. Once this is done we evacuate the sample tube and 

backfill with He gas. Then we transfer liquid He (LHe) to the He reservoir until the level reaches 

25”. The LHe loss rate is about 0.6 ~0.7 liters/hour and once the reservoir is full LHe will remain 

for approximately 2 and half days if no measurements are done.    

2.1.3 AMI Superconducting Magnet 

The magnet inside Blueman is a superconducting solenoid as shown in figure 2-1[80], 

which allows for fields up to 9 T.  The magnet uses constant voltage to ramp up the current and 

hence the magnetic field. When the heater in the persistent switch is on so that the switch is off, 

current will pass only through the superconducting coil (A 9025-3). The constant voltage across 

the inductive coil will increase current in a constant rate (V=LdI/dt). This current will correspond 

to the magnetic field (B=mnI). In case it is necessary to stay at one field for a long time, to reduce 

the LHe consumption due to heating and to save power, the magnet can be operated in persistent 

mode. By turning off the heater in the persistent switch, the switch will go into the 

superconducting state, and this leads to a closed current circuit composed of the magnet and the 
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superconductor inside the persistent switch, which allows the power to be turned off without 

affecting the magnet current (see figure 2-2).  While the persistent heater was on, the field ramp 

rate was kept at 0.01 T/sec and for measurements in which the magnetic field was swept; the rate 

was kept at either 0.01 T/sec or 50 gauss/sec.  

2.1.4 Thermometry  

Our Point contact spectroscopy experiment was conducted at the National High Magnetic 

Field Lab (NHMFL) using their temperature control system. In this experiment, the system was 

set to 1.5 K by evaporative cooling, pumping the He4 at the rate suggested by the NHMFL. Due 

to the high magnetic fields used (upto33 T) the reading from the commercial thermometer looses 

its meaning at the low temperatures used. However, since the sample was immersed in superfluid 

He4 it can be safely assumed that the temperature read at zero field is maintained in the high 

fields. A Lake Shore Model 332 Temperature Controller was used for the remaining 3 

experiments, which were carried out in our lab at University of Florida. Three different kinds of 

temperature sensors were used. First a Cernox CX-1050–SD with 0.3 L calibration was used for 

the Needle valve sensor of the dewar. A Cernox CX-1030-SD with 1.4 L calibration was used for 

the Strain and Disorder experiment. A Silicon Diode DT-470-SD was used for the probe, which 

was used for all resistance measurements. The first two sensors are safe to use when T>2 K and 

B<19 T and so are well suited for our magnet, which has a maximum possible field of 9 T.  

2.2 Point Contact Spectroscopy (PCS) and PCCO Overview   

We have constructed a PCS probe for the 32 mm bore DC field magnets and have used it 

for measurements with fields up to 33 tesla and at temperatures down to 1.5 K. The first 

requirements were a probe design that would fit into the small space in the cryostat and the 

magnet bore, increase the resonance frequencies of the tip-sample approach mechanism, and 

improve the stability of the point-contact junction. Since cuprates are highly anisotropic 
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materials, tunneling and point contact spectra show a strong dependence on the direction of 

tunneling. For our experiments we need to tunnel into the a-b plane. At the same time, a 

magnetic field will be applied perpendicular to the a-b plan to magnify the effect of the magnetic 

field as a decoherence field. Such a configuration adds a further complication to our probe design 

because we now need to be able to move the tip with respect to the sample, perpendicular to the 

magnetic field. Such a configuration was achieved by using a bevel gear (Figure 2-3), which was 

used in the experiment at the NHMFL and a cantilever method (Figure 2-4), which was used in 

Blueman, to change the direction of rotation. The barrier strength (or junction resistance) Z is 

determined by the pressure of the tip on the sample (in the bevel gear methods) or by changing 

the pressure on the cantilever (cantilever method). For both cases, Z was finely controlled by 

rotating a worm gear (1:96 ratio) at the top of the probe. Experiments were performed at constant 

magnetic field, which reduced the eddy current heating in the brass or copper probes. 

Specialized electronics and software for data acquisition are also essential for PCS. The 

PCS data needs to be presented as plots of dI/dV vs. V (I and V are the junction current and 

voltage respectively). dI/dV is approximately proportional to the DOS for low voltages (~20 

mV). A digital voltmeter monitored the junction voltage as it was slowly ramped (20 mHz, 50 

mV Peak to Peak) as a saw tooth wave by a function generator. One lock-in amplifier/detector 

supplied a sine wave that was used to modulate the junction voltage with Reference frequency 

~960 HZ (see equation 2-1). That lock-in measured dI/dt through a resistor in series with the 

junction, while a second lock-in measured dV/dt across the junction (see figure 3-5). 
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 The two lock-in signals and the junction voltage were recorded by the NHMFL Data 

Acquisition program [81], which calculated dI/dV = (dI/dt)/(dV/dt) and plotted it against V. 

A dI/dV vs. V curve for a point-contact junction between the n-doped cuprate Pr2-

xCexCuO4 (PCCO, x = 0.15) and a Pt-Rh wire taken at T = 1.5 K and H = 0 is shown in figure 2-

6(a) [82]. The data clearly reveal the superconducting gap, and the value of the gap shows 

excellent agreement with the published data. Figure 2-6(b)[82] shows the PCS data at 1.5 K in a 

field of 31 T. The data show that the pseudogap exists even in a field of 31 T. Figure 2-6(c) [82] 

shows the variation of the point contact spectra from 0 T to 23 T. The PCS probe can be used for 

high field studies of the density of states of new superconducting systems such as heavy fermion 

systems. It can also be used to perform point contact Andreev reflection experiments on 

ferromagnetic materials using superconducting tip. 

For this experiment optimally doped single crystals and thin films of electron doped PCCO 

were used (see figure 2-7). It has a Tc of around 22 K~ 25 K and a Hc 5~6 T at 4.2K 7~8 T at 1.5 

K for the optimally doped case. The Ce doping range is 0~0.2 and the critical doping is 0.149. 

For the thin film, SrTiO3 was used as the substrate 

2.3 Low Field Magnetoresistance of Manganite Thin Film  

For the study of low field ultra thin film (7.5 nm) of manganite (La0.5Pr0.5)0.67Ca0.33MnO3 

was grown using pulsed laser deposition (PLD). And the resistance was measured 3 different 

ways. Temperature dependent resistance measurements without magnetic field and with a static 

magnetic field and at fixed temperatures and magnetoresistance with a slow magnetic field 

sweeping rate (100 gauss/sec or 50 gauss/sec) were obtained.  . 

2.3.1 Thin Film Growth 

 All manganite samples discussed in this thesis were grown using Pulsed Laser Deposition 

(PLD) techniques. An eximer laser of 248 nm wavelength with pre-mixed Kr and F gas was used 
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to make an ionized manganite plume from a rotating target. The parameters for the deposition 

were optimized to give the highest phase transition temperature. The thickness of the samples 

can be controlled by the deposition time and the laser firing frequency. However, every sample, 

which appears in this thesis was grown using the same frequency (5 Hz). This gives a growth 

rate of 30 nm / 8 min. NdGaO3 (110) substrates were used for all manganite experiments due to 

the similarity of it’s lattice constant to that of bulk LPCMO. The in-plane lattice constants for 

NGO (110) are 0.3885 nm and 0.3864 nm and for LPCMO (at room temperature single phase) 

are approximately 0.384 nm for both directions. The substrates were sonicated with Acetone and 

then Ethanol until a clean surface could be seen and it was then mounted using silver paint 

(Leitsilber 200 from TED PELLA, INC Product No 16035) on the cleaned surface of our heater. 

Before we insert the heater into the chamber we heat the sample up to 100±C to dry the silver 

paint. After the heater is placed in the deposition chamber, shown in figure 3-8, the chamber was 

pumped down using a turbo pump, with a mechanical back up pump, until the pressure reaches 

5×10-6 mTorr. Once it reaches the desired pressure, we start to increase the temperature to 820±C. 

When the temperature reached 300±C, oxygen was introduced to prevent the loss of oxygen from 

the substrate and to provide ambient oxygen pressure during deposition. The Oxygen pressure 

was maintained around 440 mTorr. At 820±C we deposited the film from a plume produced from 

a 5-minute pre-ablated polycrystalline target. The Laser power was set to be a constant 

approximately 480 mJ. Later it was found that higher power ~500 mJ gives smoother surfaces so 

for some experiments which required a smoother surface, the film was deposited with this power. 

After growth oxygen was controlled in a post annealing process until the temperature decreased 

to approximately 300±C with a cooling rate of 20±C/ min.     
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2.3.2 Experimental Setup for Transport Measurements 

Due to its high resistance (106 ~ 1012 ohm), an indirect method was used to measure the 

sample resistance (See figure 2-9).   In this way the sample resistance Rs can be obtained by 

measuring VL (See equation 2-2).  Since the sample has extremely high resistance we can ignore 

the effect of contact resistance on the result. Specific values of the bias voltage and Load 

resistance for each measurement were marked on the graph with results shown in chapter 4. 

          Rs= (VSource- VL)/ (VL/ RL )                                                                                              (2-2) 

2.4 Microfabricated Double Layer Structure   

To study the transportation properties in the direction perpendicular to the thin film of 

LPCMO, we fabricated a proper structure as suggested in figure 2-10. This structure could also 

be used to study the dielectric properties of the phase-separated state of LPCMO.  

2.4.1 Fabrication of Structure 

Figure 2-10 shows the structure, which we used for this experiment. First a 60 nm LCMO 

film was grown on top of a NGO substrate. And then a 26.5 nm LPCMO film was grown on top 

of the LCMO film. Micrometer thick gold contact pads were deposited on top of it. These gold 

contact pads act as an etching mask while etching. Two different types of etching were tried 

which were chemical etching and Ar ion (which is not reactive) etching using the Unaxis 

Shuttlelock RIE/ICP (Reactive Ion Etcher with Inductively Coupled Plasma Module). Chemical 

etching is superior in the sense that it leaves a more uniform surface after etching is done. 

However the etching rate during chemical etching was not consistent. It has a strong dependence 

on the size of the films and the age of the etching solution and it is difficult to control the etching 

time even though the sample was taken out of the solution and rinsed with deionized (DI) water 

it may not enough to stop the etching process thoroughly right away. Therefore for this 

experiment in which etching needs to be stopped at certain depth Ar ion etching was more 
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dependable. Figure 2-11 shows the schematic drawing for the common RIE/ICP module. The 

ICP (Inductively Coupled Plasma) power, which is proportional to Plasma density, was kept at 

600 W and the table power (RF bias power), which is proportional to the ion energy, was kept at 

100 W. The Ar pressure was 5mtorr and the flow rate was 20 sccm. The sample was mounted on 

top of a silicon wafer and the backside of the wafer was cooled by He gas of flow rate 10 sccm. 

 To achieve a uniform surface after etching, etching was done 3 separate times with etching 

times of 30 sec, 35 sec and 35 sec. Each time the sample was remounted.  

2.4.2 Experimental Setup for Capacitance Measurement  

Using the merits of our structure the Complex Impedance of the sample was measured 

using 2 Lockin amplifiers (see figure 2-12). The modulus of the sample impedance can be 

obtained by measuring the complex current passing through the series resistance and the 

complex voltage across the sample, |Zs|=|Vs| / | Is|. The corresponding phase can be calculated 

using equation 2-3. 

Phase =tan-1 (Vi/Vr)- tan-1(vi/vr)                                                                                      (2-3 ) 

Vi and Vr  indicate the imaginary part and real part of the voltage for the sample and vi and  vr 

indicate the imaginary part and real part of voltage for the load resistance respectively. 

2.5 Strain and Disorder Effect on Manganite Thin Films 

For the strain and disorder effect on manganite thin films three different compounds of 

LPCMO 30nm thick films were used. They are (La0.6Pr0.4)0.67Ca0.33MnO3, 

(La0.5Pr0.5)0.67Ca0.33MnO3 and (La0.4Pr0.6)0.67Ca0.33MnO3. First we measured the temperature 

dependent resistance for all of them and we applied tensile strain along the in plane direction of 

those films and measured R vs. T again. The strain probe used is the same as the PCS probe 

shown in figure 2-4 with a modification shown in figure 2-13.  This modification was made by 

undergraduate student Jacob Tosado. 
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 After that we applied external disorder to these films with the help of Rajiv Misra 

(graduate student, Hebard group), by bombarding them with Ar ions using SHIVA (sample 

handling in vacuum). SHIVA can be used to conduct an extremely well controlled ion milling 

process and allows for the monitoring of the resistance of the film in-situ while the milling is 

proceeding. The disorder was applied within a limit, which does not change the thickness of the 

films. The resistances of the films, while applying disorder, were carefully observed for this 

purpose. The parameters used for applying disorder were Cathode current 6.7 A, Discharge 

voltage 40 V, Beam Current 7 mA Beam Voltage 200 V and Accelerating Voltage 45 V. The 

sample was exposed over three separate intervals of time 30 sec, 20 sec and 10 sec. R vs. T for 

each disordered sample was measured again. After the same amount of strain (5.6 × 10 -4) as in 

the non-disordered case was applied to each disordered sample and R vs. T was measured and 

compared. For the (La0.5Pr0.5)0.67Ca0.33MnO3 sample both resistance measurement techniques, 

which are the regular 4 probe method with a current source and a voltage source with a load 

resistance shown in figure 2-7 were used and compared. For the other compounds the latter 

method was used. 
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Figure 2-1: Drawings of the Blueman, which includes, helium reservoir, Janis varitemp insert 
and AMI superconducting magnet. This drawing is presented courtesy of American 
Magnet Institute (AMI) [80]. 
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Figure 2-2: Superconducting magnet. 
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Figure 2-3: PCS design using bevel gears as a mechanical approaching system. (a) A photograph 
is shown.(b) Its schematic drawing is shown [82]. 
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Figure 2-4: Probe for PCS and strain measurements for manganite and details of mechanical 
approaching system. (a) A schematic diagram of PCS probe. (b) A photo of PCS 
probe. (c) A photo of mechanical approaching system using a cantilever for PCS. (d) 
3dimensional drawing of mechanical approaching system. 
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Figure 2-5: Circuit diagram for point contact spectroscopy  
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Figure 2-6:  Point contact spectra of a junction between PCCO and a Pt-Rh tip taken at 1.5 K in a 
field of (a) 0 T and (b) 31 T. (c) Evolution of the point contact spectra with magnetic 
field [82]. 
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Figure 2-7: Electron doped cuprates PCCO 

 

 

Figure 2-8: Pulsed laser deposition chamber 
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Figure 2-9: Circuit for the measurement of a Sample with High Resistance   

 

 

 

 

 

 

 

Figure 2-10: Process by which the structure, used to measure transport properties in the direction 
perpendicular to the manganite LPCMO thin film, was formed. 
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Figure 2-11: RIE/ICP (Reactive Ion Etcher with Inductively Coupled Plasma Module) 
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Figure 2-12: Two Lock-In Amplifier Methods for the Impedance measurement of the sample. 
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Figure 2-13: Sample holder in which strain is applied using a 3 point beam balance technique. 
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CHAPTER 3 
POINT CONTACT SPECTROSCOPY ON ELECTRON DOPED CUPRATES 

3.1 Pseudogap Research on Electron Doped Cuprate PCCO Overview  

A detailed experimental and theoretical status of the pseudogap phenomenon in hole and 

electron-doped cuprates was given in chapter 1. It is clear that when compared to studies done on 

the pseudogap in hole-doped cuprates, studies on electron-doped cuprates have received 

relatively little attention [26]. However, the fact that the electron doped cuprates have much 

lower critical fields (~10 T) at low temperatures) than their hole-doped counterparts (~100 T) 

allows us to study the normal state in the region, inside the superconducting dome at 0 T, which 

was not possible for the hole-doped cuprates. This information is expected to shed light on the 

nature of the normal state in this compound. Even though the superconducting gaps from both n-

doped and p-doped compounds show a similar dependence on doping [83, 40, 37], it is not 

possible to conclude that the superconducting state has the same origin for the following reasons. 

First, it does not have a phase fluctuation region above Tc like the one in the hole-doped case as 

observed by Nernst effect measurements [58].  Second, the pseudogaps of the electron-doped 

compounds have 2 different energy scales as observed from different measurements. Tunneling 

type measurements (tunneling across the grain boundary and point-contact spectroscopy) in the 

normal state in the region, inside the superconducting dome at 0 T of the electron-doped cuprates 

show a smaller gap (~ 10-20 meV), which is comparable to the scale of its own superconducting 

gap [40, 34, 36].  However angle-resolved photoemission spectroscopy and optical reflectivity 

measurements reveal a gap which is an order of magnitude larger (~100-200 meV) [31, 85] and 

which is of a similar scale to the gap in hole-doped cuprates. Third, if the normal state gap1 of 

                                                 
1 The low energy gap for the electron-doped compound and the high energy gap for the hole-doped compounds were 
considered 
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the electron doped compound observed in tunneling type measurements had the same origin as 

the pseudogap in the hole-doped compound, it is suggested that it would exist inside the 

superconducting dome and vanish as the doping increases and approaches its optimum value [3]. 

On the contrary, the experimental results from tunneling measurements on the electron-doped 

cuprate PCCO show that the normal state gap exists even in the over doped regime [38]. 

Furthermore, this experiment also suggests the possibility of a strong relation between this 

normal state gap and superconductivity, since the normal state gap closing temperature is very 

close to the superconducting Tc.  

Hence, the importance of the normal state behavior of electron-doped cuprates inside the 

superconducting dome for the profound understanding of the origin of the normal state gap is 

clear. Previously, the pseudogap in n-doped cuprates was measured by interlayer tunneling 

transport in the compound Sm1-xCexCuO4, and it was shown that the normal state gap in both n-

doped and p-doped cuprates originated from the spin-singlet, which is formed above Tc [33, 86]. 

In this thesis we report the first point contact spectroscopy measurements of the normal state 

inside the superconducting dome (in magnetic fields up to 31 T) on optimally doped PCCO 

single crystals for a complementary understanding of the origin of the normal state gap. 

3.2 Field Dependent Normal State Gap from PCS  

Four different sets of magnetic field dependent point contact spectra  (differential 

conductance vs. applied bias voltage) are shown in Figure 3-1, 3-2, 3-3 and 3-4. The different 

sets indicate different junction resistances, which are named junction A, B, C and D, for the same 

single crystal of PCCO. Junction A, B and C show the result starting from the low field. Junction 

D includes only the high field data, which resulted from failing to keep the previous junction as 

the magnetic field is increased above 28 T from the Junction C experiment, however the Junction 

D result is consistent in that high field range. All point contact spectra shown in this thesis were 
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taken at T=1.5 K. In each low field spectrum, the coherence peaks, which are the signature of the 

superconducting gap, were clearly observed. The value of the superconducting gap is about 10 

meV.   

3.3 Analysis of Normal State Gap  

  As the magnetic field is increased above Hc2, the resistance of the junction increases due 

to the increase of the resistance of the sample, which results in a vertical shift of the G-V curves 

when the applied field is higher than Hc2. (For the cases of junctions A and C, there is a big shift 

between zero field and the next higher field due to an unexpected modification of the junction in 

an applied field. Since such a change does not affect our data analysis, the zero field data has 

been included). This shift has to be removed to isolate the field dependence of just the junction 

by removing the field-induced resistance of the crystal for each field and adjusting the sample 

voltage accordingly. The resistance of the crystal Rcrys, in the point contact junction in a magnetic 

field H can be obtained from comparing the conductance of the region outside the gap in the 

following way, Rcrys = G-1
at field - G-1 at 0T . The corresponding junction bias will be Vj = Vmeas - Ij × 

Rcrys, where Vmeas is the measured junction bias and Ij is the junction current which can be 

obtained by Vmeas × Gat filed. Figure 3-5 shows an example of this adjustment for the junction B. 

For further analysis only the negative bias data was chosen for convenience and adjusted with 

the technique shown above for each junction and those results are shown in Figures 3-6(a), (b) 

and (c). 

  The asymmetric (in the sense that the left and right side of the gap are not exactly the 

same) linear background seen outside the region of the superconducting gap, which is also found 

in other scanning tunneling experiments on cuprates [87, 88], can be explained within the 

Gutzwiller-Resonating Valence Bond theory or by multiple inelastic scatterings through the 
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tunneling barrier [89]. In either case, this linear background needs to be removed to understand 

the effect of the magnetic field on the normal state gap. This linear background could be 

subtracted based on the method by Shan et. al [90] by taking the linear fit of the region out side 

the gap and dividing each field dependent conductance curve by that linear function. The results 

for each junction are shown in Figure 3-7 through 3-9. For clarity, in some junctions, high field 

and low field results are shown separately. The normal state gap appearing as a suppression of 

the density of states below the Fermi level in the normal state of PCCO, becomes clearly visible 

even for the highest fields for each junction. Unfortunately, as mentioned before, the highest 

field result, the junction D case, was obtained as a separate result without any lower field result, 

still we can see the clear suppression of the density of states below the Fermi level.      

  It is not easy to quantify the magnetic field dependence on the width of the normal state 

gap. However, a 2D plot of the result can make it more obvious. Figure 3-10(a), (b) and (c) are 

the 2D plots of those results and we can see from those plots that the normal state gap (which 

appears as a darker region in each plot) is not affected much by the magnetic field for any 

junction and it persists even for the highest field for each junction. A more careful observation of 

these 2D plots shows a slight reduction in the normal state gap starts around 20 T.  

3.4 Disorder Effect and Normal State Gap  

 The fact that the normal state gap is not suppressed even at 31 T casts doubt on the 

possibility that this normal state gap is the pseudogap. If this normal state gap were the 

pseudogap suggested by the tunneling experiment for the region inside the superconducting 

dome of the electron doped cuprate Sm1-xCexCuO4, this pseudogap closing field Hpg and 

pseudogap closing temperature (T*) should be related through the Zeeman equation [33, 86] 

kBT* = gmBHpg . 
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Since the pseudogap closing temperature for the optimally doped PCCO is ~38 K, in this 

case, the Hpg should be ~ 28 T. This contradiction to our result suggests two possibilities. Either 

the theory that the preformed spin singlet is the origin of the pseudogap was not correct or the 

normal state gap found in the electron-doped cuprate is not the pseudogap (i.e. it is another type 

of order parameter which is not directly related to superconductivity).  

 The plot of the field dependence of the zero bias normalized conductance, G0 which is 

shown in figure 3-11, allows us to see the putative pseudogap closing field by extrapolating the 

result (basically by increasing the field value until we come across G0=1). From the linear 

extrapolation of the junction C case (shown as a red dotted line in figure 3-11(c)),,which has the 

most extended range of fields, Hpg ~ 90 T could be obtained. The relative energy to this is ~10 

meV (E= gmBHpg) and this is close to the observed width of the normal state gap (NSG) or 

superconducting gap.  

This correspondence of the energy scale is similar to the magnetic field dependence of the 

zero bias anomaly (ZBA), which originates from the electron-electron interactions in disordered 

metals [91] ZBA can be represented as the following relation in 3-D. 

n(E) = n(0)(1+ √E/Δ),                                                                                                       (3-1) 

where Δ indicates the correlation gap. Al'tshuler and Aronov have theoretically shown that in a 

magnetic field H a correlation gap feature should appear at energy E= ≤ gmBH [128]. However, 

these features are broadened by temperature, spin scattering of conduction electrons and the 

electron-electron interaction. Hence, the overall effect of a magnetic field is expected to be a 

smearing of the correlation gap with the gap disappearing when gmBHapplied is similar to the width 

of the conduction gap.  Figure 3-12 shows one example of this fitting and the slope is inversely 

proportional to the correlation gap. This nice fit of the relation strongly suggests the possibility 
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that the origin of this gap can be the electron-electron correlation. Considering that the ZBA or 

the correlation gap is observed only in these materials following ln(T) conductivity, the existence 

of the NSG in overdoped PCCO, which shows metallic conductivity[38] is unexpected. 

However, the possibility that the NSG is purely a surface phenomenon should be considered. 

Since the NSG has been observed only in surface sensitive measurements [92] like scanning 

tunneling spectroscopy and point contact experiments [3, 35, 34, 36] and properties of the 

surface and bulk of cuprates can be different from each other [93, 94].    Figure 3-13 shows the 

field dependence of the slope obtained from the correlation gap fitting. The Slope of the graph 

for fields lower than Hc2 is not meaningful by itself because it is well known that this is from the 

superconducting gap and not from the correlation gap or any other kind of gap. These results 

show that the normal state gap, even when it is interpreted as a correlation gap, is not affected by 

magnetic field, which is consistent with all of our other analysis.   

3.5 Summary  

The density of states near the Fermi level in the normal state of the electron-doped cuprate 

PCCO single crystal was studied using point contact spectroscopy. This normal state gap persists 

even in the highest applied magnetic field (31 T) and it has weak magnetic field dependence. 

This result can be interpreted and summarized in the following way.  First, if the NSG is the 

pseudogap then the pseudogap closing field is higher (by about a factor of 3) than expected from 

a pure Zeeman relation between the pseudogap closing temperature and the pseudogap closing 

field, which is expected if the origin of pseudogap are preformed spin singlets. Therefore, 

preformed pairing above Tc may not be the origin of the pseudogap [33, 86]. A second possible 

explanation is that the NSG observed in electron-doped cuprates is formed due to electron-

electron interactions at the surface of n-doped cuprates, which is not related to either the 

pseudogap phenomenon in p-doped cuprates or superconductivity itself. 
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Figure 3-1: Differential conductance (dI/dV) vs. Bias voltage curves from the point contact 
spectroscopy result for junction A with magnetic fields of 0 T to 18 T. The 
superconducting gap marked here is about (10 meV)  
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Figure 3-2: Point Contact spectroscopy result for junction B with magnetic fields from 0 T to 22 
T. 
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Figure 3-3: Point Contact spectroscopy result for junction C from 0 T to 28 T. 
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Figure 3-4: Point Contact Spectroscopy result of high magnetic fields using junction D 
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Figure 3-5: For the Junction B case, field dependent conductances across the junction only, after 

subtracting corresponding sample resistances at each field. 
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(b)
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(c)

Figure 3-6: Detailed view of the conductance across the junction after subtracting the 
corresponding sample resistances at each field in the negative bias voltage regime. (a) 
Low fields dependent conductances across the junction B. (b) Low field dependent 
conductances across the junction C. (c) Field dependent conductances across the 
junction A. 
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Figure 3-7: Normalized Conductance for the junction B case after getting rid of the linear 
background conductance from the result of figure 3-6(a). 
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Figure 3-8: Normalized conductance for the junction A case after getting rid of the linear 

background conductance from the result of figure 3-6(b). (a) Low fields (0 T to 7 T) 
normalized conductance. (b) High fields (8 T to 18 T) normalized conductance.  
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Figure 3-9: Normalized conductance for the junction C case after getting rid of the linear 
background conductance from the result of figure 3-6(c). (a) Low fields (0 T to 7 T) 
normalized conductance. (b) High fields (8 T to 28 T) normalized conductance. 
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Figure 3-10: A 2D plot of the normalized conductance, which described as color brightness with 
the y-axis of the sample bias (mV) and x-axis of the applied field (T) for each 
junction. Figure (a), (b) and (c) correspond to junction A, B and C respectively. 
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Figure 3-11: Normalized zero bias conductance for the each junctions. 
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Figure 3-12: One example of the correlation gap fitting (junction A with 5 T), which is described 
as a square root dependence of the normalized conductance to the bias voltage. 

77 



 

- 2 0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0

0 . 5

1 . 0

1 . 5

2 . 0

2 . 5

3 . 0

3 . 5
J u n c t i o n  A

 

 

Sl
op

e 
fr

om
 C

or
re

la
tio

n 
Fi

t

F i e l d  ( T )

 

- 2 0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4
0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

2 . 5

3 . 0

J u n c t i o n  B

 

 

Sl
op

e 
fr

om
 C

or
re

la
tio

n 
Fi

t

F i e l d ( T )

 

- 2 0 2 4 6 8 1 0 1 2 1 4 1 6 1 8 2 0 2 2 2 4 2 6 2 8 3 0

0 . 5

1 . 0

1 . 5

2 . 0

2 . 5

3 . 0

3 . 5

4 . 0

4 . 5

 

 

J u c t io n  C

Sl
op

e 
fr

om
 C

or
re

la
tio

n 
Fi

t

F ie ld  ( T )

 

Figure 3-13: Slope vs. Field obtained by fitting the correlation gap for the normalized 
conductance for each junctions. 
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CHAPTER 4 
POSITIVE MAGNETORESISTANCE OF MANGANITE THIN FILMS (PMR) 

The low field magnetoresistance (LFMR) effect in hole-doped manganese oxides 

(manganites) has been studied extensively due to the potential for applications [95-97]. There is 

a strong connection between the magnetization and electronic transport properties of manganites, 

which affects properties at the microscopic level such as intrinsic tunneling due to the complex 

interdependence of spin, charge, and lattice degrees of freedom [56]. Although colossal 

magnetoresistance (CMR) is a characteristic of manganites, the required high fields (~ 1 T) are 

an impediment for practical applications. Several studies have attempted to overcome this 

limitation by studying the microscopic origin of the transport mechanism (e.g. spin dependent 

tunneling) at low fields. Here we report an intrinsic positive, anisotropic LFMR of a simple ultra 

thin film of (La 0.5Pr0.5)0.67Ca 0.33MnO3 (throughout this chapter LPCMO will indicate only this 

composition). We cautiously suggest that the LFMR may be due to tunneling magnetoresistance 

(TMR). We believe that this study of ultra thin films will lead to an understanding of TMR in 

more sophisticated manganite structures. 

LPCMO thin films were grown on (110) NdGaO3 (NGO) substrates by pulsed laser 

deposition (KrF 248nm) with a molecular oxygen pressure of 440mTorr. The NGO substrates 

were kept at 820 °C throughout the deposition. This procedure results in high quality epitaxial 

films. Thicknesses of 75 Å and 300 Å were used for this experiment. In the case of the 75 Å 

thick film, due to its high resistance the circuit shown in figure 4-1 was used for 

magnetoresistance measurements. The marked voltage for each result indicates the total bias 

across the circuit (VB) i.e., the voltage across the sample and load resistance. Therefore the real 

applied bias across the sample will be much smaller for most cases. For the 300 Å thick film, a 

regular four-probe resistance measurement method was used. 



 

4.1 LPCMO Thin Films (RvsT and Magnetization)   

Figure 4-1 shows the temperature dependence of the resistance in different magnetic fields. 

In this measurement, the field was applied perpendicular to the plane of the film. At zero field, 

the metal insulator transition temperature, TIM is around 65 K and it increases as the field is 

increased. The hysteresis, seen for lower fields in Fig. 1 decreases dramatically around 4 T.  

Colossal magnetoresistive behavior is observed around TIM. The discrete steps, marked by 

arrows in the figure, can be due to the electronic phase separation, which is related to the fact 

that this film’s thickness is small enough to confine the single-phase domain along the c-axis 

[98].   This R vs. T was taken before the field sweep (R vs. H) measurements. After the R vs. H 

measurement, R vs. T showed a different behavior in which no clear TIM could be seen, which 

indicates the occurrence of irreversible changes in this system. 

4.2 Metamagnetic Transition and Positive Magnetoresistance   

Figure 4-2(a) describes one example of a metamagnetic transition (MMT) for the 

conditions in shown figure 4-3(a). The arrows indicate the field sweep direction. The irreversible 

MMT is clearly seen with 2 different resistances at zero field. A sharp drop accompanied these 

MMTs in resistance at a certain field (in this case at 1.8 T). The first LFMR after the MMT is 

circled.  This set of LFMR data was obtained for one MMT at 50 K. It is observed that these 

LFMR data have a strong dependence on the history of the sample. The origin of the positive 

magnetoresistance (PMR) can be related to the spin flipping process between two ferromagnetic 

metallic (FMM) domains with different magnetization directions and spin dependent transport.  

Figure 4-2(b) shows this spin flipping process with the sweeping of the magnetic field. 

Different size domains will have different coersive fields for each domain and it will misalign 

the magnetization of domains for weaker reverse fields (this is the origin of PMR) and as we 
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increase the field this misalignment will disappear. A, B, C and D throughout the remainder of 

this chapter correspond to the situations indicated in figure 4-2(a). 

4.3 Directional and Strength Dependence of Bias Voltage and Field on PMR 

Figure 4-3(a) shows the LFMR with the field aligned perpendicular to the plane of the 

film. For clarity, the MMT part has been removed from each LFMR result. The 

magnetoresistance (RH-R0) / R0 for each temperature were shifted by a constant amount for 

clarity, where RH and R0 are resistances with and without magnetic field respectively.  

The temperature dependence of this PMR can be interpreted as follows: After FMM 

domains and insulating regions are formed due to the MMT, the size of each metallic domain 

increases as the temperature is decreased, which results in a larger Hf  (Hf  indicates the 

magnetization flipping field for one domain and it is marked in the figures).  

The LFMRs for a magnetic field in the plane of the film and in directions parallel and 

perpendicular to the current are shown in Figure 4-3(b) and Figure 4-3(c) respectively.  In the 

case in which the field is parallel to the current, the Hf  (~ 500 gauss) is similar in magnitude to 

the coercive field when the field is applied in the plane of the film, which is found in 

magnetization measurements for the thicker film (300 Å).  If the coercive field does not change 

significantly within this range of thickness, this result will support the possibility that this PMR 

is due to spin dependent tunneling magnetoresistance.  

 The different Hf for the two in-plane field directions of (Figure 4-3(b) and 4-3(c)) is 

possibly due to the current assisted domain wall motion resulting from the spin torque in the 

magnetic domain under simultaneous field and current application [99].    

 For both the in-plane field directions, Hf increases as temperature decreases, but the 

magnitude of the PMR has a different behavior than the magnetic field applied perpendicular to 

the plane of the film as shown in Figure 4- 3(a). The difference in behavior between the in-plane 
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and out-of-plane magnetic fields still needs to be addressed keeping in mind the microscopic 

domain formation and correlation between the spin alignment and current. We have measured 

the LFMR for the 300 Å film and observed a similar PMR effect in that case, although the 

detailed behavior is different from the LFMR of the 75 Å film.  

The data in figure 4-4(a) provides a test for the spin dependent tunneling mechanism. As 

bias voltage decreases we can see an increase in the effect of PMR, which is expected for the 

tunneling case.  However, for higher bias voltage, no consistent result could be obtained as 

shown in figure 4-4(b) which shows an increase of PMR with increasing bias voltage and figure 

4-4(c), which shows a decrease of PMR with increasing bias voltage.  

4.4 Discussions 

The LFMR effect for LPCMO thin films on NGO was measured for 3 different field 

directions: field perpendicular to the plane of the film, field parallel to the film plane but 

perpendicular to the current and field parallel to the current. Each direction has a distinctive 

PMR. The difference in the temperature dependence of the PMR magnitude between the case in 

which the field is perpendicular to the film (Figure 4-3(a).) and that in which the field is parallel 

to the film (Figure 4-3(b) and (c)) reflects the different domain formation mechanisms and 

domain sizes due to the intrinsic film properties such as the different strains for these two 

directions [126]. The difference in the PMR for each of the three directions may also indicate an 

anisotropic magnetoresistive (AMR) response of the material similar to that found in other 

compositions of manganites [100, 101]. This AMR is generated not only by the structural 

anisotropy but also by the dynamical response of the domains to the simultaneous application of 

the current and magnetic field and the resultant spin–orbit scattering which is due to the 

anisotropic electron mean free path’s dependence on the spin and the angle between current and 

the magnetization [102, 103].  
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Hence, the origin of LFMR in this film can be considered to be an additional 

magnetoresistance resulting from some type of spin dependent scattering, which appears due to 

the fact that the polarization axis of the conduction electrons cannot be arranged adiabatically 

along the local magnetic field within the domain wall when its thickness approaches the spin 

diffusion length [104]. Whether or not, this spin-dependent scattering at the domain boundary is 

related to the TMR, which is found in other perovskite-type transition-metal oxides [105] is 

debatable, although the bias dependence of the LFMR points to such an effect. The microscopic 

description of the domain formation (phase separation) and spin and electron dynamics is 

expected to play a key role in determining the LFMR. The phase separation in manganites has 

been described earlier and I will now discuss the possible role of a spin-glass like state in 

manganites in determining the nature of the LFMR. On the application of a magnetic field, 

polycrystalline (Tb0.33La0.67)0.67Ca0.33MnO3 shows an insulator-metal transition at low 

temperatures as a result of the alignment of Mn3+ and  Mn4+ core spins [106]. This low 

temperature magnetic state is considered to be a spin glass state. The formation of this state is a 

universal phenomena for Re0.67A0.33MnO3 in which the tolerance factor f ≤ 0.907[61]. For our 

compound (La0.5Pr0.5)0.67Ca0.33MnO3, f is 0.85 so it is in this regime. Based on another magnetic 

and magneto transport properties experiment on (TbxLa1-x)0.67Ca0.33MnO3 new  

superparamagnetic states1 were also suggested [107]. As shown in figure 4-5 superparamagnetic 

states appear in a certain range of Tb concentration (x), which directly corresponds to the 

tolerance factor f of the material. In our material, the formation of ferromagnetic domains 

(clusters) which start to appear before the insulator to metal transition (as seen from 

magnetization measurements), suggests the possibility of the existence of such 

                                                 
1 Here superparamagnetic state means a paramagnetic state with a large net magnetic moment due to micro-scale 
clusters of ferromagnetic phases. 
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superparamagnetic states, i.e. the metamagnetic transition observed in a certain temperature 

range may be due to the existence of a superparamagnetic state in that temperature range.  

Do such spin-glass like and superparamagnetic states determine the origin and nature of 

thephase separated state in our material?  Magnetization measurements of polycrystalline 

samples of La0.225Pr0.4Ca0.375MnO3 show dynamic phase separated and spin glass states in a 

certain temperature range [108]. The spin glass state can be considered to be a blocked (frozen) 

metastable state due to the high energy barriers and strain in between domains of different 

phases. This state can be unblocked by either increasing the thermal energy to overcome the 

barrier energy or increasing the field at a given temperature. For our epitaxially grown 

(La0.5Pr0.5)0.67Ca0.33MnO3  thin films, disorder caused by Pr substitution induces comparable 

energies between phases and this results in  phase competition which could lead to a spin glass 

state in the presence of disorder (detailed discussion in chapter 6).  

Additionally, in such ultra-thin films the energy barrier between domains will depend on 

the magnetic structure of the domain walls and three possible types of domain walls can be 

considered for a classical double exchange ferromagnet [109]. They are the conventional Bloch 

wall, abrupt Ising-type wall and stripe wall (a stripe of AFM phase between FM domains) 

depending on the spin stiffness and the strength of anisotropy. The Ising-type wall is feasible 

only when the doping is extremely small which is not the case for our sample (x = 0.33). We 

expect that the domain walls, which appear in our ultra-thin films are either a Bloch type or 

stripe wall2, which could become insulating due to the substrate induced strain. The LFMR could 

be due to tunneling across such insulating domain walls [127]. 

                                                 
2 When a structure is strongly anisotropic and the free energy for the ferromagnetic and antiferromagnetic phases are 
very close to each other,  the stripe wall is preferred over the Bloch wall. 
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Figure 4-1: Resistance vs. Temperature curves for different magnetic fields. The magnetic field 
is applied perpendicular to the plane of the film. The load resistance RL was 10 
Mohm and the bias voltages across the whole circuit used for each field are given in 
the figure. The inset shows the circuit diagram used for the measurement and Rsample= 
(VB-VL)/ (VL/RL) 
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A.   Right before reverseing the field                  B. Right after reverseing the field 

 

 

 

C.  Right before the resistance drop                    D. Right after the resistance drop  

 
Figure 4-2: Metamagnetic transition and its mechanism. (a) Metamagnetic transition at 50 K for 

the conditions shown in figure 4-3 with a bias voltage through the whole circuit VB=2 
V, connected in series with a resistance RL=10 Mohm (b) Schematic drawing for the 
spin flipping process in magnetic domains with a switching magnetic field. 

H
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Figure 4-3: Low field magnetoresistance for each direction of applied field. (a) Low field 
magnetoresistance when the field is applied perpendicular to the film plane with 
VB=2 V, RL=10 Mohm. (b) Low field magnetoresistance when the field is applied 
parallel to the current with VB=5 V, RL=10 Mohm. (c) Low field magnetoresistance 
when the field is applied parallel to the plane of the film and perpendicular to the 
current with VB=5 V, RL=10 Mohm. 
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Figure 4-4: Bias voltage dependence of LFMR. (a) Bias voltage dependence of LFMR in the low 

applied bias voltage range at 40 K. Bias voltage across the whole circuit VB and 
across the sample only VS are marked in the graph. (b) Bias voltage dependence of 
the LFMR in the high-applied bias voltage. The magnetic field was applied 
perpendicular to the film and the current direction was parallel to the film. (c) 
Another bias voltage dependence of the LFMR in the high applied bias voltage range 
at 30 K. The magnetic field was applied perpendicular to the film and the current 
direction was parallel to the film. 
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Figure 4-5: Phase diagram of (TbxLa1-x)0.67Ca0.33MnO3 obtained from magnetic and magnetic 
transport measurement as a function of Tb concentration x. SP and SG indicate 
superparamagnetic state and spin glass state respectively [107].  
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CHAPTER 5 
MICROFABRICATED DOUBLE LAYER STRUCTURE 

Along with the study of transport properties in the direction parallel to the plane of the 

study of transport properties in the out of the plane direction can provide information necessary 

for a more complete understanding of the dynamics of the phase separated state in mixed-valance 

manganite thin films. First, the intrinsic anisotropic properties caused by the nature of sample 

growth (epitaxially grown on a substrate with a small lattice parameter mismatch) lead to the 

importance of this experiment. Second, due to the nature of a thin film, the length scale along the 

out-of-plane electron transport direction is constrained to a dimension on the scale of nanometers 

and this can create a special condition for the dynamics of phases.  

  However, to study the transport properties in the perpendicular direction of the thin films, we 

need a specially designed structure. For this purpose, we used an etched double composition 

layered mangnite structure. The fabrication of this structure was described in detail in Chapter 2. 

This structure can be described as two capacitors connected in series consisting of a gold contact 

pad and an LCMO (through this chapter LCMO will indicate La0.67Ca0.33MnO3) layer acting as 

electrodes and a LPCMO (through this chapter LPCMO will indicate (La0.4Pr0.6)0.67Ca0.33MnO3) 

layer in between acting as a dielectric material. The advantage of this structure is that the 

dielectric properties of the phase separated state of LPCMO can be studied along with the out-of-

plane transport properties. 

5.1 Perpendicular Direction of Transport Properties (RvsT)  

Figure 5-1(a) shows resistance versus temperature (R vs. T) behavior of monolayer 

LPCMO and LCMO films. It also shows the R vs. T behavior of LPCMO grown on top of 

LCMO and partially etched LPCMO on top of LCMO films. The Resistance of LPCMO was 

measured along the in-plane direction of the film and it shows a metal-insulator transition at 70 
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K with the characteristic hysteresis for warming and cooling. The resistance of LCMO was also 

measured along the in-plane direction of the film and it shows a metal-insulator transition at 250 

K and no hysterysis. A 26 nm thick LPCMO film grown on top of 60 nm LCMO shows the 

combined characteristics of LPCMO and LCMO, which are two metal insulator transitions at 

temperatures near the transition temperatures of LPCMO and LCMO and hysteresis 

corresponding to that seen in LPCMO. After that we deposited gold contact pads, which also 

acted as masks for etching. The resistance curve, which was obtained after the exposed LPCMO 

was etched, showed higher resistance due to the reduction of the cross sectional area through 

which current could pass The resistance value is very close to that of the LCMO thin film before 

LPCMO was deposited on it except around the transition temperature, which is expected if the 

exposed LPCMO has been etched away and we have obtained the structure shown in figure 5-

1(b). However it still has the two distinct transitions due to the LCMO and LPCMO and 

hysteresis from the LPCMO film. This behavior can be attributed to the out-of-plane transport 

properties of the remaining LPCMO under the gold pads. 

 Figure 5-2(a) shows the current dependent resistance for the etched double compound 

layer of the LPCMO and LCMO. A clear current dependence is observed around the temperature 

region where hysteresis is seen in the R vs. T curves and at low temperatures.  

In the low temperature region, with low applied current, the resistance upturn is clearly 

shown in figure 5-2(b). The origin of this upturn was hypothesized to be the presence of disorder 

in the LPCMO film, since this kind of upturn was observed in other experiments with thin films 

of LPCMO with low applied current (or low bias voltage) measurements but not in the LCMO 

thin films. As we increase the current, this upturn starts to decrease and the effective starting 

current is the same as the effective starting current of the hysteresis region, which is between 10 
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μA and 100 μA. This suggests that this upturn is closely related to the phase separations of 

LPCMO. Possibly, the amount of disorder increases during the growth of LPCMO on top of 

LCMO.  This is suggested by the comparison of (Atomic Force Microscopy) AFM images of 

LPCMO films grown on bare perfect crystal NGO substrates and LPCMO films grown on top of 

LCMO films grown on similar NGO substrates. As a result, the charge ordered state in the 

LPCMO films could be enhanced and may have induced this current (or electric field) dependent 

phenomenon in the low temperature region. To eliminate the possibility of a heating effect as the 

origin of this dependence of the upturn on the current, we measured the resistance in the lower 

temperature region (down to 50 mK) with the help of Yoon Lee’s group the measurements were 

made by Pradeep Bhupati and Matt Spencer. The result allows us to distinguish the heating 

effect, which results in a plateau in the resistance curve below 100 mK, which is clearly different 

from this reduction of the upturn. Also the result from the low temperature measurement shows 

the logarithmic dependence of the resistance, which is expected from sample, which is 

disordered due to weak localization. 

 Around the temperature region of hysteresis, the metal insulator transition induced by 

current (or electric field) was observed and this is shown in detail in figure 5-2(c).  

As the current is increased from 100 μA to 500 μA the temperature dependence of the 

resistance for the cooling curve changed from insulator like to metal like. To estimate the voltage 

(or current) at which the insulator to metal transition occurs, we plotted the voltage drop across 

the sample as a function of applied current, which is shown in figure 5-2(d).  In the low current 

(or voltage) region, the cooling plot of this sample shows a clear contrast to the almost ohmic 

dependence of the warming plot. And the insulator to metal transition activation voltage can be 
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estimated to be around 0.25 V, which is 2 orders of magnitude smaller than the transport 

measurement in the parallel direction of the LPCMO thin film of the same composition [51].  

 To confirm this nonlinear conductivity for the cooling curve, we directly measured I-V of 

the sample, for the given temperature in the cooling case (Figure 5-3). As the temperature is 

reduced, the nonlinearity of the conductance curve decreases. However this process could be 

reversed by applying current (or electric field), contrary to the case in which the electric field (or 

current) was applied along the direction parallel to the sample with same compound [51]. The 

magnetic field dependence of this nonlinearity was also measured (Figure 5-4). As the magnetic 

field increases, a decrease of the nonlinearity could be observed. From this result, it can be 

concluded that the origin of the magnetic field induced ohmic relation in the conductance is 

related to the formation of the magnetic metallic domains, which resulted from the melting of the 

charge ordered phase as observed in other similar charge ordered manganite samples [110, 111].  

The current induced (or electric field induced) metallic state is explained by a percolation 

process with the same origin as the magnetic field induced phase transition observed in another 

result [112] and not as the formation of filamentary conducting paths between metallic domains 

[50].  However this can still be controversial based on a new magnetization measurement on 

LPCMO samples. Recently, measurements of magnetization and conductivity of cross-structured 

thin films, done by Tara Dhakal in our group reveals that the magnetization of (La0.4Pr0.6) 0.67Ca 

0.33MnO3 is not significantly affected during the temperature induced insulator-metal phase 

transition and for the electric field induced metal-insulator transition, a reshaping of the present 

metallic domains occurs at the transition temperature. 
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With this complicated background scenarios concerning the phase dynamics surrounding 

the insulator to metal transition in mixed- valence manganites, we studied the dielectric 

characteristics in this sample due to its phase-separated nature at the transition temperature.      

5.2 Capacitance Effect (From Structure and Intrinsic Phase Separation)   

The metal-insulator phase separated nature of LPCMO at the temperature around which 

hysteresis is seen, and the characteristics of the structure as shown in figure 5-7, this structure 

shows frequency dependent capacitance properties as mentioned before at the introduction of this 

chapter. First we measured frequency dependent complex impedance using two lock-in amplifier 

methods as shown in detail in Chapter 2. Figure 5-5 shows the modulus of the impedance and 

figure 5-6 shows and the corresponding phase change as a function of temperature. The Low 

frequency (up to 2 kHz) modulus result shows no significant changes overall (Figure 5-5(a)). 

As frequency increases over 10 kHz, a significant change appears around the insulator to 

metal transition temperatures for LPCMO. A Detailed view of this temperature range for a given 

frequency is shown in figure 5-5(b). In the temperature range 130 K to 105 K for the cooling 

curve, a frequency dependent insulator to metal transition could be clearly observed which 

implies the existence of some kind of threshold frequency for the dielectric domains inside the 

LPCMO film. Since LPCMO is not a perfect insulator with their fluid phase separated nature, we 

can expect leakage in this capacitor model, which devolves the interpretation of the result into a 

difficult and complex mystery.  

The frequency dependent phase changes of the complex impedance shown in figure 5-6, is 

obtained by setting the phase to zero at high temperature (close to room temperature) which is 

expected to have a single paramagnetic charge delocalized phase. We also tested setting the 

phase to zero at low temperature (10 K), which is considered to be a static phase separated state, 

it resulted in a vertical shift of the whole curve, and other than that everything remained the same 
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as in the case in which the phase was set to zero at high temperatures. Therefore the meaning of 

the absolute value of each phase might be meaningless at this point. Only their relative values at 

a given temperature between different frequencies or relative phase values through a temperature 

range for a given frequency, are considered to have significant meaning. The increase and 

decrease of the hysteresis in the phase is observed as frequency is increased (maximum 

hysteresis is expected between 10 kHz and 40 kHz). The temperature for a local minimum phase 

value, when it exists, (at 100 kHz, no more local minimum is observed) for both warming and 

cooling cases, at a given frequency, stays at the same temperature with the variation of 

frequency. The meaning of this local minimum value is not so clear, however considering its 

temperature is same as the local maximum of the resistance in DC transport measurements, it can 

be suggested that this feature is strongly related to the phase separation of LPCMO in that 

temperature range. Also it is possible that this hysteresis reflects the difference in the mobility 

(or rigidity) of each dielectric domain itself [113] of their polarization during fluid phase 

separation between cooling and warming cases for a given frequency. Those dynamic 

mechanisms for each domain can be applied for a different frequency result in the same way, for 

example, the mobility of either domain itself or the polarization of a domain can be maximized at 

20 kHz among the results shown.    

We first made a capacitor model based on our structure and electrical properties, which is 

shown in figure 5-7 through figure 5-9.  With the model suggested in figure 5-9 we can set  

RLoss ª  
2

1
Cω

  ,    RLeak ª R0     

And as shown in figure 5-7, LCMOS RR = . 

In this case the total impedance of the circuit can be described in the following way  
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where ZR  is the imaginary part of the impedance and Zim is the imaginary part. 
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1

2
0

1

C

C
R

Z
RZ

im

Sr

ω

ω ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−

=
−

 

 

96 



 

( )2
1

2

2
0

2
0

1

1

CC
R

C
R

RZ Sr

ωω

ω

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

+
=−  

( )2
1

2

2
0

1

1 CC
R

CZim

ωω

ω

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

−
=  

( ) ( )
1

2
1

2

2
0

22 1
−

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=+− CC

R
ZRZ imSr ωω  

Finally, the variables C1 and C2 could be separated.    
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Then with simple math we can get C1 and C2 separately in terms of other variables. The 

variables Zr, Zim and RS can be very easily determined experimentally other than R0 , which is the 

leaky part of the capacitance due to the fact that LPCMO is not a perfect insulator. Therefore we 

used the DC resistance measurement of the resistance of LPCMO as R0. The result is shown in 

figure 5-10. However, we were not able to fit the result to the Cole-Cole plot [114]. This implies 

that our model is not quite right for our sample partially due to the fact that the interface effect 

related to the Schottky barrier was ignored. Therefore we measured the capacitance of this 

sample directly using a capacitance bridge in collaboration with Hebard’s group the 

measurements were made by Seffatin Tongay, which showed more or less a qualitatively similar 

result. We are still looking for a better model for this structure, which can provide an 

interpretation for our data.      
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5.4 Summary   

DC and AC transport properties for the perpendicular direction of the LPCMO thin film 

were studied using the specially designed etched double compound layered maganite structure. 

Resistance plots obtained by DC measurement give clear indications concerning the 

characteristics of LPCMO around the insulator to metal transition temperature for LPCMO.  

Nonlinear conductance due to the phase separated nature of LPCMO was observed and their 

magnetic relevance is further suggested by removing this nonlinearity by applying a magnetic 

field. A reduced critical current (or static electric field), in comparison with transport 

measurements in the parallel direction, for the insulator to metal transition in the temperature 

region of fluid phase separation was observed. The dynamics of these phase separated domains 

in LPCMO was studied by measuring complex impedance. Short consideration about the rigidity 

of the domain itself and/or polarization inside the domain was suggested. However, we need a 

more detailed interpretation and insightful model for a deeper understanding of this result.    
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Figure 5-1: Double layer structure with LPCMO on top of LCMO. (a) Resistance vs. 

Temperature for 30 nm LPCMO (Red), 30 nm LCMO (Green) Double layer with 26 
nm LPCMO on top of 60 nm LCMO (Blue) and partially etched 26 nm LPCMO on 
top of 60 nm LCMO (Black). All films were deposited on NdGaO3 substrates. (b) 
Schematic drawing for the current paths depending on the related structure. 
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Figure 5-2: Current (or electric field) effect for the partially etched double compound layer of 
LPCMO on top of LCMO (a) Current dependent resistance vs. temperature. (b) Detail 
of the region of low temperature. (c) Detail of the region around transition 
temperature. (d) Plot of the current dependence of the voltage drop across the sample 
at 110 K obtained by reading the current dependent R vs. T of (a). 
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Figure 5-3: Actual measurement of the current dependence of the voltage drop for a different set 

temperatures while cooling 
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Figure 5-4: Measurement of the current dependence of the voltage drop for a different set of 

fields at 115 K while cooling 
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Figure 5-5: The modulus of the complex sample impedance as a function of temperature (a) 
Frequency dependent complex impedance in entire temperature range. (b) Detailed 
view of the frequency dependent modulus of the sample impedance around the 
transition temperature. 
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Figure 5-6: Frequency dependent phases of the complex sample impedance as a function of 
temperature. 
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Figure 5-7: Conceptual diagram of the model of our sample structure in the LPCMO phase 

transition temperature range. The sample is modeled as two capacitors in series with 
the LPCMO as a dielectric material of each capacitor with a Au contact pad as one 
electrode and LCMO as a the other electrode and as a resistor connecting the two 
capacitors. 

 
 
 
 
 
 
 
 

Figure 5-8: Changing the position of a capacitor from figure 5-7 to an equivalent circuit to allow 
the combination of the two capacitors CA and CB into one modified complex 
capacitor.    

 
 
 
 
 
 
 
 
 
 
 
Figure 5-9: Complex capacitor model for our etched double layer structure, which has a leaky 

and a lossy part in it due to the phase separated nature (which indicates it is not a 
perfect insulator) of LPCMO.   
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Figure 5-10: Plot of C1 Vs. C2 obtained from suggested modeling in figure 5-9. Warming run 
values for each temperature were considered in here.  
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CHAPTER 6 
STRAIN AND DISORDER EFFECT ON MANGANITE 

6.1 Overview about Strain and Disorder Effect on Manganite 

The Jahn Teller distortion induced polarons and Holstein breathing mode polarons (or in short 

small polarons) explains the high temperature insulating behavior of manganite systems [63, 

115-117] while double exchange explains the ferromagnetic metallic phase in manganite system 

[54-56]. However, even for pure phase manganite systems, the temperature dependence of the 

resistance through the whole temperature range, which includes the phase transition from the 

ferromagnetic metallic phase to the paramagnetic insulating phase and the Hall effect can not be 

explained only by these polarons. The inelastic carrier hopping between localized states induced 

by magnetic disorder and nonmagnetic disorder is crucial to solving these problems. Magnetic 

disorder is usually caused by an inhomogeneous core spin distribution due to the topological 

stability obtained from thermal fluctuations and nonmagnetic disorder can be caused by 

structural disorder which is caused by randomly replacing a La ion by a dopant ion or the 

different lattice distortion around the Mn3+ and Mn4+ for mixed valence manganites etc [116]. 

For example, it has been shown that the existence of magnetic disorder brings up an Anderson 

metal-insulator transition with the transition from ferromagnetic to paramagnetic phases [118].  

Also, it has been suggested that the strength of coupling between electron and spin can affect the 

relation between localization and magnetic disorder in the presence of nonmagnetic disorder 

[119]. For example, in the double exchange limit, which is in the strong coupling limit in which 

manganites exist, the carrier localization can be enhanced by magnetic disorder and can results in 

a decrease of Tc or an increase in residual resistance. This story becomes more complicated if we 

consider manganite system which exhibit phase coexistence such as our LPCMO samples used 

in this experiment. At least 3 phases, which are paramagnetic insulating (PMI), charge ordered 

105 



 

insulating (COI) and ferromagnetic metallic phases (FMM) are considered to be coexisting in the 

fluid phase separated region for this sample. It is suggested that this charge ordered insulating 

phase can be formed (and pinned) around structural disorder [120]. And disorder can stabilize 

this phase during the phase competition, which occurs during the insulator metal phase 

transition. This stabilized phase also forms a boundary for the other insulating phase (PMI) and 

so helps it persist further down to lower temperatures, which can affect Tc, the residual resistivity 

and the magnetoresistance at low temperature etc [121].  

One of the most interesting characteristics of manganites as a strongly correlated electron 

system is the effect of strain on the system. It was observed that the biaxial (epitaxial) strain, 

which usually can be found in manganite thin films due to the mismatch between the film and 

substrate lattice constants, can affect many important characteristics of the system as mentioned 

in chapter 1.  

The mechanism behind this sensitivity is well understood in the scope of the double 

exchange model, which shows that epitaxial strain leads to the modification of the electron 

hopping matrix element t of the Mn-O-Mn bond by changing the Mn-O bond length d and the 

bond angle θ, which are related by equation (6-1) [78] in a way that for tensile strain, (which is 

the case in which the lattice parameters of the thin film are larger than those of the bulk) results 

in an increase of the bond length d while the bond angle θ remains approximately the same and 

for compressive strain the bond angle θ decreases while the bond length remains approximately 

the same [122]. Epitaxial strain can also enhance the localization of carriers and it can influence 

the phase separation among coexisting phases by affecting the electron-phonon coupling of the 

carriers [123].  
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In the sections below we report this important disorder and strain effect on the manganite 

system. There are two distinguishing features of this experiment separating it from similar 

experiments. First, instead of depending on the intrinsic disorder only, we created external 

disorder by ion bombardment creating defects in the surface of the sample. Second, almost all 

experiments concerning biaxial strain are referring only to the strain induced by lattice constant 

mismatch between the film and the substrate. However in this experiment samples are grown in 

such a way that a minimum amount of substrate induced strain exists and strain is applied 

externally, by mechanically bending the sample. With this, the pure effect of the strain on the 

manganite thin film, without the growth mode dependence on the substrate, could be considered.  

Disorder was applied by bombarding the film with Ar ions without changing the thickness of the 

film, which can be assured by measuring the room temperature resistance of the sample before 

and after the procedure to ensure that they are consistent. Applying disorder in this way was 

done in collaboration with Prof. A. F. Hebard’s lab and, this procedure was carried out by Rajiv 

Misra.  Biaxial tensile strain along the a-b plane was applied using a strain probe, which is 

described in Chapter 2.Three different samples were used for this experiment 

((La0.6Pr0.4)0.67Ca0.33MnO3, (La0.5Pr0.5)0.67Ca0.33MnO3and (La0.4Pr0.6)0.67Ca0.33MnO3). For each 

sample, the same amount of disorder and strain (5.6×10-4) was applied. 

6.2 Disorder and Strain Measurement on LPCMO Thin Films with Three Different 
Concentration of Pr    

Strain was applied at temperatures in which the fluid phase separated state is present, 

which shows the most sensitivity to applied strain. For the (La0.5Pr0.5)0.67Ca0.33MnO3 sample, 

strain was applied at 90K, then the temperature was decreased to the lowest temperature range 

(~10 K) and a RvsT measurement was made by warming the system, the result is marked as 
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RAAS (right after applying strain), in figure 6-1. Then one more RvsT curve was obtained and is 

marked as SS (strain settled). 

The comparison of RAAS and SS gives the effect of strain on the static phase separated 

state. During the first R vs. T measurement the system goes through the fluid phase separated 

state and, the phases reflect the applied strain dynamically. The same kind of explanation can be 

applied when the strain is released. Considering the result we obtained, it is not necessary to 

distinguish these two consecutive measurements related to the settling of the strain on the 

system, for the (La0.5Pr0.5)0.67Ca0.33MnO3 and (La0.6Pr0.4)0.67Ca0.33MnO3samples, since the change 

seen is negligible for the static phase separated region. However, for the 

(La0.4Pr0.6)0.67Ca0.33MnO3 sample, a dramatic difference is seen and should not be ignored and, 

this is discussed in detail later. For the (La0.5Pr0.5)0.67Ca0.33MnO3 sample two types of 

measurement, first regular four-probe method with a current source and second a series 

resistance method with a voltage source, were conducted, as described in Chapter 2. Both of 

them exhibited the same R vs. T curves except at low temperatures (static phase separated 

regime) as discussed before, where strong current or static electric field dependence is seen. In 

that region, the voltage source measurement is not sufficiently accurate to reflect the resistivity 

upturn at low temperature1. Therefore the disorder and strain effect for this temperature range is 

shown in detail (Figure 6-2(b)) with the result of the current sourced measurement.  

Figures 6-2 and 6-3 show the comparison of four different conditions for the epitaxially 

grown 30 nm thickness (La0.5Pr0.5)0.67Ca0.33MnO3  thin films on NGO substrates with current and 

voltage source measurements respectively which show the exact same tendency other than in the 

very low temperature region as mentioned before. Therefore the following observations can be 

                                                 
1 See Chapter 5 about the current effect on the low temperature resistivity upturn. 
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extracted from either measurement. For both the disordered and nondisordered case, applying 

strain reduced the Tc for the insulator to metal transition by about 5 K. Both the strained and 

nonstrained cases are also affected by disorder in the same manner. In addition, the disordered 

sample shows slightly more precipitate transitions compared to the nondisordered sample. These 

results are observed both for the warming and cooling curves. This decrease of Tc by the biaxial 

tensile strain is expected from the reduction of in-plane hopping due to the applied strain [78]. 

The decrease of Tc under disorder can have several origins such as increased structural disorder 

enhanced carrier localization resulting in a decreased hopping rate between these localized states 

and/or possibly the charge ordered phase is enhanced due to this new intruding disorder which 

causes the insulating phase to persist during the insulator to metal phase transition.  Figure 6-2(b) 

is a detailed view of the current source measurement. It shows a clear increase in the low 

temperature resistivity upturn for the disordered cases. This suggests the origin of this upturn is 

related to the carrier localization due to the presence of disorder. Tc reduction induced by 

applying strain brings enhanced residual resistivity whether the sample is disordered or not. 

(La0.6Pr0.4)0.67Ca0.33MnO3 thin films on NGO and the result is shown in figure 6-4. After applying 

strain at 100K, the temperature was decreased to the lowest measuring temperature range (~10K) 

and an R vs. T measurement was started by warming the system and the result is marked as 

RAAS in figure 6-4. Then R vs. T was measured once more and is marked as SS. Also after 

releasing the strain at low temperature (10K) RARS was taken and a second strain released R vs. 

T measurement was taken and is marked as RSS. As can be seen from figure 6-4 almost no 

changes are present for any of these cases. This implies that for disordered 

(La0.6Pr0.4)0.67Ca0.33MnO3 films, strain does not have a significant effect. Figure 6-5 shows a 

comparison of voltage source measurements on epitaxially grown 30 nm thickness 
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(La0.6Pr0.4)0.67Ca0.33MnO3 films on NGO substrates under 4different conditions. As we observed 

previously in figure 6-4, for a disordered sample strain does not change the insulator to metal 

phase transition temperature Tc while for nondisordered samples it is slightly decreased. Disorder 

affected the sample in such a way that it became insensitive to applied strain. Compared to the 

nondisordered (La0.5Pr0.5)0.67Ca0.33MnO3 case the nondisordered (La0.6Pr0.4)0.67Ca0.33MnO3 

sample is less affected by the same amount of strain. The reduction of Tc by introducing disorder 

can still be observed. The figure 6-5 inset shows the low temperature region magnified. Since for 

this sample we did not measure R vs. T using a small current source, the behavior of the 

resistivity upturn at low temperature could not be observed (as mentioned before the applied 

voltage was too high to observe this effect). Another interesting point is that the Pr concentration 

in a sample is usually considered to be proportional to the structural distortion and ultimately 

induces disorder in the system. However, if we compare the result of the 

(La0.6Pr0.4)0.67Ca0.33MnO3 film to the (La0.5Pr0.5)0.67Ca0.33MnO3 film, the disordered 

(La0.6Pr0.4)0.67Ca0.33MnO3 film has a reduced dependence on strain while the 

(La0.5Pr0.5)0.67Ca0.33MnO3 film has greater dependence on strain. This contradicting evidence can 

lead us to the possibility that the intrinsic disorder, which is related to the compound itself, is not 

exactly the same as the extrinsic disorder, which is applied externally after the sample structure 

is completed. Magnetization measurements of this sample will be very helpful to clarify this 

mystery but the technical problem (a strong effect from the paramagnetic substrate) prohibits the 

observation of very subtle changes in the sample. Our results suggest that the disorder introduced 

by Pr-substitution sets up the microscopic pattern of phase separation due to long range strain 

interactions [124]. Once this pattern is set up, the Pr-ions do not play any additional role such as 

pinning sites for the phase boundaries. The random disorder produced by the Ar-ion 
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bombardment then acts only as pinning sites for the phase boundaries. Among those 3 LPCMO 

samples, the (La0.4Pr0.6)0.67Ca0.33MnO3 sample showed the most dramatic changes under strain 

and disorder. Before conducting the measurements shown in figure 6-6, R vs. T was measured 

using a lower bias voltage and it showed no insulator to metal phase transition. For the purpose 

of this experiment, the phase transition is essential, since the applied strain can only be measured 

at the temperature at which the resistance drops during the phase transition, which is most strain 

sensitive region. Therefore we increased the bias voltage until the static electric field induced 

insulator to metal phase transition was observed, which occurred at 70V, the result is marked as 

NDNS in figure 6-6. After strain was applied at 35K and the sample was cooled down to low 

temperature, at high temperatures an unexpected low resistance state was found and when it 

came back to the low temperature region after sweeping at high temperature, the phase transition 

could no longer be observed and the state remained as an insulating phase (the result is marked 

as NDS in figure 6-6). This implies that the biaxial tensile strain suppressed the metallic state 

until no more percolation is possible. After this measurement, the strain was released at low 

temperature (10K) and R vs. T measurement was begun at that temperature. It started with the 

same high resistance state as was observed with the strained settled state, and while the system 

was warmed up it showed a dramatic phase transition to the original phase separated state with a 

metal to insulator transition. This strongly suggests that the fluid phase separation also exists for 

the warming period of the system not only for the cooling transition and the effect of strain (or 

the release of strain) can be settled for this warming procedure. When the system was returned to 

low temperature again, it showed a low resistance state as expected. Figure 6-7 shows a R vs. T 

measurement of an (La0.4Pr0.6)0.67Ca0.33MnO3 film in which disorder has been applied starting 
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with a high resistance state the same as in the case in which strain was applied for the non-

disordered sample. 

As discussed before, while the system passes through the warming fluid phase separated 

temperature region, it experiences a phase transition and when it came back to low temperature 

after sweeping the high temperature region, it recovers the low resistance state as it does in the 

non-disordered case (the result is marked as DNS in figure 6-7). The second measurement shows 

that this low resistance state is reproducible and stable even after repeatedly going through the 

phase transition. For this disordered settled system (marked as DNS2 in figure 6-8), we applied 

strain at 35K and cooled down from that temperature and started a R vs. T measurement and the 

result is shown in figure 6-8 and is marked as DS. As seen in the graph, when it came back to the 

low temperature region, it showed the high resistivity state, which is a result of the effect of 

strain settlement concomitant with the system undergoing fluid phase separation. From these 

results it is clear that if strain is released the system will return to their original state while in the 

fluid phase separated state (during warming) and when it is brought to low temperature again it 

will recover its low resistance state. However the result is a little bit puzzling. The system did not 

go back to the low resistance state while it was warmed and it recovered its low resistance state 

while it was cooling. The result is shown in figure 6-9, DS 2 indicates the measurement for the 

strain settled system and DNSR indicates the measurement starting right after the strain was 

released at 10K and the temperature was swept. DNSR2 indicates the measurement after 

releasing the strain and allowing the system to settle, in which the original low resistance state is 

recovered. Due to the fluctuation of Tc with the temperature sweeping rate, the absolute change 

of Tc could not be compared between the disordered and non-disordered sample.  
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Figures 6-10 to 6-12 show the measured resistance while strain was applied for each 

sample and the sample conditions are indicated. Time corresponds to the number of rotations of 

the worm gear, which can be converted into the amount of is applied strain applied to the system. 

Sometimes (Figure 6-11(a), Figure 6-12(a) and (b)), the strain was applied discontinuously with 

pauses between rotating the worm gear. Furthermore after strain was applied there was a time 

delay, which differs from case to case, for the settling of the strain through the film (for example 

in figure 6-10(b), we finished applying strain at 400 sec but it settled at 500sec). In every case 

the strain was applied the same in a way by first determining the point at which the screw makes 

contact with the sample and then applying same amount of rotation of the worm gear.    

6.3 Discussion 

We studied the external disorder and biaxial extrinsic tensile strain effect on three 

compositions of LPCMO thin films on NGO substrates.  

For the (La0.5Pr0.5)0.67Ca0.33MnO3 sample, both the effect of disorder and strain reduced Tc 

of the insulator to metal phase transition. The suppressing of the ferromagnetic metallic phase 

may originate from the reduction of in-plane hopping due to the applied strain. The disorder 

effect can be explained by a decrease in the hopping rate between localized states due to the 

increasing structural disorder enhanced carrier localization and also for this kind of phase 

separated material we can not ignore the possibility of a persisting insulating phase during the 

insulator to metal phase transition by the enhanced charge ordered phase due to the introduction 

of increased disorder by ion bombardment. The resistivity upturn in the low temperature region 

is enhanced with applied disorder, which means this upturn is related to the carrier localization 

induced by disorder. For the (La0.6Pr0.4)0.67Ca0.33MnO3sample, the reduction of Tc by the effect of 

disorder can be observed for both the strained and nonstrained case. However, for the disordered 

(La0.6Pr0.4)0.67Ca0.33MnO3 sample, the effect of strain was negligible, while for the non-disordered 
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sample strain had the effect of reducing Tc. This contradicts the fact that the 

(La0.5Pr0.5)0.67Ca0.33MnO3 sample, which can be considered a more disordered system than the 

(La0.6Pr0.4)0.67Ca0.33MnO3 sample, shows a clear effect under strain. Also, it is observed that for 

both the (La0.5Pr0.5)0.67Ca0.33MnO3 and (La0.6Pr0.4)0.67Ca0.33MnO3samples, reduction of Tc due to 

the effect of strain resulted in an increase of the residual resistivity. For both samples, a reduction 

of Tc due to the effect of disorder resulted in a decrease of the minimum resistivity, which is not 

usually expected. From this, we could infer that the external disorder we applied to this system is 

not acting in the same way as the intrinsic film disorder, which here is the intrinsic structural 

disorder caused by increasing the Pr concentration. However, we expect that if we decreased the 

temperature further down, an increase of the residual resistivity would be observed due to the 

enhancement of the curvature of the upturn for both disordered samples as is usually expected. 

The (La0.4Pr0.6)0.67Ca0.33MnO3 sample showed most sensitive changes under strain and disorder. 

By applying strain we could eliminate the insulator to metal phase transition and by releasing the 

strain we could recover the phase transition for both the disordered and non-disordered cases. 

Also, by observing how the strained sample settled in the (La0.4Pr0.6)0.67Ca0.33MnO3  system, we 

suggest that the fluid phase separated state can exist during the phase transition of the warming 

run and not only during the cooling run. 

 To sum up our ideas for this disorder and strain experiment, we review two dominant 

models for the origin of phase separation in perovskite manganites, which are a long range strain 

induced phase coexistence scenario [124] and enhanced nucleation of the insulating phase under 

the presence of disorder [125].  The strain induced phase coexistence model is based on the 

dynamics of  the movable boundary between domains of different phases with similar free 

energies but different crystal structures. In the latter model, the insulating phase, (which was not 
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preferred in our system due to the substrate-induced strain [51]) is trapped by disorder causing 

static phases separation. Therefore, with our experimental result, we could observe a dynamic 

response (movement of phase boundaries) of the phase separation to the external applied strain in 

the fluid phase separated (FPS) state. This result suggests that the FPS state is formed due to 

long-range strain interactions. On the other hand, an enhancement of static phase separation was 

observed when external disorder was introduced i.e. the phase boundaries were pinned by the 

extrinsic disorder. Both experiments were done under the  effect of ionic size disorder (Pr- 

substitution), which was necessary to balance the free energies of FMM and COI phase. Our 

results suggest that at least in thin films, ionic size disorder does not play a significant role in 

pinning the phase boundaries in the FPS state since the strain effect increases for larger Pr-

concentrations. The insensitivity of the phase boundaries to the ionic size disorder is most likely 

due to the substrate-induced strain. However, below ~50 K the ionic size disorder leads to a 

static phase separated (glassy) state [51]. Our results have shed new light on the mechanism 

leading to the formation of the micrometer scale phase separated state in manganites. In addition, 

these results will be significant in understanding the behavior of other materials, which undergo 

solid-solid structural transitions such as ferroelectrics. 
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Figure 6-1: Comparison of the resistance for the cases in which the measurement is taken right 
after applying strain (RAAS), after the strain has settled (SS), right after releasing the 
strain (RARS) and after the strain releasing has settled (RSS) for disordered 
(La0.5Pr0.5)0.67Ca0.33MnO3  thin films on NGO 
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(a) 

(b) 

Figure 6-2: Resistance obtained from a current source measurement (100nA) for the 
(La0.5Pr0.5)0.67Ca0.33MnO3 thin films on NGO. (a) Comparison of the Nondisordered 
and Nonstrained case (NDNS), Nondisordered and strained case (NDS), Disordered 
and Nonstrained case (DNS) and Disordered and strained (DS) case. (b) Low 
temperature details for each case. 

117 



 

0 50 100 150 200
102

103

104

105

106

107

108

 

 

 N DN S
 N DS
 D NS
 D S

Re
si

st
an

ce
 (o

hm
)

Temperature(K)

5V w ith 10Kohm

 

Figure 6-3: Resistance obtained by a voltage source measurement for (La0.5Pr0.5)0.67Ca0.33MnO3 
thin films on NGO. Comparison between Nondisordered and Nonstrained case 
(NDNS), Nondisordered and strained case (NDS), Disordered and Nonstrained case 
(DNS) and Disordered and strained (DS) case.  
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Figure 6-4: Comparison of R vs. T right after applying strain (RAAS), after the strain has settled 
(SS), right after releasing the strain (RARS) and after releasing the strain and settling 
(RSS) for the disordered (La0.6Pr0.4)0.67Ca0.33MnO3 thin films on NGO. 
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Figure 6-5: Resistance obtained by a voltage source measurement for the 
(La0.6Pr0.4)0.67Ca0.33MnO3 30nm films on NGO. Comparison between the 
Nondisordered and Nonstrained case (NDNS), the Nondisordered and strained case 
(NDS), the Disordered and Nonstrained case (DNS) and the Disordered and strained 
(DS) case. Inset shows a detailed view of the low temperature range. 
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Figure 6-6: Resistance as a function of temperature obtained by voltage source measurement for 
the 30 nm (La0.4Pr0.6)0.67Ca0.33MnO3 film on NGO. Comparison between the 
Nondisordered and Nonstrained case (NDNS), Nondisordered and strained case 
(NDS), Nondisordered and nonstrained obtained after releasing the strain (NDNSR). 
Arrows indicate cooling run for each curves. 
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Figure 6-7: Resistance obtained by voltage source measurement for the (La0.4Pr0.6)0.67Ca0.33MnO3 

thin films on NGO. Comparison between the Disordered and Nonstrained case in the 
first measurement (DNS) and the Disordered and Nonstrained case in the second 
measurement (DNS2). Arrows indicate warming run for each curve. 
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Figure 6-8: Resistance obtained by voltage source measurement for (La0.4Pr0.6)0.67Ca0.33MnO3  

thin films on NGO. Comparison between Disordered and Nonstrained samples in the 
second measurement (DNS2 same as figure 6-7).  Disordered strained samples in the 
first measurement (DS) and Disordered and strained samples in the second 
measurement (DS2-Disordered and strain stabilized). Arrows indicate cooling run for 
each curve. 
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Figure 6-9: Resistance obtained by voltage source measurement for (La0.4Pr0.6)0.67Ca0.33MnO3 
thin films on NGO. Comparison between the first measurement of the Disordered and 
strain stabilized case (DS2), the Disordered and Nonstrained case obtained after 
releasing the strain and the second measurement of the Disordered and Nonstrained 
case after releasing the strain (DNSR2). Arrows indicate cooling run for each curve. 
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Figure 6-10: R vs. time graph while applying strain to the (La0.5Pr0.5)0.67Ca0.33MnO3 thin films on 

NGO. (a) Strain was applied to the nondisordered thin film. (b) Strain was applied to 
the disordered thin film. 
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Figure 6-11: R vs. time graph while applying strain to the (La0.6Pr0.4)0.67Ca0.33MnO3 thin films on 

NGO. (a) Strain was applied to the nondisordered thin film. (b) Strain was applied to 
the disordered thin film. 
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Figure 6-12: R vs. time graph while applying strain to the (La0.4Pr0.6)0.67Ca0.33MnO3 thin films on 
NGO. (a) Strain was applied to the nondisordered thin film. (b) Strain was applied to 
the disordered thin film. 
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CHAPTER 7 
SUMMARY 

Electron-doped cuprates have low upper critical field values Hc2 ~10T at 1.5 K and hence 

it is possible to study their normal state at low temperatures. Such studies have been done before 

and evidence of a “pseudogap" was seen. However, to understand the origin of this pseudogap 

and which model of high-Tc superconductivity it supports, it is necessary to study the effect of 

high magnetic fields on this pseudogap. In this dissertation, the normal state gap of single crystal 

samples of the electron-doped cuprate PCCO was studied using a point contact spectroscopy 

apparatus made in house. The result from this experiment suggests that preformed pairing above 

Tc may not be the origin of the pseudogap. Furthermore, the origin of this normal state gap, 

which is observed in high fields in this experiment is not the pseudogap found in hole-doped 

cuprates and it may be due to the electron-electron interaction at the surface of this electron 

doped high Tc superconducting material.   

The other type of transition metal oxide, which was studied during the course of this 

dissertation work, was phase-separated manganites. Several new features of these materials were 

observed including a giant positive magnetoresistance, which was observed in ultra thin films of 

the holed doped multi phase manganite (La0.5Pr0.5)0.67Ca0.33MnO3. Unlike the fabricated magnetic 

tunnel junction devices, this magnetoresistance (MR) effect has its maximum value close to the 

insulator to metal transition temperature and reduces with decreasing temperature. To find out 

the mechanism leading to this positive MR, the effect of three orientations of the magnetic field 

on the (La0.5Pr0.5)0.67Ca0.33MnO3 thin films were studied: 1) perpendicular to the plane of the film, 

2) parallel to the plane of the film and applied current, 3) parallel to the plane of the film but 

perpendicular to the applied current. All directions showed distinctive positive 

magnetoresistance behavior. The effect of the field orientation suggests that spin dependent 
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scattering between misaligned magnetic domains induced by changes in the direction of the 

sweeping field is the origin of this LFMR. The possibility that this positive MR is related to the 

tunneling magnetoresistance due to the spin conservation of the tunneling process across the 

insulating regions separating the ferromagnetic metallic regions was also suggested. The voltage 

dependence of the MR and the fact that the field value for this PMR is close to the coercive field, 

measured in another film of the same composition, support this mechanism. It is possible that 

this LFMR is due to the spin glass like behavior in manganites at low temperatures.  

Characteristics of these phase separated manganite thin films under the application of an 

electric field in the perpendicular direction were also studied.  For this experiment partially 

etched 26.5nm (La0.4Pr0.6)0.67Ca0.33MnO3 films on top of 60nm La0.67Ca0.33MnO3 (LCMO) films 

on an insulating substrate NdGaO3 (NGO) substrates using pulsed laser deposition (PLD) were 

prepared. The LCMO film is metallic below 250 K and is used as the bottom electrode to apply 

the voltage perpendicular to the plane of the (La0.4Pr0.6)0.67Ca0.33MnO3  film and gold contacts 

acted as the other electrodes.  From measurements of the DC transport properties, the nonlinear 

conductance due to the phase separated nature of (La0.4Pr0.6)0.67Ca0.33MnO3 was observed and 

their origin due to magnetic phase separation is further suggested by the removal of this 

nonlinearity by applying a magnetic field and a reduced critical current (or static electric field). 

In comparison with transport measurements in the parallel direction, the insulator to metal 

transition in the out-of-plane direction in the temperature region of fluid phase separation was 

observed. The complex impedance was also measured to study the dielectric properties of 

(La0.4Pr0.6)0.67Ca0.33MnO3.   

Finally, the extrinsic disorder and biaxial external tensile strain effect on the three different 

compositions of LPCMO thin films on NGO substrates was studied.  For all of those samples, 
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extrinsic disorder reduced the insulator to metal transition temperature. It was suggested that 

increasing the structural disorder induced a decrease in the hopping rate between localized states, 

which are already present in the material due to the intrinsic disorder and/or the persisting 

insulating phase during the insulator to metal phase transition resulting from an enhancement of 

the charge ordered phase, which can happen in materials with coexisting phases. However the 

discrepancies which exist between films in which disorder has been introduced intrinsically, by 

growing films with a composition (La0.5Pr0.5)0.67Ca0.33MnO3   instead of the less disordered 

(La0.6Pr0.4)0.67Ca0.33MnO3  films, and films in which disorder has been introduced extrinsically, by 

ion bombardment of (La0.6Pr0.4)0.67Ca0.33MnO3, shows that the effect of externally applied 

disorder is distinct from the effect of intrinsic disorder. Other than the (La0.6Pr0.4)0.67Ca0.33MnO3 

samples in which disorder was applied externally, all samples showed a reduction of the 

insulator-to metal temperature (or the transition could not be observed) under the effect of strain. 

The origin of this mechanism was explained by a reduction of the in-plane hopping due to the 

applied tensile strain. The (La0.4Pr0.6)0.67Ca0.33MnO3 sample, which is the most intrinsically 

disordered compound among the three samples, due to the highest Pr concentration, showed the 

most sensitivity to changes in strain and disorder. The metallic phase could be completely 

suppressed down to the lowest measured temperatures by applying strain and we could also 

remove the insulator to metal phase transition for this sample by the application of external 

disorder. An enhanced resistivity upturn in the low temperature region for samples with 

externally applied disorder was observed using low current measurements. This indicates that 

this upturn is related to the carrier localization induced by disorder. Strain settlement 

experiments for (La0.4Pr0.6)0.67Ca0.33MnO3 suggests that the metal-insulator phase transition 

observed on warming runs is similar to the fluid phase separated state as observed in the cooling 
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run. This experiment suggests that in thin films, ionic size (intrinsic) disorder does not play a 

significant role in pinning the phase boundaries in the FPS state due to the substrate-induced 

strain. However, below the insulator to metal transition temperature, a glass like static phase 

separated state will be induced by this ionic size disorder [51]. Hence, our results shows that the 

FPS state is formed due to long range strain interactions while the static phase separated state is 

formed due to the pinning of phase boundaries by quenched (intrinsic and extrinsic) disorder.  
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